


VENOUS RETURN




28T SVWHL £ LU W i (Bosai] =y woy Sutj uudao \q wan oy o poopy angy
30 NOOUPULH & UILULARY) gusl Torjoy sq Burmaq o) ¢ SOMILAN0) IL[NIMUDL AOY UIK 9 T 1 3[0ls s Au{}E>L
WL Taunp W JWES oYy, = g o[okup notsyues Suunp uonauRl Moo 3Nl Jo s of a4y ove
BUMP 61esat JLE UL JLay po odao a4) Jo wary OUANU LY PUL WL JO uot LAY O Jo uonLy [ 1 o
4TS TNOUL

42N

Qe

wm%ﬂ.%mwe /




VENOUS RETURN

by
GERHARD A BRECHER, MD, PhD
Julius F Stone Profes or of Physiology Depart

ment of Physiology College of Medicine The Ohio
State Unieerstty Columbus Ohio

GRUNE & STRATTON

New York 1956 London

R e L
t LD My
I 2 e o

[



Library of Congress Catalog Card No 56-9121

Copyright 1926
GrUNE & Strarron Inc
381 Fourth Avenue
New York 16 N Y

Pnnted and { sundn BS A for Gruvr L Stratron



Contents

Foreword by CarlJ Waggers
Preface
1 Historical Connuderations
Vi3 2 tergo
Vis a fronte during ventricular diastole
Y13 a fronte during ventricular sy tole
Static negative intrathoracie pressure
Re prratory movements
II Elementary Hemodynamics
Pal emlles law
Termtnology of va cular pre sures
TII Factors Affecting ¥ enous Return
Effect of gravity on venous return
Venous valves
Venous distensibihty and tone
Nervous and humoral regulation
IV Present Problems of Venous Return Dynamics
Venous collap e phenomena
Controversial effect of re piration
‘The heart as a factor 1n venous return
V Methods for Venous Flow Veasurement
\ enous dramage recorders
Pecording of pulsatile flow
Pecent developments
Cntique of diffcrential pressure flon meters
Pendulum flowmeters
Cntique of pendulum flowmeters
Other phasie flow meters
Indireet methods
VI Venous Hemodynamcs
Modification of Por euille s law
Pres ure gradient along central veins
Pres ure flon relations 1n collapsible ves els
Sigmficance of venous collapse in the peripheral circulation
The mu cle pump without valves
VI The Resprratory Pump
Tine factor m venous collapse
Effect of re piratory movements on supenior caval flow
Influence of respiration on inferior caval flow
Pespiratory vanations of portal flow
Respirogeme changes of total venous return

v

n

W= S



A%} VENOUS RETURN

Region of venous collapse during mspiration
Chnieal inferences
VHI Iffect of Artificial Respriration on ¥ enous Return
Flow 1n normoyolemia
Flow m hypovolemta
Venous return m the open chest
Y enous return and cardiac output during artificial re<piration
Flow durmng lung inflation 1n the open chest
Climieal 1mplications
IN Effect of the Heart s Action on V enous Return
Central venous flow pattern
The active ventricular systole
Venous return durmng ventricular diastole
Phasic inflon and stroke volume during natural breathing
Newer concepts of the heart s action on venous return
N\ T enous Hemodynamics of Cardiac V alve Lestons
Mtral and tricuspid nsufficrencies
AMitral and tricuspid stenoses
Pericardial ffu ton
NI ¥ enous Retwn During Cardiar Surgery
Closed heart surgery
Open heart surgery
Inal Remarks
Bibliography
Index

85

100

101
107
110
112
115
1o
118
119
121
122
123
128
129
141



Foreword

1t 15 axlomatic that the heart can pump only as much blood as 1t recerves!
Indetd the volume of blood returned to the heart 1> the ba ic determinant of
cardiac output Since the latter vares enormously under ordinary conditions
of darly activity the mecham ms that facilitate venous return have been the
subject of d1 cussion for centuries

During the past two decades the application of phy<ical prineiples the u e
of hemodynamic models and fragmentary .tudies on man and anmnals have
brought to light many factors that favor or hinder venous return It has proved
difficult however to harmonize differing conclusions and to integrate them 1nto
a phy 1ological mecham m applicable to the mtact body

The state of confusion that has existed during the past two decades has been
partly duc to the lack of adequate metering devices applicable to the vena eaval
systems For this reason a number of optically recording phasic flowmeters
suitable for use m venous systems were designed 1n the Phy siological Laboratory
of Western Reserve Umtersity DMedical School Some of these were constructed
under the gmdance of Dr Brecher and 1n 1903 there eventuated the ligh fidehty
electronic bristle flowmeter of Brecher and Praghn

The development of rew and u eful mstruments 1s 1tself a commendable ac
comphshment But real progress 1s made only through their application to cogent
problems by competent and di cerning v estigators Fortunately Dr Brecher
po se es hoth inventnve talents and zeal for personal participation 1 expert
mental work

The pre ent monogriph not only presents a comprehensible comprehensive
account of Dr Brecher » contributions but al o an excellent historical survey
of work preceding his ownn studies The tllustrations are profuse and relevant
a lar,e number are onginal All add matertally to the presentation

It will be obvious to the reader that Dr Brecher has apphed both synthetic
and analytic approaches to the problem of venous return as nature engineered
1t m the bods rather than setting up phvsical chemes which would or might
accompli h the same end

This monograph 1s the only current one that gives a comprehensive analysis
of the determinants of venous return and its adaptation to cardiac output based
on experimental measurement of venous flon It should be welcomed alike by
laboratory mvestigators and clinieians who must at all times be alert to avoid
procedures that mterfere with natural factors favoring venous return

CirL J WiceErs M D ScD






Preface

It has often been stated that the venous systcm 15 the forotten part of the
arculation Although evaggerated this statement 13 not quite unfounded If
the amount of emphasts placed on a subject taught 1 medical school could
be used s a yardstich the venous system would appear to be of minor m
portance The lecturer usually takes refuge i the consolation that relatively
httle concrete and noncontroversial information 1s available about the return
flow of blood 1n the vens

A treatise on this subject appears desirable because no compiehensive work
on the venous system has been published sinee henneth J Frankhins A Mono
graph on Vens 10 1937 The present book 1s not wtended to survey the entire
field of venous physiology and anatomy since 1937 as Frankhin s monograph
does up to that date Its scope 1s more hmited It will deal specrfically with
the dynamuc aspects of the return flow of blood to the heart These functional
aspects have become increasingly the focus of iterest i basie research and
chimeal thinking since 1t 18 not the static pressure of blood m a circulatory
bed (as reflected by pressure measurements) but rather the movement of blood
which 1s of biological mmportance for the exchange of metabolites and fuids
1n the tissues For ths reason spectal emphasis will be placed 1n this monograph
on the effect of heart action and resprration on venous flow dynamies

In addition to Frankhn s book I wish to refer to other accounts of certam
aspects of the venous system whose contents I have not mtended to duplicate
The reader should consult them for information on the speeific problems treated
there The baste prmeiples of correlation 1n the circulatory system are enun
ciated m the article Venensystem und hreislaufreguberung  (1932) by the late
hlothilde Goliwitzer Meler A detailed study of venous flow dynamics with
the aid of X ray cinematography 15 reported by W Bohme in the account  Uber
den aktiven Anteil des Herzens an der Forderung des Venenblutes (1936}
Landis and Horten tine have empha<ized the interrelation of venous pressures
and fluud exchange 1n their review on  Functional Significance of Venous Pres
sure (1950) Two books of G E Burch A Primer of Venous Pressure (1900)
and Digital Plethysmography (1924}, deal with the methods and elinical
apphieations of venous pressure measurements and of plethyvsmographic flow
recordings respectively

I am particularly mdebted to all my associates and friends n the Depart
ment of Phystology at Western Reserve Universits Cleveland Ohio where
much of the experimental work reported mn this book was done Dr Carl J
TWiggers was a source of continuous mspiration and helpful entiessm while T
had the privilege of working m s famous cardiovaseular laboratory I wish
to thank especially Drs Emil Ritter George Mixter Jr Jultus Praghn Charles

A Hubay and E Q Adams for the large part they played in the studies of
venous flow, and Mr Clyde Bratton Mr Richard Freeman Mr Willard Stires

%
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ind Mr Eugene Seott for thor technical a wistance Several members of the
phvaology departments at We tern Reserve Unnersity and Oluo State Um
veraty have helped 1 the preparation of the manusenpt by therr valuable
uggestions \lany friends m different parts of the world have liberally con
tributed by lending me orginals of illustrations Although all are not men
tioned individually Ithank everyone

1 also wani to achnowledge with many thapks the yaluable support of the
Lafe Insurance Vledieal Researeh Fund, the Clevdand Arca Heart Soctety
and the American Heart Association for making this work pos ible

Crritskp A BrECHER
Columbus Uhio

January 1926



I Historical Considerations

As early as the thurd century B C, thought was given to the question of how
blood enters the heart At that time the Greek physician Erasistratus 1s sup
posed to have stated that the heart acts as s pressure suction pump sucking
blood mto the ventricles during diastole Ever smee that time and even after
the days of Sir William Harvey, the opimon has been voieed that the force
1mparted by the heart to the expelled blood 15 not sufficient to explan venous
return and filling of the ventricles The nature of other forces which bring about
the return flow of blood to the heart has been the subject of heated discussion
and controversy for centuries Even today opinion 1s far from umform

Probably the main reason why knowledge of venous return has not hept pace
with our understanding of the other parts of the nirculatory system 1s the lack
of adequate methods for accurate measurements of venous flow Each time 2
new 1dea and methodological approach was advanced which helped to explain
some a pect of venous return 1t gate a new impetus to mve tigative endeavors
Numerous simple experiments and deductions have been forgotten only to be
rech covered by more advanced and compheated methods

Since the effect of the heart s action and respiration on venous return are the
subjects of particular mterest for an under tandmg of venous flow dynamics
the historieal considerations are confined to these problems

Vis & TERGO

The propelling force which 1s 1mparted by the myocardial contraction to the
blood during 1ts pa sage through the heart 1s called the 15 a fergo This force
from behind even after 1ts reduction 1n the arterioles and capillaries 1s be
lieved to be sufficient to account for an adequate return flow of blood This
view was first clearly expressed by Harvey n 1628 It was quickly accepted
by scientists as documented by Lower who wrote m De Corde’ (1669) 1t
15 an undisputed fact that the return of the venous blood 1s the result of the
impulse lven to the arterial blood and not of any attraction by the heart”

Even up to the present the authonty of Harvey has greatly contributed to the
persistence of the vien that the heart acts exelusively as a pressure pump A
number of cla sical experiments are usually quoted (Poisemlle 1830 Ledder
hose 1906) to prove that in the absence of other forces (muscular contractions
respiration and hydrostatic differences) blood 1s adequately returned to the
heart by the ms a tergo

However these experiments cannot be considered as conclustve evidence that
the 213 a tergo 1s the ole cause of the return flon of blood 1n the ab ence of
mu cular respiratory and hydrostatic factors i the heart by 1ts contraction
and relaxation should 1n some way or another attract the venous blood 1t
could augment venous return Unfortunately this <ucking force eannot be
easily distinguished from the pure t1s @ ergo when the effects of respiration
the mu cle pump or hydrostatic pressure are elimnated

1
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2 VENOUS RETURN

Summar: ing

The t1s a tergo appears to be the main but not the sole force responsible for
the return flow of blood

Vis A Frovre DusmvG VEVIRICULAR DIASTOLE

The force or combiation of forces actmng from the front to attract blood m
the verns towards the heart 1s called the v1s a fronte This foree may stem from
the action of the heart iself or from the nction of the respiration Let us first
consider the opinions about the vis & fronte which may be attributed to the
heart

The v1ew of Erasistratus (¢ 290 B C) and later of Galen of Pergamon (131-
201 AD ) that the heart 1s a pressure suction pump was founded mamly on
the assumption that blood was suched mto the ventrieles by their active en
largement Galen believed that the heart contamned muscles which <pread the
ventricular walls apart after therr systole We are inclined to smle about this
“naive misconception ’ of Galen, whose optnion determined and confused scien
tific thinking for 1300 3 ears up to the Renaissance But was he really so com
pletely mistaken? The most recent authority on the subject Guasp (1954)
makes a very good (though not experimentally proven) case for the existence
of <pecific musculature m the heart which actnelv evpands the ventncular
cavities at the beginning of diastole He states ‘The force that expands the
ventricles 15 represented by the intramural conducts and by the muscular
trabeculae which form the tentricular spongy system In the 2300 years be
tween Erasistratus and Guasp opintons have varied and clashed between the
two extremes, 1¢ between the adherents of an actn e drastole and those assum
g a purely passive role of the ventricle i diastole

The older iterature was extensively reviewed by Ebstein (1904) Undoubt
edly Harvey was the first scientist of modern times who dented the existence of
an active diastole when he wrote 1 1628 “Likewnise, 1t 18 not true as cormmonly
believed, that the heart by 1ts own action or distension draws blood mnto 1t9
ventriele The father of physiology, Albrecht von Haller (1708-1777), also
did not believe that the heart exerted a suching action On the other hond,
Zugenbuhler (1815) and Schubarth (1817) argued that the ventricles must
such blood 1nto their cavities to prevent the formatton of an “empty space’

The first experimental approach to the subject was made 1 1828 by Wede
meyer who mserted a catheter nto the jugular vein of a horce He observed
during atrial dastole a rise of colored flud 1n a glass tube attached to the end
of the catheter W edemeyer nterpreted this as a suching action of the heart

on the blood 1 the caval veins during the diastole of the atna and called 1%
atrial aspiration Donders (1859) believed that Wedemey er’s obsers ation spesl s
strongly 1 favor of an actnve expansion of the heart but that 1t docs not prove
1t conclusively The 1dea of an  atrial aspiration  has not been abandoned
even 10 modern trmes Based apparently on Wedemey er 5 observation, ne find
1n the 1905 edition of Houssay s textbooh Human Phveiology  the statement
that the heart asserts a certnn suching effect on the blood of the veins at the
beginning of auncular diastole No conclu 10ns as to the action of ventricular



diastole can be arrived t from Wedemey er s experiments because atrial drastole
compniscs the period of ventricular sy <tole and begmning of ventrieular diastole

Goltz and Gaule (1878) swung the pendulum of opinion strongly to the side
of ventricular aspiration They reported that pressures fell during diastole i
the left ventricle to —52 mm Hg 1n the night ventriele to —17 2 mm Hg and
1 the nght atrium to ~112 mm Hg

In the opmton of most scientists the hypothesis of a distohic ventricular
aspiration became untenable after the advent of modern manometry based on
the sound physteal principles advocated by Otto Frank Von den Velden (1906)
Straub (1910) and Wiggers (1928) showed with manometers of high frequency
response that Goltz's r dings of were caused by instru
mental errors Nevertheless the battle conhnued even m G J Wiggers own
laboratory when hatz (1930) observed & marhed diastolie sucking action of
the ventricle Working in the same laboratory, Cotton (1934) pomnted out only
four years later that 1t was hatz s experimental arrangement and not the heart
that may have been responsible for the apparent suching action The latest
contributions 1n favor of an active diastole are from Villa (1904) Guasp (1954)
and Cignolim: (1954) Though working independently these authors have come
to smlar conclustons, based on theoretical considerations and inferential evi
dence

The actrve dilatation of the heart muscle has been attributed to various forces
First <ome beheve that a portion of the mvocardium expands the ventrieular
eavity by « contraction of its muscle fibers at the beginming of diastole The
action of these fibers would be antagomstic to those which cause the expulsion
of blood from the ventricles (Galen Brauer [1904] Guasp [1954] This view was
opposed by Hyrtl who stated 10 1855 In the heart there 1s not a single muscle
bundle pre ent which by 1ts contraction could enlarge the cardiac cavities

Second a group of workers represented by Donders (1859) believed that the
blood which enters at the end of systole into the coronarv arteries seems to
cause a shght active expansion of the heart espectally of the ventricles ' This
view was formulated by Bruche 1n 1855 (see 1872) and particularly advocated
by Luciam (1911} A modification of this hypothesis 1s presented by Cignolim
(1954) based on x ray kymograph studies Third some have attributed the
aspiration of the heart during drastole to the recoil of elastic elements or an
active de contraction_of the muscle Adherents of this view include Magendie
(1817) Luciami (1911) Goltz and Gaule (1878) and Villa (1954)
Summari.ang

Though the ancient by pothesis of a diastolic aspiration of blood by an ex
pansion of the ventricular cavities has gradually lost ground, several arguments
1 favor of this hypothesis have never been conclusively proven or disproven
under properly designed experimental conditions

Vis o Frovre DUBING VENTRICULAR SYSTOLE

Bohme (1936) pownted out that one could consider Anstotle (384-322 B C)
as the first who mentioned a process which may affect venous return during
ventricular systole Amstotle 1s credited with the discovery of the punctum
saliens 1e, the observation of alternating cardiac volume changes m the bird
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3 1

embryo As B f showed 1ly in 1935, the movement of
the atrioventricular junction duning ventricular systole m birds corresponds
closely to that observed in mammalan hearts
The 1dea that the contraction of the ventricular muscle during systole could
attract blood in the vems toward the heart has appealed to scicntists far less
than the diastolte aspiration No mention of 1t 1s made 1n the classteal eardio
vascular hiterature unttl Purhinje 1n 1843 and Nega 1o 1852 hy pothesized that
the heart exerts a sucking action during systole Purhinje noted that the apex
of the beating heart moves relatively little (he called 1t punctum firum)} whereas
the atrioventricular junction mov cs, during ventricular sy stole, relatively greatly
toward the apex (he called the atrioventricular junction the punctum mobile)
Functronally melined anatomists who obscrved form changes of the heart dur
g 1ts cycle became the mamn proponents of ths theory, which has only re
cently aroused the interest of phy 10logtsts The manner i which the contracting
ventricle 1s supposed to draw blood from the veins into the atria 1s best illustrated
by the original draning of the anatomist Henhe They are reproduced mn Fig
1 (A and B) Hedren these schematic dragrams i 1872 from direct observattons
on Ining ammals i Carl Ludwig s famous eardroyascular laboratory and from
autopsy material
These figurcs explain better than words the form changes of the heart which
sugge t 4 systolic attraction of blood Rollet who produced Henke's drawings
1 Hermnns Handbook of Physiology, stated
‘One can sey how during yentricular sy stole the atrros entricular junction an
proaches the apcy which remams almost stationary whereas durmg diastole the
atrioventricular junction returns to its previous position This descent and ascent
percened n the acting he s 7 He believed that blood 1s suched into the atria by
the descent of the atroientricular junction and that the lungs by therr elastic
pull 1d m maimntammng the outer contour of the atrra
Apparentls this hy pothesis <oon dnifted mto oblivion =ince no evidence other
than the obscryation of the heart s movement could be marsh 2lled 1n <upport of
the <ystolie suction
However, some 1nterest was matntained by another group of mnvestigators
Chinieans and phy siolo1sts s ho attempted to interpret minute fluctuations of
air pressure 1n the respiratory channels as due to changes i the volume of the
heart (cardio pneumogram) found in the complex pattern of their tracings cer
tain deflecttons » hich could be mtcrpreted as 4 sy stolic suction of the ventricles
In 18,2 Ceradin: recorded eardio pneumograms from w hich he des eloped formu
lae for the ealculation of cardiac output
The estensiv e literaturc on this subject has been reviewed by Hamulton (1930)
and Holzlohner (1932) These two authors came 1ndependently to similar con
clu 1ons Hamlton deduced from human cardio pneumograms that atrial inflow
during ventniculir systole could be almost s large as the ventricular strohe
volume Holzlohner, who used a hot wire anemometer, concluded that “the ve
nous blood 1nflow becomes stronger than the artenal discharge during the second
part of the outflos persod of the left ventricle ¥ He later added (1936) that for
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The static position of the thorax would be best defined as that assumed during
the normal expiratory pause Piuhl ealeulated in 1929 from of the
total surface area in man that i this position the retractive force of the lungs
was 15 to 20 kg The retractive force acts through the perieardium on the heart
It was caleulated as 0 48 g acting on the entire surface area of the right atrium
173 K¢, on the nght ventriele, 0 vl Xg upon the left atrium and 096 kg on the
Icdt ventriele

Following the 1dcas of Carson Barry and Donders Pfubl believed that the
continuous lung traction 1s the mwost myportant factor for the filhng of the atria
and ventrieles by holding thum open W hen the myocardium contracts part of
the ¢nergy must be used to overcome the Jung traction which 1s the permanent
dilator of the heart chambers The atnal muscle may not contract to the same
extent 1n the closcd as1n the open chest because lung traction opposes the atrial
contraction Continuous lung traction holds the itrathoracic vemns and heart
chambers open and creates a low pressure in them This causes the blood to flow
from the 1eg1ons of lughcr pressure outside the thorax into the chest veins and
heart

‘Unquestionably the continuous action of lung traction produces a greater
pressure difference between the extrathoracic capillaries and the heart chambers
than would eust m s absence such as m open thoracotomy However how
much ths factor alone contributes to a greater venous return s difficult to
quantitate singe shortly after opemang of the thoras compepsatory mechamsms
come 1nta play which bring venous return, and thus eardiac output, to pearly
the same level as enssted i the clased chest The fact that the circulation 1s
well mamtamed after the chest 1s opened has caused foday s physiologits
and_thoracie surgeons to mimmize the importance of the continuous elastic
traction of the lungs on venous return Ne clanfication of the importance of thig
factor can be obtaned until quantitative measurements of venous return m
smtable experiments are avatlable

The elassteal view of the continuous elastic traction of the lungs which
dilates the heart chambers and teracts their p. emptyng has been
recently supported by Rushmer (1954) who used an entirely different approach
He mserted s strain gauge spring device to the left ventricle and measured
the transverse diameter of the left ventricular cavity in dogs with the chest
open and closed He found that m the closed chest the left ventricular chamber
has a greater diameter during systole and at the end of systole than when the
tung traction 1s abolished by opening the chest

Though static negative pressure in the thorax tends to hold the heart
chambers open it 1s fallacious to assume that this pressure as such 1s performing
worl The energy available from elastie recoil 1s a potential energy and ex
ternal work can only be done when this potential encrgy level 18 altered Thus
hinetic energy can only be released (= work performed) through changes of

L pressure by lar activity

Summarizing

The continuous clastic traction of the lungs ereates negative mtrathoracie
pressiie and thus favors venous return by produeing a pressure difference
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of the atnal eavitics and the de cent of the atrioyentnicular junetion during
ventrieular systole He myected drops of rodopin ail mnto the jugular vemn and
showed that duning ventricular systole the e drops nere greatly accelerated
their flow through the supertor yena cava He stated ’ With these obseryations
the proof of the sy stolic suction attraction (Ansaugung) of the venous blood by
the heart appears to be finally established One can see that during the time
when the ventricle becomes smaller while ejecting its content and_the atrum
enlarges 1 the direction toward the retracting ventricle both venac cavac de.
crease in_caliber simultancousty with a remarhable centripetal acceleration of
their content Sinee_this gecurs irrespectine of an nspiratery or expratory po

sitton of the thorax and even in the absence of any 4ction from the lungs there
can be little doubt that a great active participation of the heart in promoting

yenous return has been finally proyen
It mav appear that Bohme solved the problem However, he himself pomnted

out that lus observations were of qualtative nature only By comparmg the
veloeity of tedopin 01 drops in the caval verns durmng ventricular systole and
diastole he inferred that 10 times as much blood would flow toward the heart
duning sy stole as duning diastole Holzlohner and Schonerstedt therefore at
tempted 1n 1940 to quantitate with the md of a flow meter the amount of blood
which flows through the external jugular vemn of 4 dog during ventricular sy stole
and diastole They behiesed that Bohme s estimates were too high regarding the
portion of the blood which passes through the vemn during systole

Summari.ing

Though relati ely late m 1ts conception the theory of an attraction of s enous
blood by the contraction of the ventricle has gamed greatly in favor 1t 1» sup
ported by rather mconclusive evidence derved from anatomical observations
cardio pneumograms and venous and atrial pressure pulses It 1s strongly sup
ported by quahtative evidence from x ray cinematographic studies

Sraric NrGarnc INTRATHORACIC PRFSSURE

One must distinguish between two effects of the respiratory apparatus on
venous return (1) The static effect of the continuous negative intrathoracic
pressure and {2) the dy namc cffects of changes 1 intrathoracie pressure winch
oceur during spontancous respiration artificial respiration, controtled respira
tion and vanous voluntary and involuntary respiratory maneuvers Under
normal phy<iological conditions static and dynamic effects are ntegrated 1o
their action on the return flow of blood but they can be separated theoretically
and experimentally

For many years the opmion presailed that the permanent clastic traction of
the lungs 1s one of the most important causes of venous return by virtue of the
production of negative mtrathoracie pressure This view goes back fo the early
part of the eighteenth century when the work of Carson Barry Ludwig and
Donders on the tractive force of the lungs moved imto the center of attention
among physicians In the nork of Car on (1820) and Barry (1826) the continu
ous cffects of lung traction upon venous return was distinguished for the first
time from the mtermittent effects produced by respiratory moscments
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though his results were only of a qualn'ume nature, the mgeniously concerved
ex tal arr the les of the more recently de
veloped veloaty flowmeters

The results of Barry have given rise to a number of questions which have
stimulated mvestigators up to the present (1) Why 1s the blood flow through
the jugular vem dunng mepiration accelerated only when the horse 1s Iying
down? (2) Why did Barry not observe changes of blood flow sy nehronous with
resprration when the horse was standing? (3) What caused pulsatile flow of
bload of a lugher frequency than the arterial pulse? (The answers are dis
cussed on pp 66 and 71)

The classical vien concerning the effect of respiratory movements on venous
return 1s be t stated by Donders (1859) Durnng quieb inspiration and expira
tion blood 15 always drawn toward the thoracie cavity with stronger n
spiration 1t becomes strongly attracted by the chest cavity only i strong ex
piration 1 1t pressed out of the thoracie cavity ”

Donders thus introduced the concept of the respiratory pump It was based
on the logical deduction that blood flow toward the heart must mncrease when
the mtrathoracie pressure becomes lower during mspiration Since no exper:
mental evidenee was presented by him his opiion was subjected to criticism
by others as discussed by Henderson and Barrnger (1913 a, b) Volkmann
{1850) Mo wo (1878) and Ledderhose (1906) believed that the increased
venous return during nspiration was cancelled by a corresponding reduction
of venaous return during exprration and as 2 net result respiratory movements
would not mercase venous return A number of authors argued that the return
flow of blood from the inferior and superior venae cavae either differed greatly
or were even opposite 1n direction during the resprratory phases

T Lewis (1908) and later Eppinger and Hofbauer (1911) thou ht that mferior
caval flow decreased dunmng mspiration On the other hand de Jager (1883)
sugested that 1t must increase on account of the increase 1n abdominal pres
sure Franklin (1937) takes the view that infertor vena cava flow mav be
vanable as the result of inspiration Seely (1948) eould not find any evidence
from 1ntracardiac pressure measurements that mspiration augments venous
return Gollwatzer Vewer summarized her opinton 1n 1932 as follons  Venous
return 15 favored 1n the superior vena cava and m the hepatic vemns during
mspiration  but deercased during espiration 1o the mferior vena cava and
portal ves els ¥ enous return 1s decreased during mepiration but mcreased during
expiration

An entirely new aspect was given to this question by the collapse theory ’
of Holt (1940 1941 1943) and Duomarco (1944 1940 1946 and 1950) On
the basis of ndirect evidence and of experiments with physteal models they
concluded that a decrease of mtrathoracic pressure cannot 1nfluence the mflow
of bload mtoe the right atrium The argument of the adherents of the collapee
theory was that with the onset of mspiration the great veins collapse at the
pomnt where they enter the chest As a consequence of this collapse resistance
to flow 1n the collapsed extrathoracic vemms must increase Therefore atrial
mflow cannot become greater or may cven become less during nspiration

In pite of consineng arguments 1n favor of the collapse theory which were
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particularly advanced by Duomarco, an impressive host of indirect evidence can
be marshalled 1n favor of an mecreased night atrial inflow with mspiration It
was found by Wiggers (1914), Bloomfield (1945), Lauson et al (1946) and
Opdyhe and Brecher (1950) that right atrial and right ventricular pressures rise
with inspiration This pressure r1se could be explained by an increase in volume
of the right heart, although admittedly 1t would also be explamed by an increase
of pulmonary sascular bed resistance (Opdyke et al 1950 Hoffman, 1951)

Changes 1n the atrial and venous pressurc pulse contours under various con

ditrons have been attributed by Takashima (1953 a b, ¢, 1954} to a respirogenic
mercase of venous return Increased ventricular diastolie size, recorded by dif

ferential cardiometers (Boyd and Patras 1941) and ecmematography also
contnbute similar presumptive evidence (Shuler et al 1942)

Summanzing

In the absence of direct evidence, various and controversial opinions as to
the effect of respiration on venous return have been voiced The best represented
views are the classical theory of Donders according to which venous return
ancreases with inspiration and the new collapse theory of Holt and Duomarco,
according to which venous return docs no¢ incredse with mspiration



Il Elementary Hemodynamics

Before dealing with the specific aspects of venous flow dynamics a brief
review of a few general hemodynamie principles may be of value to those who
are not 1 frequent contact with the subject. (For details consult Lamport
[1900] Wiggers [1922])

PoiseoiLiE’s Law

Hemodynamics 1s a study of the forces which cau.e alter and regulate the
flow of blood through the body In a modified form many physical laws de
rived from hydrodynamres are applicable to the flon of blood Generally
stated the quantity of blood (Q) passing through the circulatory system or
through a part of 1t increa es with the perfusing pressure (P) and deerea es
with the resistance (R) to flow, as expressed by the equation Q = P/R In
cssence this represents Poisewlle’s Jaw for nonturbulent flow through tubes
1t can be expres ed in greater detail as

*Tp1 = po)
e

In this equation Q = the quantity of flow through a vessel (tube) per umit time
7 = 31416 r = radus of the vessel p; = pressure at an upstream point of the
vessel p = pressure at a downstream pomnt of the vessel » = coefficient of
viseosity and 1 = length of tube This means that volume flow 1 enhanced by an
merease of any factor in the numerator and diminished by an increase of any
factor mn the denominator of the formula Each factor must be considered
separately for its specific application

According to Powseuilles law the factor which most affects volume flow 1s
the radius of the vessel since 1t 1s raiced to the fourth power n the formula
As 1llustrated 1n Fig 2 volume fow through a vessel would ncrease sixteen
times 1 the radius were doubled This relationship between radius and volume
flow applies only to rigid tubes or vessels which have a cireular cross sectional
area such as arteries or full vemns Thus the appheability of Poisemlle s law
13 best demonstrated by companng flow through arteries of various cahibers
or through one artery at various stages of expansion or constriction

As 13 well known the regulation of blood flow 1 the capillary beds 1s
achieved manly by nereasing or decrea wng the diameter of the artrioles the

stopcocks of the creulation Ve shall see 1n Chapter 6 that Poisemlle s law
has to be modified for application to the venous system because the crossec
tional area of veins 1s usually not circular

Blood 15 caused to flow from one point to another m the vascular bed by
the difference of pressure between such points According to Powseuille s law
volume flow becomes greater when the pressure difference (= [pressure gra
dient] [pr — p }) increases other factors remaining the same Since p 18 di
rectly proportional to flow in Poisewlles formula flon varies hinearly with

1
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ricuRe ? Effect of changes m radius of a ves.el on flow The c1o s-sectional wea of the vescl
15 cireudrr Al other factors remamning constant a vessel of 1 mm radius (1) would dis-
charge 1 ec <ec as compared to 16 c¢ /sec from a ves ¢l of 2 mm rulius (B) The cros sec
tional nea of the 2 mm vessel 1s four times that of the 1 mm yesel is a4 aclation of
cross scctional area to flow the expression 15 a fourfold ncrease of the crcular cros. sec
tional area results 1n a sixtecnfold merease m volume flow

the pressure gradient This means that a doubling of the pressure gradient
along the vascular bed will double the amount of blood passng through it
For changing the amount of blood flow, nature mahes less usc of altermg
pressures than of changing the vessels radn The same siateenfold increase
1 blood flow which could be brought about by doubling a vessel s radius would
demand an increase of the blood pressure by <iateen times

Flow varies n inverse proportion with the length 1, of a vessel Volume flow
decreases by one half if the length of a vessel 18 doubled, other factors remain
g the same Simlarly the relationship between viscosity and volume flow
1s a sinple reciprocal one Flow would decrease by one half f blood became
twice as viscous

Summart ing

Volume flow through the crculatory system or part of 1t becomes larger
with an mecrease 1 the radius of a vessel and the pressure gradicnt along the
vascular bed Volume flon decreases with an mcrease m blood viscosity and
the length of a vessel

TERMINOLOGY OF VASCULAR PRESSURES

What 1s ordmanly called blood pressure 1s the lateral pressure of blood
onthewall of 2 v¢ sel Itisdetermmed by the volume elastieity of the system It
can ex1 t 1 a clo ¢d system whether blood 1s stagnant or i motion Lsen
after ce ation of all blood flow (eg after cardiac arrest) the volume of blood
contatned n the vascular bed exerts on the walls of the vessel a pressure which
comies to an equilibrium in all arteries and vein  This pressure amounts to about
6 mm M, in dogs and 1s ealled varrously mean systemic pressure, ‘ tatic
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blood pressure’ or latcly, “mean circulatory filling pre.sure” (Guyton et al
1954)

The pressure 1n a vessel 18 measured directly by mserting a cannula and
connecting 1t to a manometer at the same hydrostatie level as the vessel If
the vessel 1s exposed to the atmosphere the intras ascular pressure 1s measured
aganst the atmospheric pressure Most ves els are however, imbedded m
tissues which have a4 certain tissue pressure that 1s exther Ingher (eg, m the
abdomen) or lower {(eg i the thorax) than the atmospheric pressure For
accuracy, the mtrayascular pressure should therefore, he measured against
the extravascular (tissue) pressure which surrounds the +essel

Burton has wtroduced the term “transmural pressure” to characterize the
pressure measured 1nside of 4 vessel as related to that .urrounding it (Burton
and Yamada, 1951} Transmural pressure 1s defined as the pressure chfference
between the mtravascular and estravascular pressure This 18 the pressure
gradient gcross the veseels wall (inside 1mnus outside pressure)

1t should be emphasized that the transmural pressure defined as the pressure
gradient across the wall of a vessel refers only to the lateral pressure it a given
point of a vessel This must not be confu ed with the pressur¢ gradient which
custs along the vascular bed that 1s, between an upstream and downstresm
pamt (pg — p )} m Posewlle s formula Only the latter 1s re poneible for the
movement of blood along the channels of the eirculatory system

Recently difficulties have arisen m terminology because of the simlarity
1 usage of the term  effective pres ure and transmural prescure’ Ongmally
when Henderson (1909) and Hender on and Barringer (1913) ntroduced the
term effectine pressure they used 1t to mean the pre< ure which affects the
fillng of the heart ( effective filling pressure ) In thewr thinking effective
pressure  combined both the pressure gradient across the vessel wall (vena
cay al minus intrathoracic pressure) and the pressure gradient along the vaseular
bed (pressure differcnce between vena caval and intrayentricular drastolic
pressure the difference which 1s responsible for the flow of blood from the
<aval vems mto the nght ventriele) Recent usage of this term does not quite
comerde with Hender ons ongnal meaning eg  Seely 1948 Opdyke and
Brecher 1920 Opdylectal 1950 Duomarco et al 1950 Alevander 1901 and
Colenidge and Tinden 1904) Asu ed by these authors the cffective pressure
has become 2 term for intravascular pressures n relation to evtrasascular
pressures Used m this way the ‘effective  has lost 1ts oniginal significance and
has acquired the same meaning as transmural pressure Cournand and his
group crcums ent terminological difficulties by ealling the effective pre sure

net pressure  In this bool the term fransmural pres ure will be used prefer
entially because 1t 15 clearly defined and has no varying connotations

The difficultzes 1 d al pressure are mamly technical
Iacept for very small vessels the intravascular pressure can be measured di
reetly Howeser the determination of extravascular pressure 15 quite unrehable
The greatest artifacts are encountered 1 measuring t1ssue pressure 1n relatry ely
solid organs (Swann et al 1950) and the least 1n recording the pressure which
surrounds the great vescels and heart Intrathoracie pressure can be taken as
the best approaimation for the latter Even o ealeulations of transinural pres
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sure 1n the heart cavities and large vessels hinge on the critieal measurement of
trathoracic pressure m closest prosimty to the place of intraluminal pres
sure measurement since mtrathoracic pressure 1s not uniform m all parts of the
chest (Whggers et al , 1947) Tlus was again emphasized and eritically reviewed
by Coleridge and Linden (1954)

Summanzing

For greater accuracy the intravascular pressure exerted on the wall of a vessel
15 not measured agamst atmospheric pressure, but against the tissue pressure
surrounding the blood vessel The pressure gradient across the vessel wall 15
called transmural pressure ” It 1s defined as the difference between the mntra
vascular and extravascular pressure In 1its recent use, the term effective pres
sure appears to be synonymous with transmural pressure For complets analy
sts of a system with flowing blood one must consider the transmural pressures
1n addrtron to the pressure gradient along the flow paths



I Factors Affecting Venous Return

This chapter 1s confined to 3 brief review of those mechamems whick alter
avd shuit the volume of blood eontassned sn the venous system Here as later
1t appears desirable to consider the pulmonary ewewt as pard of the venous 835
tem since some factors which affeet 3 enous return to the raght heart also affect
return flow Irom the pulmonary veins to the left heart In general the changes
brought about by shifts mn bloed volume are relatively slow as compared to the
more d3 napue effects caused by the action of the heart respiration and sheletal
muscles The ragnd dy namie changes 7alt be taken up mn Iader chapters

Since the return flon of blood 18 an wmtegral part of the entire circulation 1t
cannat be considered m an wolated manner This holistic aspect 1s emphasized by
the obrertation that the sawe factors {1 1sorotor activity gravity ete ) which
affect venous return also influence the artersal side of the eireulation However
there 1s o quantitatinve difference msofar as one side of the cireulation 13 more
affected than the other The difference m structure between the vencus and
artenal system 15 mainly responsble for this the venous walls being thin and
collapsible whereas the arterial walls are thick avd relatively npd

Errrer o Gravizy on Venous Rervmy

‘The unique features of the airculation m the vems are to a great extent due
to the wall structure which permts venous filling to fluctuate within &8 wide
range without an app ble change m 1 pressure Vemns are rarely
fully filed and distended Thus the venous sy stem can aceomodate widely vary
g volumes of blood This phenomenon sccounts mamly for the effect which
gravity has on venous return

1f veins and artenies were nigid tubes flow m them would not be affected by o
positionnd change Flow through such a ngid <3 stem would only depend on the
arteriovenous pressure difference at heart level other factors remaimng con
stant Thes situation 13 symbohzed in Figure 3A I a ngd U tube which had
been prevwously m a horizontal position were suddenly tilted anto a verieal
position the same smount of blood would return on the venous side which
was pub mto the system on the arterzal side However thas 1s not the casen a
dastensible system Owing to the relatuely greater filhng capacity the venous
sidetn the bods 15 much more affected than the arterial eide by a change from the
recumbent to the erect posstion a8 :llustrated n fgure 3B

Innormal man the reduction of venous return under such conditrons 18 usually
of brief duration because a number of compeusstory vasomotor mechanisms
come quickly inte play However 1t 15 doubtful that even with the aid of these
mechanisms the same amount of blood 15 returned to the heart of man m the
crect as 1o the recumbent posabion If venous veturn and subsequently cardiac
output are greatly reduced orthostatac fawting mtervenes As 1s well hnown
the pensatory 1 are d bed or become snadequate after long
bed rest and 5o a number of diseases

15
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Figure 3B also helps to cyplan the basic mechamesms by which baths have a
beneficial effect upon 3 enous return 1n certam eirculatory disorders Immersion
of the body below heart level reduces the pooling of blood n the dependent
parts by inereasing intravaseular pressure and mahes available, at least tem
poranly, 4 greatcr amount of blood to the heart for cjection (For discussion
see Gauer 1920b)

Animals which usually do not assume an upright position have less cfficient
vasomotor responscs than man They are almost nonenistent i the eel and snal e,
which can be killed by immobihization in the vertical head up posture These
animls “blecd themselves to death” into their venous system (For lustory and
detarls ce Franlhn 1937)

If 1n normal man the force of gravity mn the head to foot direction (positine
acccleration) 1s mcreased beyond « certan degree and duration, venous return
becomes <o greatly reduced that svncope ensues (‘ blackout” of pilots) This s
symbolized n figure 3C In this example 1t 1s assumed that 10 times the normal
gravity (10g) will distend the veins to such a degree that they accommodate 4
very large portion of the blood volume and that active vasomotor mechamsms
are not strong enough to eounteract the passive foree of mcreased hydrostatic
pressure As a result practically no blood rctuins to the heart The arteries in
the dependent part of the body would al<o distend but not nearly to the same
extent as the vems On the other hand 1if 10g act on a ngid U tube, flow through
1t would not be altered (Fig 34)

Comparison of the diagrams 3A and 3C also 1llustrates the basie mecham«n
by which a pressuie st may have 1 benefieaal effeet on +enous return m pilots
The swit s pressure on the walls of the cntire venous sy stem below heart level
counteracts the extreme distension and presents to some degree the pooling of
blood The pressure suit 1s meant to conyert the distensible sy stem shown m Fig

|

A
RIGID ARTERIO VENOUS ARTERIO-VENOUS
U TUBE SYSTEM SYSTEM
algorlOg atlg of 0g

sicewr 3 e t of normal and increased gravity on the distensibilits of the yenous system
Iyjhination o text
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FlcLgg 4 Influence of centnfugal force on yenous retumn in a monhey Left N\ormal gravity
Right 6 tumes normal gavity head to leg Blood contains thorotrast Both pictures taken
in diastole amimul sitting braced and additionally supported by a collar around the nech
Centrfugil force leforms thorax and lepresccs dphr gm  (From an » tmy unemato
grarhie film by Otte H Gauer)

3C 1nto one which approsimates more closely to the rnigid system shown 1 Frg
3A

The effcet of 1ncreased gravity on s enous return 1sllustrated by two pictures

eleeted from an x ray cinematographic film taken by Gauer (1944 1950) on
a centrifuge (Fig 4) Inthe photographontheleft s ray opaque materal enables
one to discern the size of the normal heart and great ves els and the density of
the well perfused lungs On the nght side at 6g the size of the heart and great
ves<els 18 drastically reduced The lung fields are almost clear indicating that
only little bleod perfu es the lungs The pulmonary vascular tree 1s outhned be

low but not above heart level demonstrating that ¢ven within the pulmonary
circmt the return flow of blood 1s greatly interfered with (For details concern

g the effect of normal and inereascd gravity on venous return and the actinty
of compensatory muecham ms consult Fulton 1948 Landis 1948 Gauer 1950

1955 )

Upen assuming, the crect position the veins m the dependent parts inerease
m fullne s by the force of gravity whereas vemns from the upper part of the
body are emptied toward the heart These upper vems collapse partially upon
depletmg their content and their mntras ascular pressure approaches zero Values
less than zero are pres cnted from oceurring by this collapse In spite of a partial
collapse of the veins aboy e and disten<ion of those below heart level there exists
4 fasorable pressure gradient, for venous return from all penipheral regions to
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the heart (Fig 5) In order tollustrate the principle of the mean flow gradient,
venous pressures 1n the upper and lower part of the body are indicated without
regard to venous valves and negative intrathoracic pressure Intravascular
venous pressures are measured agamst atmospheric pressure

Above heart level the venous pressure 13 practically zero duc to partial venous
collapse The pressure gradient along the venous channels 1s the hetght of the
hydrostatic column above heart level The gradient 1s great but resistance to
flow 1n the partially collapsed vemns 1s high (see also Chapter 6) At heart level

i,

D gL e T

Ft LRE o Simplified schematic diagram of +cnous mirasascular pressures at dufferent points
above and bclow heart level 1 man illu trating the artual pressure gradicnts avalable
for the return fow of blood along the venous v ascular be ! Deseription i text (Modifie ] after
figurcs 1 anl 3 of Duomarco and Rimm: 19 01)
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(phlebostatic level) +enous pressure 1n the right atrium 1s assumed to be close
to zero Below heart level the venous pressure gradient responsible for blood fow
from the periphery toward the heart 1s the measured venous pressure minus the
hydrostatic pressure column This gradient 1s small as mdicated m figure 5 by
a dotted slope but resistance to flow n the distended vemns 1s very low Flow
from the lower extremities to the heart does not have to overcome a resistance
of the hydrostatic pressute column  as s occasionally believed The hy drostatic
fluid column 1= the venous himb of the U shaped arteriovenous communicating
tube system which as such does not hinder flow (Fig 3)

The hydraulie pressure gradients and their probable effect on venous return
have been the subject of numerous studies by Duomarco and his co workers
from 1944 to 1954 It should be pointed out however that the determunation of
pressure gradients alone without ying flow ts does not
provide accurate information about venous return

It must be borne 1n mind that the force of gravity does not accomphsh work
over a period of time Just as static negative imtrathoracie pressure due to lung
elasticaty 1¢ not performing work (see page 7) Only a change m gravity or
mtrathoracic pressure does work which can alter bloodflow

Summar: wng

In an upright position gravity shifts blood mto the vessels of the dependent
parts of the body A larger amount 1s accommodated 1n the distensible vemns than
m the more rgid arteries Venous return s thereby reduced 1f compensatory
mechamsms are madequate Above heart level the veins are partaally collapsed
and the pressure gradient for flow along the venous channels 1s given by the
height of the hydrostatic column aboye heart level Below heart level the vemns
are distended and the pressure gradient for flow along the venous bed 13 given
by the enous pressure minus the hydrostatic column

VEnovs VALVES

If the amount of blood available for filing the veins were not lmuted the
presence of venous valves would not be necessary for the movement of blood
from the dependent parts of the body to the heart, because vems and arteries
are & communmcating U shaped tube system (Figs 3 and §) The essential
funetion of the venous valves 1s to break up the high hydrostatic fluid eolumn
nto wmall segments so that the venous reservorr 1s not overfilled by the full
pressure of the uminterrupted column

In Fig 64 the venous pressures n two segments of a vertical leg vein are shown
during the condition of muscle relaxation The pressure 1 each segment 1s the
short hydrostatic column of 100 mm of water plus 1ntravaseular pressure which
additionally distends the vessel wall (90 and 80 mm of water respectively)
Flow from the lower to the higher segment does not occur under this condition
When the lower venous segment 1s locally compressed eg by a muscle con
traction exerting a pressure of 100 mm of water on the outside of the venous
wall pressure in this segment briefly rises above that in the higher segment and
flon 15 estabhshed (Fig 6B)

The breaking up of the hydrostatie flud column mto small segments pre
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vents the overdistension of the thin yenous walls which would occur under the
continuous waght of the entire fuid column

During movements relatively small lateral pressures on the outade of the
venous walls are sufficient to o ercome the mall hydrostatic pressure of short
vertical segments of the venous blood ¢olumn W hen valves are incompetent a
high fluid column overdistends the veins and due to o bigh pressure (= filtra
tion) gradient across the venous and capillary walls orthostatic edema may
ensue (For dctauls of valve structure and action sce Franklin 1937 Burch
1920 )

Through valiular incompetance the short hydrostatic pressure columns of
several segments mav be joined to form a high fluid column The continuous
di.tension of the venous walls by a high flud column may lead to the formation
of vancose vemns (see Harr on 1904 Montgomery and Zintel 1904) Dc pite
a larger accomodation of blood 1 the varicose vens total venous return would
not be reduccd after the imtial Slhing of these vaneose rescryoirs has been a¢
compli hed The phy 1ologieally indicatcd treatment to counteract the con
tinuous v cnous wall overdistension appears to be an mtermittent reduction of
the hydrostatic column (cg by leg clevations) an nerea ¢ of cxtrava eular
counterpressure (eg by elastic bandages) and a surgical construction of new
venous valves (F1 eman and \lalette 1953)

Summan mg

Venous v alves break up the lugh hy drostatic fiud eolumn into small segments
and prevent overd: tension of the thin walled vems in the dependent parts of
the body
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VevoLs DisTENSIBILITY AND TONE

As mentioned above a number of reactions come into play when a person
assumes erect posture The responses by which vemns and small yessels may
counteract distending forees and thus prevent eaces 1ve pooling of blood have
becn of greatest interest to physiolog ts and chmerans (for reviews see Frank-
In 1937 Burton, 1954 Folhow 1905) Though not well documented, many
of these reactions have been postulated and deseribed previously in textbooks
However only recently have ammal experiments under stricily controlled con
ditions established conclusive evidence for the eustence of speeific reactions of
the vems 1in the regulation of the eirculation

When the volume of blood mn a normal partially collapsed vemn 18 suddenly
augmented the ntratascular pre sure barely imecreases until the vern becomes
round and reaches a certain degree of fullness The volume sncrease up to this
pomt corresponds to the fillng of a collapsible bag or tube without distending
the walls True disten 10n of 2 vein occurs only when further v olume 1ncrements
lead to an clevation of the intravascular pressure Contrary to common behef
most excised vens are little distensible in the transver e direction though more
casily stretched 1n longstudinal direction It appears that mn the intact organism
vemns al o have a low distensibility upon sudden 1olume increase (Alesander
1948b) The mtial low da tensibility undergoes a change however if the
crea ed volume remains 1 the venous bed for a longer period Under this con
dition the venous walls give’ slonly This phenomenon which has heen called

stressrelaxation or delayed compliance has been demonstrated 1n the portal
system by Alexander et al (1953) and 1n the pulmonary system by Sarnoff
and Berglund (1952) It 1s attmbuted to the visco elastic properties of the
smooth mu culature 1n the vesscl wall Whereas the Jow distensibility of vemns
may counteract sudden transient pressure increases and thereby avoid pool
ng of blood <ustamned high scnous pressure may result m significant pooling
due to the delayed compliance of the venous walls

An important factor which counteracts venous distension 1s the contraction
of smooth muscles 1n the walls of the vems by adrenergic stimulation Since
active constuction reduces the radius of the vessel the effectiveness with which
the wall 1s capable of resisting distension 15 greatly enhanced (effect of Laplace)
Such va oconstriction would serve to mobilize blood for return to the heart
Simce venoconstriction can be elicited by the same reflexes which are hnown to
raise arterial blood pressure (pressure reflexcs) the venomotor activity appears
to be an 1mportant contribution to eirculatory homeostasis just as are the well
known adjustments of cardiac output and arteriolar resistance (Ale\ander
19543 b) During wrrever 1ble h g shock the
fails this leads to a marked pooling of blood m the venous system (Alexander
1900)

Summar: wng

Vems have a relatively low distensibility upon transient mcreases 1n ntra
vascular pressure Their smooth muscles contract actively upon adrenergic and
reflex shmulation and contribute considerably to circulatory adjustments Pool
ng of blood 1n the splanchnic venous system oceurs due to pa «ive yielding of
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the venous walls upon prolonged action of itravascular pres ures, phy <i0logical
reflex veno dilation and failure of the venomotor mechamsm 1n irreversible
hemorrhagte shock

NEervous anp Huvoran REGuLATION

Undoubtedly the specific refles yenomotor activity of the splanchme bed dis
cussed above 1s a factor of fundamental mimportance m the nersous regulation
of venous return Apparently the <ame adrenergie reflexcs which ¢y ol e splanchmie
venoconstriction bring about arteriolar constriction in the entire orgamesm and
by a sunultanecus generahized + ietion cause a t merease 1
total systemie venous return (Rashlind et al 1953) On the other hand,
chelinergic reflexcs which lead to arteriolar dilatation also dilate the vews and
result 1n a temporary decrease of total venous return by blood pooling 1n the
venous channels

The profound effect of adrenergte and cholinrergic stimulation upon the volume
elastieity characteristics of the venous system 1s graphically tllustrated 1n Fig
7 These characteristics have been assessed by Peterson (1951, 1952) through
rapid short duration flud 1jections nto the abdominal wferior caval tree of
dogs The modulus of distensibility of the vemns 1s plotted on the ordinate agamn ¥
the intravenous pressure (abscissa)

Curve A shows that under normal conditions the veins are not completely
filled The sharp break 1o the curve at o pressure of 100 mm of water indicates
the point at which the vessels become round Then up to about 270 mm water
the curve remains flat indicating that AP/AV 1s constant Above this pressure
the curve rises and becomes nonlinear presumably because of the distenability
charactersstic of muscle and collagenous tissues 1n the venous walls Curve B
mdicates that cholinergie stimulation leads to a marhed venodilatation (break
1m curve at 180 mm water) which would pernut considerable pooling Following
the 1njection of epinephrine the veins beecome round at a pressure of 40 mm
water This fact and the stecp slope of the curve indicates that the vems are
more ngid and contracted during adrenergic stimulation (Peterson 1956)

The entire venous bed may therefore be looked upon as a varable blood

depot Blood 1 this type of a depot 1s however, not withdrawn from the active
arculation It merely circulates slowly when the venous channels are widened
by prevailing parasympathetic tonus Since the central veins constitute a con
siderable part of this depot, * blood 13 readily available for a sudden increase
mn night heart mflow and subsequent output as demand anses A corresponding
condition prevanls for the left side of the heart as pointed out by Sjostrand
(1953) Here the pulmonary vascular bed represents a readily available large
re ervoir which permits a sudden mcrease of left heart filling and output This
would serve speaifically for the rapid adaptation of the circulation to positional
changes and phy sical work The dynamic mechamsms by which the action of
the heart can contribute to its filling from the reservoirs wall be taken up in
chapter 9

The mmportance of the large pulmonary blood depot which 13 immediately
available to the left heart and systemie arteries hould be emphasized Accord
g to Sydstrand (1903) about 30 per cent of the crreulating blood volume 1s con
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otonus prevajls

an average persons and their

vagotonus prevails and maller when svmputhetic
nce this reservorr 1s propor

Tramed athletes have a greater blood volume th,
thoracic blood reservorr 1s accordingly larger S
honally distributed betw een lungs and heart ther restdual ventricular 1 olume
ab rest 15 larger than that of average ubjcets (Reindell et al 1903 Gauer
1955a

Upo)n sudden demand by physical exercise the large residual 1 entrieular + ol
ume and pulmonary blood re ervorr are first called upon to pay for the defieit,
between the temporanly la ging <ystemme venous return and the 1mmediately
increased left ventricular output This period of dy namuc imbalance lasts only
a few seconds until meres ed return from the sy temic vemns due to refles

> 3 con equence of ncreased

venomotor action (Page et il 1994) occurs and a,
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left heart output restores the cquihbrium at a hugher level of flos A correspond
1ng situation prevails when a person rises from the recumbent position As men
tioned before return from the systemic vens 18 then briefly reduced (Fig 3B)
In normal man approximately 600 ce of blood suddenly sags mto the vesels
of the dependent parts This amount 1s immediately compensated for primanly
from the mtrathoracic blood depot It 15 important that a large mtrathoracie
reservoir 15 available for left heart venous return to prevent a temporary re
duction of left heart output which may lead to a drop 1n artertal blood pressure
and subsequent orthostitic famnting Trauned athletes have m these re peets
better than normal compensatory abilities owing to their relatively larger tho
racie blood depot

If the mtrathoracic blood rescryoir 1s duminished from 30 per cent to less than
10 per cent of the total blood volume then this reseryoir becomes madequate
and left heart output decreases tumporanly upon postural changes Under these
cireumstances the Icft heart cardie output depends direetly upon the fluctua
tions of the return flon from the systemic veins (Sjostrand 1953) Anesthesta
urgieal trauma and open thoracotomy <hift the blood m the orgamsm o such
dircetion that less than 15 per cent of the total blood volume 15 contamned n the
thorax This explans why aside from other factors under these conditions the
latitude of eirculatory regulations s greatly dimimshed It explamns also how
n experimetits on ancsthetized animals the tmportance of the thoracie blood
reseryoir for certan sudden cireulatory adjustments has not been fully appre
ciated This has also been pointed out by Rushmer (1954, 1905a) Apparently
the basie relations of venous return and eardsac output as represented by Star
ling, « law can be overshadowed under normal physiological conditrons by the
mechameams outhned above but they come nto play when the circulatory
1c erve 18 dnum hed and under pathologieal conditions The well hnown
blood depots in splcen ind other organs scam to have the role of auathary depots
which are called upon 1f the readily available blood reservors i the lungs and
systemue vemns (and po sibly al o portal veins) are msufficient to mect the de
mands (For revicws on blood depots pressor refleses and humeral control con
sult Waggers 1950 Fulton 1905 Hous 1y 1990 Rodbard and Iatz 1905 )

The regulation of venous return and blood volume distribution 1s atded by 2
number of refleses which are ebeated from streteh receptors 1n the venous walls
though difficulties have been cneountered 1n ¢stabliching clear cut evidence for
the castence of some of the e rcfluxes (reviewed by Aviado and Schimdt 1900)
Di~tension of the cay il vans and right atrium reduces reflexcly the tonc of the
v igus nerv e and aceeler ites the heart (Bamnbridge reflex) A simlar reflex s dhie
1ted by pulmonary venous dilation (Tahino 1951) Rise of pre ure mn the ab
dominal eav 1l 3 tem mtiates 4 veno venous refles by which the sympathetic
tone of the mte tmal vans 1 reduced (Aleaander 1906) In wddition to these
crrculatory dynanue cffcets the timulation of streteh receptors in the are of the
preat vemns heirt and pulmonary ve els enhances urtne flon These receptors
appair to play an inportant role mn the control of plasma volume and ccatral
venous pres ure (Gauer et al 19)4 Henry Gauer and Rave 1956 Hunry
Cwer and Sicher 19,6 Gauer ot 2l 1946)

T ocal di ten 1on of the wlls 1n penipheral vains v ults 1 con tnction of the
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arterioles supplying the pirtieular venous bed The throtthng of artcriolar 1n
flow dimumshes in turn the venous engorgement ( negatne foedback ) The
precsse niture of this vem vasomotor reflex ramuns to be dueidated espe
crally whether or notat 1s o true reflen anon refles or other mechamsm (Yamada
and Burton 1954 Haddy and Gilbert 1926)

Summart g

The cntire venous sy stem bueomes dilated but less distensible upon choliner
gic stinulition whercas 1t 3s constricted but clastieally more distensible under
adicnergie flucnee Central systeme veins and the pulmonary vascular bed
represent vanable blood depots which are 1 wlily av ulable for increase m heart
mflow and output upon sudden damand In normal recumbent man the 1ge
blood reseryorr i lung and heart 18 immcdiateds utihzed during sudden physical
worh or positional change to 1nercase left stroke volume before systemie venous
return ean beinereased appreeiably When the thorace blood re rvoir g reduecd
in ancsthesty or by trauma the output of the Iuft heart depends dircetly upon
fluctuations of «ystamre venous return Reflenes from streteh receptors in the
venous v uls mav aid in regulating heart output the total errculatory fluid vol
ume and arteral inflow nto loeal venous beds



IV Present Problems of Venous
Return Dynamics

From the hustorieal review 1 the first chapter 1t 1s cvident that our knowledge
of the forecs whieh determune the return flow of blood nccds further éapanston
The present basic problems eoncerning the dynamie aspects of venous return
can be erystalhized around the following three mam topies (1) The effect of
venous collapse on pre <ure and flow 1 the vemns (venous hemodynamcs) (2)
The effect of re<prration on v enous return and (3) The effect of the heart s action
on yinous return

VEvOUs COLLAPSE PHENOMEVA

The concept of Holt (1940 1941 1943), that venous collapse can reduce blood
Bow through a vein despite an mnerease in the pressure gradient along the vessel
has stunulatcd the myestigatron of hemodynamies 1 the venous system It 15
well known that in the high pressure svstem of the artertes volume flow through
ave sel imereases wath an merease of the pressure gradient between 4n upstream
and downstream pomt of the ve sel if arteriolar resistance remains unchanged
Therefore pressure measurements at different points along an artery pernut a
fur esimate of quantitatine changes 1n volume flow

Tlus situation prevals because artertes with senu rigid elastically distens
ble walls behave e sentaally Ithe uniformly patent tubes Tlus 1s not necessarly
o on the venous side In a low pressure system with collapsible tubcs the pres
sure gradient betw ecn two points may not give information about the 1olume of
blood flow between the pomts For example pressire at a distal potnt of a vesn
may be »0 mm water and 1t a prosimal point 10 mm water but volume flow
through the vessel may be practieally nonevistent because between the two
points a segment of the ves el my be partially collapsed causing a high resist

wnce Therefore 1n this ¢a ¢ measurements of enous pressures cannot give In
formatron about changes of blood flow through the vems

A well known example from the student faboratory ustrates this situation
\ enous pres.ure falls shghtly 1n normal mspiration when 1t 18 measured dircetly
with the \loritz and Tabora method m the forcirm During mn piration the
pre sure gradient beew een the forearm and right atrium increases and one might
conelude that an mereascd amount of blood flow s from the forearm to the heart
During deep 1n piration venous pre sure an the forearm nises shightly The pres

ure difference between forearm and right atrium has become conaderably
groter wath deeperin paration Nverthele s asweshalldi eu simdetail volume
flow docs not nece arily 1nerca e

The prc ot problam 1 therefore to study in the vonous sy stem the pressurt
flow relation  wlich are to 2 great (vtent determined by the collap thility of the
wun
k]
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COoNTROVEBSIAL EFFECT OF RESPIRATION

Clo ely linked wath the first topie 15 the intriguing controversy as to whether
or not v enous return 1s aided by resprration As already mentioned there are two
diametncally opposed schools of thought One tepre ented by the clas wal the
ory of Donders 1> based on the assumption that vems behave hike arteries as
umformly patent tubes Flow mn them would merease direetly with an inerease of
the pressure radient If for cxample the pressuie gradient betw een the jugular
vemn and the right atrium 1s increased by mspection 1nflow mto the right heart
would be augmented The other vien the collap e theory states that except for
abnormal and pathological conditions  the negative pressure m the thorax and
1ts vanations are incapable of influenting venous return directly ’ {Duo
marco Recarte and Pimim 1944)

A remterpretation of the known data could never reconcile the two conflicting
vicw It has been necessary to develop new experimental approaches to resolve
the problem

Tue Heart as a Factor 1v VEnoUus RETURY

The last problem which <tall ealls for elucidation after centuries of contras ersy
1s the que tion Does the heart by 1ts own action draw blood toward 1t or not?
Is 1t a suction pressure pump or 18 1t 4 pressure pump only ?

This problem pre cnts two facets First what s the effect of v entricular sy stole
on venous rcturn and <econd what effcet has ventrieular diastole on venous
return?

Bohme (1936) belicred that he had solved the fir t problem by the use of
 ray-opaque material 1n the vewms His ohservations are adequate evidence
that the ventricular contraction can accelerate blood flon m the thoracic eaval
vems Howesver this acceleration of the blood eolumn does not mean that n ht
atrial inflow 1= quantitatively merea ed during systole by mvocardial contrac
tion Bohmes findings are purely of qualitative nature as ponted out by
Holzlohner and Schonerstedt 11940) Bolime hrmself stated repeatedly that
during the period of sy tohie acceleration of blood flow both eaval veins nar
rowcd Thy indicates that the amount of blood passing quickly through the
veins durmn,, ventricular systole could have been equal to or cven less than that
flowing during diastole Actually 1n a vemn one cannot predict from an accel
eration of flow whether more or less blood passes through the vc <el because
the cro sectional arca of a vemn vares remarhably For example The shape
of the central vens eonld be nearly cireular durnng ventrieular diastole and a
large volume of blood mught flow slowly through the wide open vessels mto
the heart On the other hand the veins may become elliptic due to the partial
collap ¢ during ventricular systole and only a small volume of blood might
pass through the narrowed vessel into the right atrnum though 1t would flow
at a ugh rate The present tee of » ray aphy cannot provide
a quantitative re olution of this problem

Another diffienity of Bohme s method should be powted out He could only
ob erve an aceeleration of the blood column during sy stole and a deceleration
durmg dia fole but dctails of the tame cour e of the events could not be es
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tablished by hitn Holzlohna and Schonerstedt (1940) found that v olume flow
m the external jugul i vem of the do,, durin, yentricular sy tole was not nearly
so0 preat as anticipated or suggested by Bohmc s qualitative observations How
ever Holzlohner s data do not resolve the problan ather bee wse he undertook
the flow measuraneats n 1 peripheral van where arterial mpacts and various
unanaly zed artifacts app nentls di torted Jus curves He could not corrddate
accutately the flow changes with the cardiac ¢y cle and did not record pac ures
<umultancousty

A new quantitatine approach1s therefore nece ary to study the foree wiich
the ventricular myocwrdiae contraction may cxert on venous return

The ~ccond facet of the questionable suction pressure pump action of the
heart deals wath the ctfect of ventriculu dia tole on venous return At pie ent,
thic 1s no conclusie expernmental evidenec available to myalidate the dictum
of Wiggers and Straub which states that distolie ventricular inflon must be
passive tnce no negitive pre surc has been recorded rehably an the yentricalar
cavity during diastole {For 1 discussion of the entrgy avaulible for yyd
di tohe filling <ce also Rushmer et al 1943 )

Thus 1t 1s up to the proponents of the oppo ite view (Guasp 1904 Cignolim
1904 Valla 1904 to furmsh indi putable expenncntil evidance that blood
15 actively suched mto the ventricle at the beginming of dinstole (sce 1! o foot
notc page 110)

The e basiec problems ate mntawoven with the broider 1 peets of venous
return which relate 1t to homeo tatie mecham ws (I wdi 19000 wnd to the
rc ¢ of the arculation m health ind di eree Gram (1948) summarnized the
antugraton of the different problems and the dificulty of re olsing thun by
the use of pressure measurements s follow Recent mterest has been focu ed
on the mcchanisms controllmg venous 1cturn both under phy 1ologie conditions
and m disturbanees of homeosta 15 such as we cenm hock and heart fulue
Attanpts i this direction hwe been made by rccordin, multancoushy the
night atrial pre surc eardie output and tortie pre uie Howcver, mteipreta
tions of these data we comphicatcd by fluctuations of ecntral venous pre sure
produccd by re piration by the fact that eatremels large vaintions m the
quantity of blood mn the central vans and atria may occur with httle chinge
m levdd of the recorded pie sure and finally by the fact that cardine output
m 1y vary mdcpendenthy of the central venous reservorr pressuie and therefore
e ult in change of ateral pre surc 1n a direction oppo tte that capeeted to recult
from the smultaneously occurning variation i venous return Fluctuations n
eapaoity of the central venous reservoir and atrm miy also cause 1 chnge
in level of pres uren the e structures in the b ence of y ltaration i eudiac
output or venous return thus furtlier complicating interpretation *

From the foregong 1t 1s evident that deseniptive ob crvation and orann
stantial ¢videnee from pre ure measurements wiach Jond it elf to varous
terpret stion  cannot penctrate to the core of the preblum In this field as
miny others n modern biological weiences the older techniques of a de eriptive

wnd ob erving approach mu ¢ be repliced or at fea ¢ supplemented by qu
titatne mcthods

1In rceent years the most fristful approach has conr tcd of measuring blood
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flow directly and guanfitatively 1 the senous systew and correlatm,, it with
the simultancou<h recorded pressures m the ve els

In order to gan quantitatsy e snformatson of hemody namie events 1t 3s aleay s
neer am to measure tno paramecters vy flow and pressure gradsent along the
14 cutar bed for detormnming the third  ressstance (Q = P/R Chaptar 2)
“Measurements of pre sure alone can furm h onlv wmdicative evsdcnce Tech
meally 1t 1s much ea ter to mei ure pre stne than flow Jarisch realized this
dilemma s early a8 1928 nhen he stated  for the development of ewrculation
researeh 3t has certamnly been a disaster that ot 18 relainel cumbersome to
deternune Volume flow but so ¢2 ) to nmreasure the blood pres ure For thw
req on the bleod pr¢  wie manomdter has ganed 4 rather fascinatng mfluence
though mo t organs do not nicd pressure but solume flow  Athough Jansch
bad primanly artertal flow 1p umnd s statement 13 even wore apphieable to
the vemous  ystema For techmeal reasons measurcments of blood flow m the
low pre sure system of vans 1 much more diffienit than 1n the high pree ure
system of the arteries Great efforts have therefore been made 1n reeent vosrs
to develop venous blood flow recorders Since much of the suece < 1n approaching
pre ent and future problims depends upon proper instrumentation the meat
chapter 1s devoted to & detasled sunvey of techmgtes of blood flow recording

Sumanarang

Three basse problems of venous 1cturn tal e the center of scientific interc t
ab present These are 11} the effect of venous eollapse on pressure flon velations
and vcnous hemodynimies (24 the wfluence of re piration on ‘venous return
and (3) the attraction of bload 1o the seins by the bicart s own action during
systole and,or diastole An eluesdation of the e problems depend o great deal
upon drrcet and quantitative measurement of v enous blood flon



V Methods for Venous
Flow Measurement

In the search for the 1deal flowmeter scientists have developed instruments
wlhizch make use of almost excry concen able physical prinaiple Each istrument
has only a hmited application, and numerous disadvantages There 1s no unt
versal flonmeter which 1s preferable to all others The chowe of the proper
flow meter depends upon the nature of the problem m whose solution it 1s to be
employed Generally speahing the simplest and most direct method 1s the best
Considerations here are restricted to the <pecific aspects of v enous flaw apparatus
and thetr recent des elopment For an account of flowmeters in general the reader
15 referred to the cacellent articles of Green (1948) and the new (ughth) volume
of Methods in Medieal Research

For an understanding of many flow tracings shown in tlus book, the difference
between two types of eontinuous flow recording should be mentioned The two
types are cumulative recording and rate recording

1 Cumulative {(also called slope or integrated) rccording 1s most advan

tageou ly uscd to mea ure venous dramage, though 1t can al o be used for flow
meters mserted mnto a vessel Flow 1s recorded as a slope (Figs 24 and 28)
The hiher the flon rate the stceper the slopc A con tant flow rate produces
v traight sloping ine (Fig 24B) A change 1n flow rate produces a chinge m
the angle of the slope Before flow begins and agamn after 1t ends the trieing
forms a horizont 1l lne but the two ire at differcnt levels Volume 1s measured
by the difference m Icvel 1¢ the haght of the traemg The advantage of
cumulative flow recording 1s that the total volume during a given time intery al
m 1y be measured directly on the record It 1s not necessary to integrate dffercnt
rates of raprdly changing flow 1n order to obtun total flow

2 Rate (also ealled veloaty ) recording 1s more frequently uscd to measmic
uninterrupted flow through 4 ves ¢l The flow rate 1s recorded 18 an elevation of
the traeng abore the zero hne (Fig 30) A constant flow rate produces
horzontal line Increa ¢ m flow rate leads to an upstroke decrease to a down

troke of the curve Inthe absence of flow ( zero flon ) the tracing returns to the
zcro hine The volume 15 caleulated by mcasuring the arca under the flon curse

Two tvpes of direct flowmcters have been suceessfully anployed for a study
of vcnous flow dyname The ¢ are (1) Venous dramage flowmeters and (2)
Pul atile flowmeters

Y rvots DRanvace RECORDERs

Tlns method 15 the mplest Outflow from a cannulated van s collected ind
continually registered Mo t doviees used for tlus purpo ¢ wre cumbersome wnd
have sueh great wertia or frction that they cannot fasthfully follow npd
flow chnges (Brubach 1947 Ligon 1947 Iindgrenand Usniwe 1904) Thebe t
1n truments e the tram gauge flowmeter of Alexander (1948h) the tambour
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oo 8 Schemate diagram of an optiealls recording Tambour fiowmeter Deseription an
teat

flowmeter (Brecher and Ritter 190%) and the meehameal balance of Zieshe
ot al (1955} The first jentioned has the advantage of greatesy Sestbilsty and
casily adjustable scnsitnaty

As the tambour flowmeter was used for sescral spudies reported heve 1t 1s
deserbed briefly (Fig 8) Blood from the eannula 1 drams 1ato 8 recener G
Its waig b presses on a tambour 7 wineh transmts the pressure to an optieal
manonicter & by & hgmd system A hight beam deflected by the murror on the
manometer ahes 3 sloped tracing on s photohymograpk The natural frequency
of a flauncter systum of 20 eyeles,see pertmts tracweg aof sudden flow rate
chianges with a mmnimal tune lag The cabibration revenls x hoear response of
the wstrument

Summart g

\cnous dramage recordess of adequate frequency respouse can be sutable
for werwement of moderately fust rhanges of tinows flow  They are not
duquate for recording vartations aver swgle cardiae ey cles

Recorptng or Puissrie Frow

For better wader tanding of pulsatile flonmeters bref mentson  hould be
made of mean flow recorders some of shich have alse been owployed 1 the
senous system Mean recorders ean only reguster the mean or average rate of
fow Cau es for the mabihity to follos quich ehanges of flon include mechanical
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mertia damping friction the length of tyme necessary for observing the move
ment of the blood, the slow frequcncy re ponse of eleetnical amplifiers or a
combination of any of these factors Attempts have been made to record pulsa
tile changes 1n veins and artcries wath mean flow recorder« The cumulative
curve which Burton Opitz {1902) traced with a modificd Hurthle Stromuhr m
the cxternal jugular vein of a dog mav serve as an cxample (Fig 9, left side)
The nuddlc record of the thrce shows by the steeper slope (A B and C D) an
inerease 1 blood veloaty The ¢ curves have often becn reproduced n tet
books as evidence that venous blood 1s ‘ suched 1nto the nght atrsum during
ventricular <y tole {A B) However 1t should be pornted out that this evidence
15 of a qualitative nature only The Stromuhr (Fig 9 right <tde} has too much
inertia to permut a faithful reproduction of flon events The moving parts

overshoot greatly onee they are sct mto motion Straub (1923) and Holz
lohner and Schoner tedt (1940) called particular attention to this fact The
estimate of Bohme (1936) that ten times as much blood flows toward the heart
during ventricular systole than during diastole was mainlv basd on the quan
titatively incorrect figures of Burton Opitz (1802)

It mu t be reahzed that the same physieal critena which Otto Frank de
manded for accurate manomctry also apply to phasie flow recording In ordcr
to obtarn a faithful reproduction of rapid flow changes the recording instrument
mu t have a high natural frequency re ponse just thke a manometer However
1t 38 eascr to meet this standard with a manometer than with a flonmcter
and easier with flonmeters used 1n the arterial system than with tho cu «dm
the venous 3 tem

In arteries 1t docs not matter much 1f a flonmeter introduces a moderate
re 1 tanee to flon Dbeeau e the pressure in this system 1s high and <ome pres

ure lo s can be tolerated For cxample a pressurc drop of 5 mm Hg aeros a
flowmeter will not intcrfere greatly with the circulation if the pressure head
available 1s therehy reduced from 120 to 11o mm Hg On the other hand an
equnalent rest tance mtroduced nto a vemn would lead to congestion di tal
to the flowmeter because venous and capillary walls yield more than arteral
walls When Smith and hns co workers {1952) m erted a rotamcter nto the
central venous circulation of dogs this re ultcd m a rapd eireulatory collap ¢
smnce the ammals were unable to rasse venous pressure to and mamntan i at
a levcl high enough to overcome the re 1 tance offered by the rotameter

The problem of an unduly great re istance mtroduced by a flowmeter par
tieularly concerns the u e of the differcntial pre sure flowmeters These
struments hat ¢ a lngh natural frequeney rc pon e which makes them switable for
phasic flow recording Howcver 1n order to obtamn adequate sensitivaty appre
ciable re 1 tance mu t be introduced 1nto the ves el The problem of de ign
1 5 differcntial pre ure flowmecter 15 to find a compromnn e among rc 1 tance

ensitinity and frequency re pon e

For quantitative mea urcment of flow by meters that record velooity and
direction 1t 13 mdt penaible to hnow at each moment the cro s sectional arca
of the ve dl through which the fluid volume pac <8 As pomnted out previou By
i the di cu 1on of the 1 rav ob enations of Bohme 4 veloaity ncrease of
the fluid columin doc not neec  amly 1acan that the volume of flmd 13 merea g
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proportronally Unrecorded fluctuations m the diameter of the vessel preclude
any measurement of volume flow This factor 1s of greater importance m veins
than i arteries since the cross sectional arca of veins usually undergoes
greater fluctuations than that of the arteries \lomentary arca changes in vemns
are caused by collapse whercas in arteries they are caused primanly by elastic
expansion

Two procedures appear most fruitful in estabhshing quantitatively rehable
conditions for flow measurements 1n vems These are (1) continuous recording
of the normal fluctuations of the cro<s sectronal arca or (2) fining the cross
scctional area of the vessel at the point of flon measurement The latter may
be accomphshed by mserting a nnghike structure (Fig 1s) or by expanding
the vessel from the inside or outside by mechanical means (Fig 17) In arterics
this problem 1s casier to <olve because their expansion can be prevented by
applying a rmg or sleeve around the vessel as commonly done in the use of
clectromagnette flon meters

Distortion of the flon pattern may also arse from the use of overly long
tubing to conduct bloed to and from the flonmcter Long tubing may delay
the flow pulse though this effect will be of httle importance if the tubing 1s
ngd and not excesanvely long Further the flud column in 2 ngid tube may
through 1ts mertia cause an overshoot of the column upon ramd acceleration
or deceleration This ean be corrected by judselous dampin, ¢ g, with a screw
clamp Howevcr since dampirg increases the resistance to flow, this procedure
can only be uced 1n the lugh pressure system of the arteries

If the wall friction of the tubing1s too Ingh the full etent of the flow accelera
trons and decelerations can not be recorded The effect would be the sime as
overdamping A rigid tube leading to and from a flonmeter actually becomes
an mtegral part of the meter and thus influences 1ts natural mechameal fre
quency re ponee Obviously 1t always lowcrs it A high fidelity flowmeter when
mserted mto long rigid tubing used for the eannulation of 4 vemn 1s conscrted
nto a low frequency mstrument unsurtable for faithful recording of the flow
pattern

Summariing

Quantitatively aceurate meisurcment of raprd flow changes m vems 1s diffi
cult due to the folloning facts (1) The hugh flow accelerations requue in
struments with a high natural frequency re ponse (2) The small pre ure
head available mvens cxeludc or limts the u e of flow meters with an mhercntly
large resistance (3) The collap 1bibty of vens necussitates the establishment
of 2 reproducible or hnown cross sectional area of the vessel (4) The use of
tubing conducting blood to and from a flowmeter 15 Imutcd beeause 1t may
distort the flow pattern by rcducing the a embly s frequency respon e

DI1FIFRENTIAL PRESSURE FLOWMFTERy
If a prc sure differcnce 15 ereated by introdueing a fived device bitween
two points m 1 streamung fluid this differcnce will vary 1n proportion to the
veloeity of the flud The pre ure difference can be creited n varous ways
as illu trated in Fig 10
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FIouRe 10 Schematie diagrams illustrating the creation of pressure differences in streaming
fuid for measuring veloaty of flow by differential pressure manometry U = upstream
manometer 1) = down tream manometer Difference of by irostatic pressure m side tube
manometer 1s <ymbolized by the fluud level in mm of water Energy loss by fniction 13
plotted as a brohen line below each tvpe of differential meter Desenption in text

{a) Resistance flowmeter Narrowing the lumen causes friction thus poten
t1al energy 1s lo t The lateral pressure on the wall abos e the area of constriction
13 higher than below the narrowed part (Fig 10A) Application of this prin
ciple alone 15 not practicable in the venous sy tem because of the high resistance
necessary to produce a sufficient pressure drop Each of the three other deviees
(B C D) shown in Fig 10 also offers some resistance and the pressure differ
ence created by them 1s due to the fact that they act partly as rewistance
flowmeters

(b) 1enturimeter Escentially a venturimeter 1s a wide tube which has a
short constricted segment (Fig 10B) In the wide part selacity 15 low thus
the potential energy which creates the lateral pressure on the wall 1s great and
the kinetic energy (energy of flow ) 1s small In the narrowed segment blood flows
faster and potential energy s converted into hinetic energy The downstream
manometer tube at the con trieted area regsters o lower lateral pressure than
the upstream tube Beyond the constricted area hinetic energy 1s reconverted
mto potential energy The energy loss oning to friction 1s small This very re
hable method had been widely u<ed 1n technieal applications but was not em
ployed by phyiologists untal de Burgh Daly (1926) W agoner and Liningston
{1928} and Lauber (1928) used 1t for measurement of blood flow
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In our laboratory we successfully used 4 large bore venturimeter of our onn
design (Fig, 39) for measuring pulsatile changes m inflow into the central veins
(Brecher et al, 1902) This mstrument combines adequate sensitivity with low
1esistance and absence of turbulence up to flow rates of 720 m! /min Its fre
queney re ponse 1s approxtmately 40 cycles/sec Accordmg to Green (1948) a
} enturtimcter does not register flow reversal Howcver, the mstrument we used
recorded reversed flow

(¢) Orifice meter When a tube1s narrow ed at a pomt (onifice), the streamlines
continue to converge beyond the orfice (Fig 10C) Lateral pressure 1s man
mmally reduced downstream from the orifice 4t 4 distance corresponding to half
of the tube s internal diameter Therefore the downstream manometer 1s con
nected to the flowmecter at this point Interchangable plates of different onfice
«1zes (Gregg and Green 1940) or a varable screw which narrows the lumen
(shupley et al 1943) pernut adjustment of the cnsitivity The orficc meter
has been widely employed for studving the phasie flow pattern in arteries
{Reissinger 1928 Gregg and Green 1940 Shipley et al, 1943 Lantrowits
wd Rantrowitz 1993 and others) We were unsucees ful in using Greggs or
“hipley s orzginl devices or modifications thereof 1n veins The senativaty was
madequate when large orfices of low re 1stance were used wlile small onficcs
mtroduced too much reststance Furthermore the range of flow rates free from
turbulence was very narrow

(d) Pitotmeter When a Pitot tube with 1its open end directed upstrcum s
snserted mto moving fluid the encrgy of movement 1s added to the existing
potcntial energy (pre sure on the wall) and a higher net pressurc 15 recorded
m the Pitot tube When the opening of a Pitot tube fices downstream the
hinetic energy of motement 18 deducted from the potential enerpy (pre surc)
The Pitot effcet results 1n a difference betwecn the hydrostatic fluid levels of
the upstream and downstream Pitot tubes This 1s symbohzed 1n Fig 10D
Here the potential energy of the flmid reservorr (to the left of the drawmg but
not shown) corresponds to a column of 100 mm of water In the tube of flowing
hquid potential energy (wall pressure) amounts to only 80 mm lateral pressure
(15 mdieated by the straight manometer to the left) When the hinetie energy
of flow 18 reconverted into potential cnergy 1t results ta a columa of 100 mm
of water (80 + 20) 1n the upstrcam Pitot tube (which faces the current) and
of 60 mn of water (80 — 20) 1 the downstream Pitot tube In this example
the energy loss by friction 1s negleeted Compared wath other differential flow
mcter  Pitotmicters produce le ~ resy tance—and thus less cnergy loss by frie
tion—for any giscn pressure difference created For tlus reason they appear
best adptable to vcnous flow mesurements The det uled study of Patot
meters by Aloss Muller (1954a) cneourage  thar use m future cxpurimentation

The fir t Pitotmetcr for blood flow was constructcd by Cybulshy i 188y
modificd by Rir ehs 1 1920 and finaily apphcd by Fich in 1934 for venous flow
regt tration The e wthors projected the menreer of the upstream ind down

tream Pitot tubes eparately on a photoh)y mograph Their flow cannula was
bulky and the mertia of the umt made 1t unrchable for pha ¢ rceording other
than low change of venous flow 2 ociated with rc piration

In Fig 11 two Prtotmeters are hown which have been successfully employ o
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1n studying pha 1c changes of flon in the central vons They are used 1n con
Junction with a differential manometer {sce also Fig 12) n order to produce
amore atisiactory frcquency response than Cybul ki and Flik obtained The
device shown 1 Fig 111 was developed by Echstemn, et 2l {1847) to mea ure
nferior vena caval flow 1n an open chest normal dog and 1 hemorrhagie shock
Adequate sensitrvity could only be obtamned by providing the small baffle plate
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Fiouee 11 Schemati diagrams of two types of Prtotmeters used for measurng flow in the
semae cavae Top flowmeter emplosiag a baffle (1) for mcroasing the presure dufercnce
(redrawn from kchstemn Wiggers and Craham 194/) Bottom torrelo haped flowmeter
with goed streamlining el aracten ties (Mixter 1903}
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FicuRE 12 Schematic diagram of Pitot type catheter flowmeter and its manometer connec

tions The flowmeter head 15 shown resting m the superior vena eava the walls of which a1
evpanded from the mside by a bashet Deseription n text

1 on the upstream Pitot tube This renders the mstrument nsensitive to flow
m the reverse direction (backflow) The natural frequency response i ap
proximately 45 cycles/sec

Since Eckstern s instrument 1s bulky and does not permit chest closure
our laboratory developed the small Pitotmeter shown in Fig 11B  (Miter,
1953 Brecher and Mixter 1953) It has a streamlined body 1n the center of the
flon cannula to reduce turbulecnce The upstream pressure pichup 15 funnel
shaped the downstream pressure pichup forms the narrow tail of a torpedo
like body This device permuts recording of forward and resverse flow without
turbulence over a range of flow rates from —1200 to +1800 ml /mm when used
n dimen 10ns fitted for the eaval veins The rcsstance 1s small ard no bulging
of the cava on the upstream side of the flowmeter was observed Unfortunately
the natural frcquency response of this mstrument with the tubing leading to
the differential pressure manometer ranges only from 8 to 35 cycles/sec This
suffices for recording re pirogenic flow changes but 1s too slow for fasthful re
cording of the fast vanations of flow that occur during the cardiac cycle

In Fig 12 2 Pitotmeter 1s shown which can be introduced as 1 ngid eatheter
to the large mtrathoracie cavae without severing the ve sel or opemmg the
che t (Breelier 1953) The catheter flowmeter consists of three tubes labelcd

{ U and D The cnd of tube 1 lies 1n the right atrum and transmats the atral
pul es to an optical manometer depicted 1n the lower left scction of Fig 12 The
end of tube U faces up tream whereas tube D 13 directed downstream The
pres ure differenge netivates a diferential manometer (upper left Fig 12) The
cathcter head 13 held in nudstream by five stainle s steel prings which can be
capanded by turning 4 serew 3t the eatheter handle after the catheter s inser
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tion Use of the catheter flonmeter reduces the necessary operative procedure
to Jugular venescetion only Volume flow can be quantitated owing to the faation
of the ve. el 8 ero.s scetional area by the bashet expan ion Beeau.e of the long
catheter tubing the natural frequency re ponse ranges ondy from 35 to 3o
eyeles/sec Thismn trument has been used successfully for study ing respirogeme
changes of venous rcturn

A hmting factor of all diffcrentral pressure flowmeters desernbed above 1s the
optienlly rceording differential pressure manometer This deviee was first de
«igned by Otto Franh m 1899 modified by Flewsch m 1920 and later wuproved
by Gregg and Green (1940 Esven mn ats latest form 1t 18 cumber ome to work
with and 1t reduces the frequency response of the assembled apparatus because
of the hquud column in the tubmg Jeading from the flowmeter to the manometer

The chematic dingrun m the upper left part of Fig 12 slfustrates the prin
eiple of the dfferential pressure manometcr The high upstream pressure U
<ymbolized by a hicay arrow Is transmtted to the mner saline filled chamber
of the wanometer The fower dovn tream pres ure D symbolized by a small
acrow 15 conducted to the outer aline filled chamber of the marometer These
pressures act from opposite sides on 4 thin rubber membrane whielt 1s hence de
formed by the pre sure difference The membrane excursions are recorded from
« small mirror on the membrane Laght reackes ard leaves the nurror through
3 glass window m the outer el imber

Summart ing

Diffcrentral pre sure flowmeters using the Patot principle appear more suttable
for venous flow measurement than those based on the resistance Venturt or
onfice prinewples

Recent DevELop sEVTS

Attempts have been made reeently to smprove the fidehty of diffcrential pres
surc flonmctors by usng dectrieally operating manometers This helps by re
duemg the length of the fwrd columns Muller Laszt and Pircher (1948) de
~erthe 2 differential manometer with eleetrscal {rinsmusion switable for flow
recording Banter ind Pewse (1901) developed u rather complicated condenser
diffcrential manometor for measuring flow 1n the pulmonary artery with a Pitot
ntcter Tt could be adaptcd for venous flow recording

Nilsson and Rramer (1954 construrted a Venturnmeter which they mserted
nto the iferior vena cavy (Fig 13) The pressurc difference 1s ereated by de
crea g the internal lumen of the flonmeter tube (a) by ¥4 Ths mntroduces
<ome re 1 tance to flow and creates mmmal turbulence The pressure difference
(electrical 1gnal) 15 however smsll and requires great amplification Pre<suns
arc eorducted through farly short ur tream und dow nstream manometer tubes
to a diffcrentiad mmometcr utthzing the strain gauge principle The frequency
tospon ¢ of the entire assembly s imuted to 30 cycles/see at the amphfiers
output circurt by a vers sensitine and hence slonly responding gals anometer
Thi howcver could be meproved upon o the future

Thie dfferentinl conductunce manometer of Pappenhetmer {19a4) could be
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FIcULRF 13 Venturimeter and stramn gange differential pres ure manometer for mea wement
of volume pul es 1 central vens a = Venturnmeter b = ngid upstresm and down tiCm
manometer tubes connecting Ventunmeter to differential manometer ¢ = strun giuge
differential manometer d = stopcochs for flushing and cheching of zero flow  ( After Nilwon
and RKramer 1924)

applied to recordmg of pha 1c flow 1n vcins when used w conjunction with wt

ablepres ure pichup desices Its natural frequency 1s high From a hemody namie
view pownt the best constructed Pitotmeter s the electrical differential manometer
of Bettichcr Maillard and Muller (1854) wiieh has an excellent frequuncy
re ponse and great sen<itivity

Summar: g

Replacement of the optical differcntial manometer by elcetriel pichups ¢an
unprove the fidelity of differentia]l flowmeters

CRITIQUE OF DIFFLRENTIAL PRESSURE FLOWVETRS

Differential pressure flow mcters have 4 nonlincar cahbrition The flow gnal
rcflects the square of the flon veloaty Tius makes the computation of volume
by integration of the flow tracings laborious and limits thar ure for ting, flow
curves nith a zero phi e (For various suggt tions ce Creen 1948, Mnter
1903 hontrowitz and hemtrowatz 19.3)
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Ihfferentinl fiow meters confront thesr decigners with the same dilemra facing
engsmeers m laph fidehty recording of «mall rapid pressure fluctuations If the
phy 1eal force {sigral} 1s emall the gam of the recording mstrument must be
groatly anereased by optaeal or eleetnesl amplifiettion The amphfication
howeser ss hmmted by the sgaal to nore ratia Thus if environmental 11bra
tions {for optieal recordings} or clectrome nowce {for deetrient amphfication}
beeome <o Jarge that they begin to distort the ~ignal the practieal lmt s reached
The probiem cannot be attached by malang the mechaunieal devices (fon cannu
fae mombrants gahvanometirs) extremely senmitive beeause thesr fregueney
rosponse decrcases when senatinvaty 18 meveased The range of compromse be
tuccn adequate frequeney sewponse and sensitivity 38 very narrow when differ
entia} flow secorders are used 1 the venous systom

A <crious challenge to the vabdity of fow measureraent by differential pres
sure flow meters has been voseed by Spencer and Demson (1946} and by Richards
and W ithuns (1933) Using an clectromagnetic fowmctor they eould not confirm
the custence of a phasie flow revessal at the end of systole m the carotid and
femoral artenies as had been reportcd by Shipley ¢ a1 (1943) who worked with
an onfice oeter When Richards and W illsams produced a strong resistance to
flon by applymg = cuffl didal to the electromagnetie flonmeter they crested a
flow pattern showng the rever e flow which Shipley et al had demonstrated
Thet concluded that the back flow recorded wath an onifice meter may be an
artsfaet produecd Iy the rewstance of the flowmcicr

Thar deduction however may not bevabd When an mfated cuff = apphed
around an artery distal to the clcety omagnetic flow meter the vessd segment be
tneen flonmeter and cuff distends duning systole hhe a compreeson chamber
Dunng diastole the clastie foree of the dictended artenal wall eauses a loval
reflux of blood through the electromagnetie fonmeter Actually the rcsctanee
produced by a daffercntial flow mcter 18 not distal to but right at the ponts of
the pressure prehups Thes would cause o divtension of the artenal wall proaimal
to the flowmeter and hence could not produce back flow through the flan meter
dunn, diastole Simee this 1s an essentand question eoncerming the accuracy of
phaste flon measurements 1 artenes as well as i vens another explanation
should be ought

The apparent bach flow could be an arhifact created by the  acceleration fac
tor 1 the differential quoticnt of Otto Frank (1929a 1930 At hagh Row ac
celeration this factor can merease the signal deflection beyond the actually
oasting flow veloosties Thas signal deflection for ifferential fon metess depends
not only on the veloeity { hinctwe energy factor ) but aleo on the rate at which
the vcloesty changes { aceeleratwn factor )} If for example the flow veloeity
deerea od uddenly at the fir § prossure pichup the fluid column between the
two measuring, pomts would stil communicate and ewing to ity wertiy ths
blood would oxert (weessive pres ure on the wecond measuring point This should
not oecur 3f both mekups 1we in the same cross sectional plane of the 1essel
By anangng Priot pres ure pickups i the <ame plane Alows Vuller and hus

A otates {1848 19>4a} demonstraied that the +eccleration factor and thus
amy baeh flow artifact would indeed beeowue wagnificant
The Prtatmeters u od i the esperiments reportcd hiere cuffered from an over
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shoot ’ of the signal deflection caused by the mertia of the manometer flnd col
wnn and by the accelcration factor For this reason records tahen with these
mstruments permmtted the ~tudy of stow respirogenie changes of flon but not
that of fa t cardiogenic changes Smce the overshoot was empirically deter
mined to be of approsimately equal magnitude m both directions (for forward
and bachward flow ) 1t could be cancelled out 1n the analy«s of the records for
slow changes (Maater 1903 Brecher and \Inter 1903, Brecher 1903)

Summariang

Adcquate construction of differential flow meters can minmmze or aboh h the
acceleration factor which otherwise may distort phasic flow curves and unu
late a back flow

Pevpirey FLow vETER

The prineiple of the pendulum flowmcters con ists of the introduction of 1
<mall pendulum paddle recd wire ot bristle mnto the bloodstream The flowin,
blood deviates the pcndulum from its resting positton The deviation 15 propor
tional 1o the veloaity of the blood stream

This hy drody nanne prinesple was ntroduced by the Itahan engneer Ca telli
(1577-1644) a student of Galiles (Muller 1954b) Vierordt applied 1t 1n 1808 to
the measuremcnt of blood veloeity (hvdrometric pundulum) Chauveau (1860)
and s student Lortet (1867) dexcloped the hemodromograph with which they
recorded pha 1c flow and pressure m arteries simultancou Iy The principle was
agun advanced by Otto Frank (1928 and 1929b) but not further cmploved
until de Burgh Daly developed m 1930 « flow meter which measured electrieal
capacity changes induced by <hifts i pendulum po 1tion Agamn th informn
tion was forgotten and remamed uphnown to Bergman (1938) Holzlohner
(1938) and Holzlohner and Schoner tedt (1940) when they desdopud ther
bra tle tachograph They measured the clectric il resistance betwecn the phtt
num tp of a mosveable glass bri tle and  fixed plitmum electrode m the flow
cannula this resistance varying with changes 1n the amount of blood (dr tinec)
betwecn the contacts By using the curvihinar hmb of the bridge balance eurie
they productd a Lincar calibration curve Unreltable drift ind uncontroll ible
re 1stance changes due to mnate fibrin depo 1ts or other impunties at the pliti
num tip of the bristle are the main objectiona to this method (For entier m ec
Puper and Wetterer 1923 )

(a) Electromagnetic pendulum In Jeetromagnetic pendulum flowmeter the
pendulum 1s made of frromagnetic matenal which mos s i an mduetion fidld
The mductance changes are thun amphificd We constructed 1 sn itsve flowmeter
of this ty pe by winding two induction coils of 450 tumns each around a ph tic
cannula into which 4 pundulum aght sun lon,, contuming ipproumatcds 100
mg of ron protruded (Crum 1952) Thesignil to noi ertiowas lugh ind dnft
due to tunperature chinges amounted to as much as 10 per cent of the 1gn il
strength Scher et al (1903) constructed 1 stmlar deviee u ing a paddle shaped
ferromagnetic pendulum with only v fow col winding  resulting an low <n

ativaty but good tumperature stability

Preper and Wettcrer (1903) solved the tabality problan succe fulls by
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BLO0H FLOW

MANOMETER

FiGtas 1 Schematic diagram of el peadulum fowmeter for H mras-
urement of flow avd pressure A = Cross secbivg showmng » mmature manemeter wpeprted st
the aide of the T segment of the flen ~cannula B = Crossection at :) 16 4 showiag arrange

ment of dectromsgnet and honzoptal segment of T—cannuly which 35 meerted mta blood
sessel N = needle T = induction metal 1 = ferromeaguetie eore € = co P = pla tac eoner
2nd W = wateh spning Froportions not to seale Maamal dmession 0 mum { Bedranin from
Preper and Wetterer 1953 )

plactng the won mass in the lower part of a long pendulum which protrudes from
a T cannula mto the blood tream (Fig 145 The induction coils are wound
around the vertical part of the T cannula and are not much affected by tempera
ture changes of the bloed which streams through the horwzontal part The natural
frequeney of this flowmeter 35 200 ¢ cles/see Though employed by Preper and
Wetterer 1 arteries this strument would be very surisble for 2 encus flow re
cording since 1t offers practically to resstance to flow 18 senutive and of <wall
nenwions  Unfortunately the sntricate flow sensing element must be home
made

{b} Brisile floumeter Many studies reported i this beol were undertaken
with the aid of the bristlc Bowmeter developed m our laberatory {Brecher and
Praghn 1823 Brecher 1804} The flow  ensng clement 1s 1 <ubmunatare sac
vum tube (Radio Corporation of America “o 5734 mechanoeleetronie trans
ductry The reat constructional advantage of thas bnstle flow meter 15 the com
wereial availabibty of the flow <enung element which merely needs to be
meorporsted mto a suitable cannula Scher et al (1953) simultanecusly con
structed the same type of Sonmeter

A schematie dragram of the bristle flonmeter 13 shown 1 Fig 15 The o734
tube 15 held 1 4 <crew base 1§ and 1 Part I connects the serem base nith the
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FIGLRE 1o % himatie dsagram of bn tle flowmeter cannula utibzing a §°31 submnature
vacunm tube 33 flow ~«nong element Total length of cannule w0t De cnption m text

licad of the cannula Z which 1s inscrted into and higated to the vessel ‘Heads

of 1 irtous dimcen 10ns ean be used with the sime flow cannula for different s1zed
vessel  side tube A serves for removal of air bubbles, flushing and pressure re

cordin,, The blood <tream deviates a small bristle (B) which 1s ittached to the
plate pin of the vacuum tube The brs tle acts as 1 lever and sts desiation 1s pro

portion i} to the flow veloerty The plate pim extends through 1 flevible metal dia

phragm into the mner part of the s acuum tube The mctal diphragm thus vcts
a3 a fulerum  the mner part of the plate pin s the inode When the b tle s
deviated the eleetron eurrent from cathode to inode v srics i proportion to the
distance batween them whieh 1s detormuned by the degree of deviation The
eleetricy] tanal s unphified and recorded with a sustable high frequeney nurror
gy woniceer on 3 photohs o raph or swith another ndicating deviec
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The natural fiequency re ponse of the 5734 tube 1s 12000 eycles/sec The
response 18 decreased by attaching the bristle the decrease dependmng upon the
length and the ma s of the attached piece Using a filament about 38 mm 1n
length a natural frequeney e ponse of 122 to 200 cycles/see can be attamned
In combmation with a spectally designed amplifier and power supply the bristle
flowmeter has very little electrome drift and a Iugh signal to noise ritio With
out decreasing the high fidehty of the moving mechanical parts of the mstrument
the pulsating flon signal can be eleetrieally integrated m the ampliher crreut
{Praghn and Brecher 1955) The bristle flon meter has the following advantages
which make 1t ¢ pecally suitable for recording rapid fluctuations of flow
vems (1) neglgible reststance to bleod flow (2) high fidelty (3) great and
vareble sensitivity  {4) compactness (5) ahsence of turbulence over a wide
range of flow ratus (6) equal response to fornard and bachw ard flow  and (7)
negligible ba « hine dnift
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Fioter 18 Cross scetion of onistle flowmeter mo bfied for use i the pulmonary artery trunh
Jor determnition of the night heart troke solume Total length of annula §mm De enp
tion m text
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A special modification of the bristle flowmeter has been developed for direct
recording of night cardiac output (Brecher and Hubay, 1904) This enables
simultancous study of the hemody namies of cardiac mflow and outflow Figure
16 shows 4 diagram of the flowmeter cannula and Figure 17 an artist’s concept
of its position 1n the pulmonary arters The device consists of parts A, B, and €
The tip of part 4 mn 1nserted into the vessel wall by shipping the hip D through a
‘ buttonhole” opening in the arterial wall Lip D 1s sceured to the intima by the
pressure of plate E on the outxide of the wall Plate E 15 held in place by screw F

A cylinder G can be pushed forward or 1ctracted by means of a eable release
I When the ¢ylinder @ 1s1n the 1etracted position as shown in Figure 16, the

PULMONARY
ARTERY TRUNK

VENTRICLE

rctie 17 In stu diagram of the bristle flowmeter which 1s depicted 1 I igute 16 Itallu trite
the flowmetcr s  osition 1a the pulmonary artery H = cable release for advanaing anl re-
tracting zcroing cylinder R = sile tube for recording j reasures and remoning arbul Hes
1 =bnstle and N = metsl bind which fixes the urcumference of the  ulmonary artery tunh
Ly pisang around the vessel Tte zerong cylin ler 1s not v1 ible because 1t i retracte d
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brstle I can be deviated by the blood stream When the ¢ylinder 1s pushed for
ward beyond the bristle tip 1t protects the bristle from deviation by the eurrent
Thus ¢y linder for producing zero flow has proven to be very valuable for main
taming physiological eirculatory conditions It permats frequent inscribing of

zero flow 10 any segment of a record to check on electrome dnft without the
neces 1ty of mterrupting blood flow by elamping the vessel This 18 particularly
unportant m the pulmonary artery trunk where temporary ocelusion of the
vessel may overdistend and damage the right ventnele

Pulmonary artery pressures are obtaned through tube A Part B 1s a long
threaded shaft into which part € can be advanced by turmng Part € serves as
a sochet for the RCA 5734 vacuum tube W mdicates the leads to the recording
wstrument The bristle 1s protected from damage during the in ertion by turmng
part € unti) the hp of the bnstle s retracted belund Lp D After amn ertion
through the pulmonary wall the bristle 1s advanced mto the lumen of the pul
monary artery by turmng part C A metal band ¥V 15 placed around the 3essel
m order to fix the artery s diameter as illustrated i Figure 17 This 1s indsspen
<able for quantitative flow measurements The flow meter must be calibrated 1n
situ after the experiment

The advantages of this modified bristle flonmeter are the folloning (1) It
permits faithful recording of pulmonary artery flon and its fluctuations from
one heartbeat to the next (2) It can be inserted with a mimmum of trauma mto
the pulnonary artery trunk without blood loss and without interrupting flow
(3) Since the clectrical mean averages all actual forward and backward flow
at the site of the flonmeter 1t records what 1s conventionally defined as  cardiac
output,

A typical calibration curve of the bristle flowmeter 1s depicted in Figure 18
The calibration curve follows approumately a square funetion (For details
concerning the relition of bristle deflcction and fluid veloeity see  Muller
1904b)

The calibration 15 done erther 1n <itu or with the aid of tubes by pasung steady
or pul atile currents of blood from a reservorr through the flonmeter The cah
bration curve must be empirteally determined for each expeniment As designed
n the amphfier (Praghn and Brecher 1955) the cahbration for pulsatile and
average flow 15 :dentical This permits switching from the recording of pulatile
to mean flow dunng the eapermment

(¢) Strain gauge pendulum flowmeter A strain gauge wire 8 mm long1s firmly
fastened to 4 trapezoid shaped pendulum 4 mm long The deviation of the pen
dulum stretches the stram gauge wire and the ensuing resistance change 1s used
to produce an cjectrical sygnal The mamn advantage of the nstrument 13 1ts
small size It ean be advanced through a 13 gauge needle mto the veseel to
measure blood veloeities Though the mstrument s still m a developmental
stage 1t may have v promang future (C R Homig personal communication)

Summart 1ng

Among the various pendulum flow meters which have been des cloped, the 5734
bristle flowmeter utibzing commercially available parts, 1s the eastest to con
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FIctue 18 C bl ritson cunve of bustle flowmeter For flow tn the reverse direction the cuneis
simmetn 1l to the cune for forward flow

struct It perants fathful 1ecordin, of ripd flow ehanges 1 veins of expent
ment il ammals

CrmiTiqee oF Praptiiy Frowurercrs

For «vanal rea ons pendulum flowmeters have enjoyed hittle populanty 1m
the past but have 1ecently been judged quite useful

1 Thewr en ativats depends principally upon the form of the pendulum The
largar the ob truction to flow the greater the en 1tiaty but the poorer the
fidehty beeau ¢ of the pendulum mass If the ob truction 1s large as by a brosd
puddle the deflection of the pendulum 1s approxtmately proportional to the
squarc of the veloeity The resulting ealibration curve 1s thus nonhnear If the
obstruetion 15 vary small as by a thin filiment the deflection of the pendulum
15 almo ¢ proportional to the viloeity and the calibration curse appioaches
Iineanty ¢ ce also Muller 1954b) A witable pendulum usually incorporatcs
a compromise between sufficient sensitnaty nd adequate frcqueney re pon
In the hemodromograph of Chwveau and Tortet Jugh fidchty nd low re
51 tance had to he sacrificed 1n fwor of suffictent sencttnaty This difemma
could not be overcome until very senstive electrienl fransducers were de
veloped The high sensitivity of the 5734 subminrature v acuum tube and Pieper §
and Wettcrer s elcctromagnetie transducer hes gnven 4 speeial mpetus to the
des clopment of modern pendulum deviees

2 4 groat adv antage of the perdulum flowmetcrs 1s their mall size and com
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pactness The scgment of the carnulatcd vessel which 1s fixed by the ring hike
structure of the cannula head 1s only a few millimeters in length This assures
a mummal mterfrence with the normal flow dvnamies The wnstrument can be
ea v m erted wto short segments of ve scls m taght corners  the chest ab

domen or other ti ucs ean be clo «d and resume therr normal anatomical po

sition

3 The aceelcration factor of Otto Frank wlich plays an important tole in
differcntial pressure flowmeters {see paye 414 1» neghyable 1n pendulum flow
meters

4 A disadvantage of the pendulum flow meters 15 the weight of the pendulum
atself In a sensitive mstrument gravitational effects ereated by an alteration of
the posttion of the fowmcter produce a change of elcetrical signal The mstru
ment must therefore be firmly clamped during an cxperiment.

5 Further disadvantages of pendulum flowmcters are the necessity of using
anticoagulants and of opening the v¢s el for the mnsertion of the bri tle With
adequate heparimization and coating of the mn trument with «itlicone we have
never observed any fibrin depo 1t on the br tle or flon eannula

Summar: g

Pendulum flow meters have adequate sensitrvity and fidelity only by virtue
of verv sensitive trandueers Compact pendulum device do not distort flow
dynamies The necessity of eannulization hmts their use

Otner Prasic FLowVETERS

Brief mention should be made of sex eral other flow meters whach have not et
been used for 1¢cordin, of phasic changes of vcnous flow but which offer future
Po sibilities

{a) Electromagnefic floumeter Electromagnetic flonmeters have been used
sucecs fully for pul atile flow recording m arteries (holin 1936 kLatz and
hohln 1938 Wetterer 1937 Witterer and Deppe 1939 Deppe and W ettercr
1939 1940 Wuiterer 1940 1954 Joclim 1948 Richards and Wilhams 1953)
‘The main disadvantage of the electromagnetie flowmeters 1s thar low signal to
noise ratio

One must distinguish three types of electromagnetic flowmcters (1) The
direct current meter This was used 1n various forms by Jaolin (1936} W etterer
(1937) Jochim (1948) and Richards and Wilhams (1953) It suffers from an
wterference of the flow signal by random polanzation voltage (2) The sine
ware current mefer Iohn (1941 1945 1902) removed the polarization of the
electromagnetic field by apply ing a sinusoidal alternating current to the magnet
However the alternating currcnt induecs m the electrodes a voltage which inter
feres with the flow voltage (Richardson Demson and Green 1952) (3) The
square wave current meter Demison Speneer and Green (1945) overcame the
difficulties of the sime wave currcnt by applying a square wave alternating cur
rent The magnetieally induced voltage from this current forms induced pikes
which are removed by a chopper i the amplifier Spurious voltages and mter
fercnce by electrical artifacts (ECG) have been greatly reduced by mncreasing
the magnetic flun (saturating the magnet) and by mcreasing the square nave
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alternating froqueney In ats latest version the flowmcter pornuts fathful re
cording of phaste flow, as 1t has 10 upper huut of frequeney e panse of aver
100 cyeles/see (Sponeer and Demson, 1900}

The elcetromagnitic flowmncter mects with some ditheultics 1n the scnous
sy tan particubirly 1n the central vans In artarics, the firm clectrode appbea
tion 15 1 surcd by 1 gentle compression of the o In the collap ible vans
such procedute would not be fea sble It may howeser be po bl to fix the
cro scetional 1tea ind po stion of the van i the mignetie fidd by urrounding
the ves el with o ning bhe suetson Jecve wihich prevents collap ¢ of the walls
Strong, ECG currents may al o mterfere wath the flow ignal m central yans
Novertheless the great ady intages of the eleetromagnctic flowmcter ¢ peaally
m 1ts late form (Speneer snd Dent on 1900} may take 1t the i truwment of
choree for the future Hsmmn advantages e (1) guantitatn e measurament of
phasie flon mntact v <ds without the usc of inticoigulants (2} hncar calt
bration {3) wqual re ponse to forward and bachward flow, (4} wnll 12¢ and
campactne s of the flow sensing unrt

(b Iiathermy thermostromuhr 1ins method wnd some unw arranted clame
wiieh have diseredited the thoamostromubir for u ¢ at the unepened o o were
di cu ed in detal by Gregg (19480 Iven the moedification and improvument
of the thermo tromuhr by Qberdorf 1nd Walche (1924} have not removed the
mherent calibration difficulties New per pectives ise been more recently
opencd by remvestigition ind modifie ition of the thermostromubr principle

Followiny, 1 ~tudy of \ choff (190>} on the heat transfer to strcaming blood
Warer 11900 3 choff ind Never 11956) ind Weder and Aschoff (1926) m
ve tigited the applicability of the diitharmy thermo tromuhr to unopened
v els Umg 2 diatharmy frequanes of 200 to 300 halocy eles/ e they found
that 80 per ccnt of the cnergy gocs to heat the wall and not the blood column
The wall 1~ warmed 1symmetrically that 1 more down treum than up tream
The heating of the up trcam portion of the wll 1> little ffeeted by the blood
flon However thc downstream temperiture depends reatly upon the yolume
flow of blood munly beeau ¢ blood cools the downstrcam portron of the ve el
wall The temperature changes are rapid but il too slow for f uthful recording
of very fast chang,es m bloodflow Though the 1gnil to nowc ratio of the din
therwy stromubir 1s better thin that of the square w we clectromagnette flow
meter 1t may be less appheable {o eentral vemns becau e of the slow response
Probably ats best sutted function s the measurement of flos in unopened
peripheral ve sels

(¢} Catheter thermo tromuhr  Another 1ecent modification of the thermo
stromuhr appears promising for venous flow recording 1n larger unopencd 3 essels
anzon (190%) constructed 4 thermo tromuhr which 1s mcorporated mnto the
tip of 2 catheter It can be o crted from the cxternal jugulir vein into the coro
nary sinus of 4 dog without openng the chest Six short heating elements in the
wall of the catheter tip are cooled by the coronary smnus blood An mflatable
balloon near the catheter tip insures that all coronary smus bloed passes by the
thermodes The blood then drans from the eatheter lumen into the mght atrium
through holes 1n the catheter wall This m trument also m its present form
suffers from a hnutation of frequencs response
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(d) Thermustor flowmeter A different ty pe of a thermaostromuhr 1s based on
the prinaiple of thermustors whieh ave cooled by the strexramg of blovd The
thermister flowmeter of Felr and Groll (1903) and Febix (1950 1926) bas a
number of advantaes The flon censingelement the thermstor 1s commercially
avulable (Phatlips Ca) The therm tor 33 2 very small remstor which alters
1ts electneal resistances wath temperature ehinges The mass of the thermtor
15 ¢ munute that when 1t 13 tserted nto tie blood stream the element responds
fully to o temperature change within 1/20 sce

The thermitor forms ont of the wms of 3 Wheatstone brdge Owing fe
the extreme senatnaty of the deviee for Jow flows no amphication of the agnal
1z necded Zere dridt of the baseline 1s ab ent It1s :deal for the study of munumal
flows The disads antages of the device are as folloss {1} It cannot distingwich
between forward and backnard flon (21 The caltbration 1 loganthme showng
grent seasttsn by for low fows and ittle casttwvaty for high flons Thus the trae
g for zero flow cannot be ineluded on the record and the ealibration 1s cumber
somae (3 The ves of mu { be canmulated for a conaderable didance for caly
bration purpeses \etertheless owing to its great sunphaty and sensiinaty the
thermastor flowmeter way boeome o »mtable mstrument for the measurement of
small flow volumes i peripheral ve <els of expertmental animals when the posa
bility of bach flow 1 excluded

{e} Electrosonac flowmeter The electrorome flow meter can be used on un
optaed vessels {(halmus 1954) It 1s based on the prntple of the phase shift of
uwltiasonse sound at different Sow veloates It 1 moderately compact has ade
quate sensitivity and a lagh frequeney respon ¢ The electrome «ignal detector
1 rather complseated Theorctically the anstrument should have good prospects
for 1enous flow recordmg

Summars g

The electromagnctic and electro ome Sowmeters may permst recording of
rapd phasic flow changes i nuapencd 1eins The duiathermy and catheter ther
mostromuhr appear suitable for measuring moderately fast changes of flon m
unopened veins The thermstor fow meter 18 very sensitive and stable for record
ing of small volume flow 10 canpulated vems

Ipteect Mernops

Except for 1olated problems mdircet metheds do not st present furnish suf
fieently accurate mformation for a quantitative study of semous return How
ever wnvestigators will alnays strive for perfection of mdirect methods because
in many mstances these are the only ones s hteh ean be apphed succes fully ta
human beings and anunals under physiological conditions Smee 1t 15 beyond
the scope of this mong,raph to review the hiterature on this ramdly progres mg
and lughly technical subject only a few recent advances should be parnted out
whieh open new perepeetnies (For the older hterature see Frankln 1937)

In the future the answer to mauy questions will be provided by high speed
dircet and . ray hy of the maov t of blood m veins {For tech
nique and results consult Bohme 1936 Laszt 1948 Gobrbandt ot al 193
Lind et al 1905+ The quantitation of the veloats measurements m terms of
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volume flow offers 1 particul udy diflcult problan (MeDonald, 1902 Helps and
McDonild 194 MeDonald, 1904 McDonald 1950, W ormersley, 190> Halc,
McDond md Wormer Ity 195> nd per onal communie ition of MeDonald)
In wddition to thar ramrhable contrbutions MeDonald ind lus co workars
have al o pomted out the teehnie ] difficulties md himit itions of the pre ot
emematographic mcthods of ingrography

Introduction of foran maternd such s ur bubblis yodopine drop  cte for
flow quantitation mects with several theorctical objection  Quantitation of
pul atile volume flow 15 best accomplt hed by an wnaly s of the mov g front
of the mjceted materal (dyve or v ray opaque flurd) Only ab tht region are
differcnees of optical den 1ty between blood 1nd the contra ting maternal troug
cnough for 11 uihzation However the border of the confrasting mediv: ver
mdistiet The borderhine become  even wore diffu ed by pul atide veloeity
changes (b, 19)

During, 3 pertod of forw ird flow (11 191} the parabolord cone of the wal
stream gre atly procedes the inargmal stream When the fluid column rover es
durng 12 puriod of bachward flow (11g 19B) the flow rever al 1s greatcr for the
anial stream than for the margin Thus loohing through the mntact ves ol from
the side part of the 1aal stream ppaars to be ensdopud and con equuntls ob

—*

Fruthe 19 Vi valization of the eptically diffu ¢ border 1n the flow profil of contrast m el
mave sl dunng (1) forward flow and (B) o buef pertod of bickward flow The hprun
shows onby a2 soction through the lonmtudinal mudplune of 4 chematie ses [ (Driving
based on concepts (volie 1 1y MeDonall)
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seured 1y the dense ey hinder of the marginal stream which undergoes hittle or
no bachward movesmcnt Theero ectionm Figs 194 wnd B <hould be visualized
three dimensonally to appreciate the diffieults of trrem, the movement of
blood through the cro sectional area of an mtact vessd e peerilly of the vessel
chan,€s 1ts shape from moment to moment For fon quantitation i vesns sterco
einematography or taking metures of the ve <el from two planes at night angles
may offer hetter chances for analy 1s

Further progress w Ingh <peed + ray cinematography of uneapo od ve <els
m wtn may be expected by the employment of spectal cameras {Gohrband et
al 1803} and of % ray mtersifiers such as tho~e made by Phatlips and Westing
house (Lind et al 1925 rdran and Wyatt 1921}

Summart g

Quantitation of phasc flow chan,es 1o vems by the uce of mdirect methods
1§ technically difficult becau e at prezent 1t 1s not po 1ble to obtun the neces
sary precs ton for visuahization of changes m velume flow



VI Venous Hemodynamics

The speeral features of venous flow dynamies are mostly duc to the collapst
bility of the vans For 3 basic undorstanding 1618 therefore, best to cauiae
flow through structurcs that a1 smlar m <hape to partially coliap ed van

“MobiricaTion oF PolSEUILLE s Taw

Volume flow through a tube or van of an clhiptic cros cctional area can be
ealeulated by the following modification of Poiscuille s formula (A cher and
®purgeon, 1949 Milne Thomson 1900)

0-= @ ¥(p — pa)

nlat + b4
In this equation ! factors are the «same s defined 1 Poiccutlle s formula (page
11) exept for r* which 1s replieed by

at i
(75)
This eapresuon refers to the tno different diameters of the elliptic cro cctional
wea a = the nunor sems aus and b = the mapor semn was of an elhp e

For an under twnding of the cifect of the two semt s on flow the two
extreme ¢ 1es of an (Hhip ¢ <hould be con wdered first In a ctrcle (an elp e with
both sem1 aves cqual) + and b would hase equal valuw v = b = r and 1t 18
readily scen that flow through such a van would be masimal or units compared
to that through any other possible ellipse On the other hand 1n the flattest el
hpsc (a Ime of the extension of the major cnn avs b) the nmor  emt avs
would equal zero Thus flow would be zcro through a vein with no mnor s
(complctcdy collapsed)

Hence flon throu,h a vessel of any elliptic cros ectional irea between the e
two extrem cases ean be graphreally represented as o function of the mor
sem1 axis of an ellipse 1s plotted in Fig 20 The thice graphs <how the cfTeet o
flow of varying the minor aus while heuping constant (A) cro cctional ared
(B} perimeter or (C) major ants The examples 1 Fig 21 help to illu trate the
graph of Fig 20

Curve A of Fig 20 1s a plot for flon through clliptic tubes of con tant cro
stctional arca In Fig 21 flow through a sound tube (A) 15 compared with that
through an elliptic tube of the same crossectional arca (B) when the mmner
sem1 axis 18 decrea «d to half of umty It 1s noted that flow through the clipptic
tube 15 Jess than half of that through the round tube although both tube have
1dentical crosseetional areas This examiple ilfustrates that 4 mere ehnge 1 the
form of a +essel without deerease of crossectional area reduces flow

Tt 1s obv sous that with the clliptie flattening the major diameter must increase
1 order to hcep the crossectional arca constant Thiswould honever not be the
¢ase when a 1an undergocs partial collapse and the mnor <emu axs of 1ts

54
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MINOR DIAMETER OF ELLIPSE
FI6URR 90 Grophie represeatstion of volume flow (ordimate) through elliptic tubes s a
fupetion of the mmor sems axs of the ellptic cross-seetsonal areas (sbscissa} With & deercase
sm the mioor semy was the area (Cunve 4) penmeter {Cuss e B) or magor sem: ana (Cune C)
of tte ellipses arc hept constant % mssor seax ans of umits 18 the radws of 3 arcle

¢ d The confy of a collapsed vetn would correspond
clo ey to an ellipse with a constant peruneter and 5 =maller crossectional area
Ta curve B of Fig 20 fow 15 plotted for elipses of constant permueters The
example 1 Fig 21C shows that flon through an elliptical tube (mmor sem
assy half of umiz) awounts to less than one third of that through a carcular
tube of an identieal persmeter {(4) 1t <hould be pomted out that vems do not
alnats mamtam the &ame penmeler when they wpdergo partial collapse but may
w0ons which correspond to ellipses m which the

magor dmmcter does not change
Curve C i Fig 2015 5 plm for fiow through elip es with constant major
semy axes The example s Frg 21D dlluctrates that Bow through an elliptic tube
with a major semn axs of unshy and a minor cemi ass of half unity 18 only one
fifth of that pasung through 5 crcular tube of the same radws as the major

semi axis {A)

From thece d one may lude that other factors remamng
the same flow would be reduced to about one fourth if dunpg <ems collap ¢
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MINOR SEMI AXIS £ mm

1oce /SEC 47CC /SEC
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MINOR SEMI AXIS % mm i lI ‘ MINOR SEMI AXIS 7 mm | ‘ !
] i
Vit 1227
31ce /SEC 2 ¢C./SEC
G D

F1ceRe 21 Effect of the shaje of a tube s crossection on flow (A) Flow through a tube of
arrcular eross scetion of 1 mm radius y1elds 10 ce /see (B) Tlow through tube with ihe same
cross ~ectional area as i (1) but of elliptie shape with a mmor <emi axis of Tz mm yields 47
ce <« (C) Flow through tube with the same penmeter as i (1) but of elliptic hape with a
munor semi axis of 2 mm yields 31 cc /sec (D) Ilow through tube with the same major
seml s (1 mim ) as the radwis tn (4) but of elliptie shape with a minor semu axs of b2 mm
vields2 ce sec T'low through avern m a semi-collapsed state would corre pond approximately
to Cor 1f the penmeter becomes maller to that through a tube mtermediate between C and

a round vemn assumes an elliptical crosscetion nith 4 mmor senu aws equal to
one half the radws of the ewcular vem More extensive collapse of the veus
than this 1s frequently observed It occurs rapidly or slowly ntcrmmttently or
continuously as collapse 1s ocea 1oned by changes of intravascular and extra
va cular pressures (eg durmng the heart cycle the respiratory cycle moie
ment of the body or due to s enomotor mechanisms) The amount of the flow
reduction for any degree of venous collap ¢ can be readily estimated by con
sulting the curves m Fig 20

Smee flow through a partially collapsed vemn (elliptic tube) 1s reduced
whule the perfu 10n pressure remmuns the same resistance to flow through a
partially collap ed vemn must be greater than that to flow through a round
vemr Thus the curves in Fig 20 ean also serve as a plot of the resistance to
flow through elliptic tubes (vcins) 1f one substitutes Q 1n the ordmate by 1/R
(R = resi tance) As we shall see later the fundamental relattons represented
1 Fig 20 serve to explain the flos changes through collapsing vems observed
mnno
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Summart ing

Volume flow through partially collapsed veins obeys approxumately the laws
of flow through tubes of an elliptic erosscetional area When prescure remamns
constant volume flow through a van mn a semi collapsed state 1s about one
quarter of that through the same vemn when 1t 18 round

PressURE GRsDIENT ALong CENTRAL VEINS

The pressure gradient throughout the entire 3ascular system from the root
of the aorta to the nght ventricle 1s vers great The steepest pre sure drop
oceurs 1n the arterioles the place of the highest res: tance The pressure gra
dient throughout the venous sy stem 1s small since the resistance s low e pecially
m the central veins Therefore pres ure differences of only a few mm of water
are sufficient to drive large quantities of blood through the central vemns Un
questionably pressure differences of a few mm of water uffice to drive the ame
quantity of blood through the central veins that 1s propelled through the aorta
since essentially the same amount of blood that 1s expelled must also enter the
heart

The extensive literature on the subject reveals the difficulty of recording ac
curately the ¢ munute pressure differcnces Farlure to detect any gradient has
even led to suggestions that there 1s no pressure difference 1n central yemns
Obviously thns 1s phy 10logically impossible because blood cannot flow without
a pressure difference whatever 1t< onigen be at the 215 a tergo or the vis o fronte
or a combimation of both

Failure to demonstrate a pre sure gradient along the central v enous bed may
be attributed to several causes (1) As Henderson and Barmnnger noted (1913)
the uncertanty of making reliable venous pressure measur¢ments 1s due to
the fact that the shightest compression or stretehing of the tissues through which
the van passes 1s sufficient to collapse 1t The reading on the manomcter may
thus easily be elevated many centimeters above the true pres ure or depres ed
as much without the ob erver being led to suspect the error  (2) When pre sure
18 measured simultancously at two pomts in a vemn a difference of a few miil
meters 1n the hy drostatic level of the opemings of the two pres ure pichups can
simulate absence or reversal of the pre <ure gradient (3) Due to high peak
veloaities m the central vans potential encrgy (measured as lateral pressure)
15 Jow and hinctic energy (energy of flow) 1s relatively high (see also Fig 4D)
In the nght atrium hinctic cnergy may 1n part be reconverted into potentral
energy which would result i the recording of a higher lateral pressure than in
the vein Pasticular attention must therefore be paid to the po 1ton of the pres
sure recording tip 1n veins becau e of the Bernoulh effect

Semba and Kashi (1953) mea urcd meticulously the mean venous pre ure
cradient along the casal vewns 1n dogs and arrsed at the following conelusion

The fall i pressure of the thoraeie vena cava 1s trifiing s hich shows that blood
15 stagnant 10 the central vena cava and has formed a pool The fact that the
central venous pressure gradient 1s mdeed very <mall can be accepted but 1t
13 erroneous to conclude from this observation that blood 13 stagnant Aetually
the greatest flon veloeities 1n the venous system occur 1n the caval vemns as
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we hall see later The fallacy of the above statement mercly empha 1z¢s that
one cannot draw conelu 1ons about blood flow from pre surenea urements alone

In the unanesthetized human Gaucr and Sieher (1906) accurately recorded
pha 1¢ pressures wath a very sensitive Iagh fidehty mimature manometer 1n
order to ¢ tablish the pressure gradient along the central veins (Fig 22) They
pulled a double lumen cathetcr at a con tant rate of 5 mm / e¢ from the ab
dominal vena cava through the mght atrium up to the subclavian vem Tie
flwd colun from the tip of the catheter was connceted to 1 conventionai strain
gauge manometer, whereas the mintature manomcter was situated 23 mm behind
the tip Hence the two v enous pressure tracings (and their Iabeling) are displaced
by 46 scconds on the tume scale (middle and lower curve) The curves reveal
the a1 tence of an casily measurable pressure gradient from the abdomnal
mfcrior yeng eay a through the iver region (labeled  diaphragm ) to the atrium
On the other hand they show that a pressure difference of only a few mm of
watcr ensts between the thoracie portions of the caval yeins and the nght
itrum These findings demonstrate that inman asmn dogs the pressure gradient
along the thoracic caval veins 1s <o small that it 1s very difficult to establi b
‘manometrically

Summarizing

Owing to the Jow ru sstanec a small pressure gradient suffices to propel large
quantitics of blood through the central veins Thus the pre sure gradient along
the central venous bed 1s so small that 1t 18 difficult to record It can be mis
leading to draw conclusions from differences of pressures when nvestigating
volume flow 1n the vems close to the heart

Pressvrt Frow Rerations v CovLapsiBre VISSELS

We hall now consider the changes of flow 1¢sulting from varations in pres
sure gradients along vems in order to establish the dynamacs of pressurc flow
resistance relations during, collapse of the veins in the Ining organism A de
tailed analy s1s of these relations 1s called for since flow through collapsible tubes
18 1 subjeet which has been somewhat neglected by physieists

First g word about the precise tneaning of the term  collapse  which 18 so
frequently used with differing connotations! In the Holt Duemarco terminology ,

collap e refers to an) state of the vun m which 1its croscectional area 18 not
crretlar but li1s «s umed an elliptical configuration In ordinary usage ‘coflapse’
18 often associatcd wath 2 complete closure of the vein For greater preeision
theterm partial collap ¢ 15 used herein for any state of a vessel which still per
mts the pas age of fluiid (lunbs of the eurves in Fig 20 beyond zero) and ‘com
plcte collapse when it 1s flattencd to ueh a degree that ne fluid pas es through
1t {pomnt zcro 1n Fig 20)

Qe cral problems concermng the effect of the  enous pressure gradient on flow
were studicd 1n detayl 0 our laboratory (Brecher 1952) This was done by
waminmg phasic changes of flow 1n the supenor yena ewva system of dogs with
the chest open All factors but onc the pressure gradient were held constant

Thgure 24 shows a schematic diagram of the experiment The amimals were
n sumne po itwon with the evternal jugular ems and lLieart on the samie level



[0} VINOLS RITURN

FEMORAL ARTERY

FLOWMETER

F16Lke 23 Faronimental armangement for measuniog drupage from supenior vena cavs Poimts
O S and Iindicate where clamps are apphed Clamp S s clased clamps Q and I are opened
for outflow mea urament and simultancous compensation of right atnal nflow CO = con.tant
pressure blood resenvoir Eb = escape valve Description 1 text

The superior vena ¢t 2 was cannulated (P and C) pornntting flow ather through
2 hunt S to the right atrium or through an outflow tube ¢/ to 1 cunal ctrve flow
meter of the type <hown n Fig 8 Reduction of the eardine output through lo »
of blood was prevented by simultancously mfusng w cquisalent amount of
blood into the right atrium from a low pressure reservorr CO Daffcrent pre cure
gradients wcre apphed to the cntire superior caval ss tan by setting the outflow
cannul at different levels and rccording ouflow at each Jevel for 10 cconds
The level of the outflow cinnuls ranged from 200 mun abeyc to 600 mm below
the level of the jugular ven wlaeh 15 the refetence or zero vl Thn procedure
allowed flow mesurment when the vens were ather distended or as a re ult of
suction collapsed 1n s arving degree

Obvioushy the nbrupt changes of the venous pre sure gradient ind mam
tainance at 4 defimte level which were produccd in these (xperiments do not
occur physiologieally This strietly controlled arran,ement was however nee
essary for the mvestigation of the phy seal factors detanuming venous flow
dy namics

Fagure 24 show < 6 records of a tvpieal experiment demonstrating the relation
betneen pressure gradients and vena caval outflow *

Figure 244 shows the effect of raiung the outflow level from 0 to +60 mm
Pre sure measured 1 the citernal jugular vein rose steeply within two cconds
from 39 to 68 mm s expected no flon occurred until a sufficient wmount of
blood had accumulated 1 the vans to rawse jugular pre surc above the baght

In this an 1 all other expersments reported from our laborators the pres. wres were re
carded with modificd Gregg optical manometers For better repro luction the tracings in
some of the ongimal records from our laboratory have been rcenforce |
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HGURE 24 Six records illustratug the cffect of thc pressure gradient upon outflow from the
superior vens cava 8 tem Trangs from top to bottom 1 each record jugular pressure
femoral asterial pressure ba.e Line with time 1 seconds cumulative blood flow Calibration

jugular pre ure jn mm water flow  cc dunng 10 sec peniads artenal pressuie i rom Hg
with a range of 128/98 to 117/96 The hugh frequency oseiflations m the flow tracings of
rcords L ind F are due to spurts of blood setting the flonmeter into vibration

of the outflow tube Then flon commenced lowlv at first then at a fa ter rate
(steeper lope) as Jugular pre sure rose gradually from 68 to 88 mm The total
flor unounted to only 20 ce 1n 10 scconds

Figure 24B 1llustratcs the behavior of flow and venous pres ure when the
outflow tube was at the jugular atnal leve! Venous pressure remamed constant
before during and after mcasurciment of flow 1ndic sting that during the outflow
penod e tance to flow remmned unaltered Flow started immediately with
the opening of the outflow tube and continucd at an unchanged rate as ev1
droeed by the constant lope of the flow tracing The total fiow was 42 e¢ m
10 sceond

Figuic 24C Lows the cifcet of lowering the outflow level from 0 to —60 mm
Duning the outflow period venous pressure fell steadily from 36 to 12 mm of
water Flow began at a fa tiate and then deerensed slightly Total flow amounted
10629 cc m 10 ccond

Ouite dificrent results were obtained when suction was inerea ed from 0 to
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=100 mm 1~ ~hown ki, 24D Venous pres ure deereased within 3o cconds
from 30 to 6 o of water and then leviled off, never falling below zero Flow
started 1t 3 lngh rate but deercr od gradually Suddenly 1t \ the steady flow
stopped moment anily and bee e pul atile s indieated by the wavelihe tricing
Tmmeditely after the on ot of pul stions flow was greatly reduced The fre
queney of the pul 1tions was not related to the heart rate Total flow during a
10 second period (63 ¢ ) had not mercy cd ain - ate of the greater pre ure gra
drent

Records L wnd F of Fri, 24 depict the dffeets of further nerca ¢ of uction
In both ¢ v ¢v v oteep fill of venous pre ure tooh plice Flow commenced with
v lirge gush of blood then pulsations ( chatter ) occurrud due to the mter
mttent coll1p tng of the vcnous walls Tot 1l flow amounted to 61 and o6 e cc
re peetively

It appears from the ¢ reeords thit merc e of suetion results m a deere 1 ¢ of
the rate of volume flow duc to partial collap ¢ of the veins

The pres ure flow reditions e tablt hed m this type of experiment are graph
1eally presented in Thy, 25 (data from another anumal) Incurve A flow mee 10
see {(ordinate to the right) 1s plotted agamnst the prc ure gridient (mm water
b c1s a) between the external jugular pressure and the level of the outflow
tube above and below the level of the jugularvan It 1s noted that when the level
of the outflow tube 15 120 1 above the jugular vemn outflow 1s zero and the
supcrior ennva becomes engorged Tl congestion 1s hikewt ¢ mdicated by the
Jugular vemn pressures (ordmate left) before the 10 sce flow peried (curve Bm
Iz 25} and dunng outflow {curve Cn I'ig 25) Durmng conge tion jugular
Tenous pre sure ro ¢ from 39 mm to almo ¢ 120 mm of water (pomnt not on
graph) When the outtlow tube w s at the same level as the jugular vemn out
flow was 44 cc 1 10 scconds and the jugular presswie remamed practieally
unchanged (crossing of curves B and C) The largest flows (70 cc ) were obtained
when the outflow tube was 100 mm below the level of the jugular vein Jugular
pres wie then fell from 37 to 3 mm water Obviously up to this degree of suction
flow 1ncreascd proportionally t» the pressure gradient without the mteryention
of collapse With greater degrees of <uction, blood flow faled to increase further
and 1n faet deereased shohtly This is lustrated by the leveling and declne
of the flow curve m I'ig 20 The fall of jugular venous pres ure to zero indietes
that outflow 1s hnnted by the advent of a partial collapse when the extra
vascular pressure (atmospleric pressure} and intravascular pressure {zero
right limb of curve C} reach an equibbrium

1t 1s interesting that these pressure flow relations wlich exi t 1n the vems of
hizing orgamsms (curve A Fig 25) have been established by Holt (1941) 1
experiments with phy=ieal models u mg collapsible rubber tubes and eveised
vons

From the flow records 1 I'ng 24 and flow pressure relations plotted n Fig
25 onc must conclude that venous collapse does not occur instantancou Iy when
the pressure m a dow nstream portion of the vessel 1 suddenly lowered Collapse
15 actually a two stage process The first 1s called the deplefing stage (steep flow
mcrease n Fig 24E) During this stage the transmural venous pressure declines
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and the v em emptics most of 1ts blood mto the region of the lower pressure This

18 folloned by the collapsed stage of the vein which 18 reached after its depletion

has becn accomphished (sudden flow reduction m Dig 24E)

From the data shown mn Fag 24 1t 13 now possible te caleulate 1n ab olute
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tieeke 25 Relation of flon and pressures m a collapsible sstem Curve A Flow pressure
rclation to dranage from the superior vena cava tree Cune B Coatrol jugular pressure
before the 10 scc perods of flow mensurement Curve C Masimal nise (left imb) or fall
(ugt t mb) of jugular venous pre.sure durng flow measurement Note thatin the colla) se §
stage of the venous tre¢ the pressure In the jugular vein never falls Lelow zero 1.6 atmos-
pleric pres ure Ordinate for curve & (nght) ¢ of vena caval blood drained in 10 sce
Ordinate for curves B and C (left) mm water ibscia for all curves height of outflow

level atove or tclow the Jorel of the jugular ven 1 mm water
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Fictur %6 Relation of 1o 1 tanee flow and pressure 10 a collapsible tem of a hwmg dog
The daf 1 show the relation of resistance (curve A) to volume fow (curve B) durmg tle
depleting and the collap ed stages of the superior vent cava system when diffcrent lcgrees
of suction 1re apphe! to the end of the outflow drumnige tube of the supertor ¢aval vem
Ordinate for curve A (Ieft} re ) tance indvne sce/em Ordinate for curve B (nght) Flow m
ce per «ce thscissa for both eurves pres ure gradient between jugulir vain anl hoght of
outflow level i mm water

umt the resist imee 1 the vans at different degrees of uction using the formula

e
o-"5

The results e graphically repicsented m Fig, 26 Curve \ chows that the re
sistance did not change appreciably while outflow from the yein (curse B)
ereased upon moderate suction such s one can observe durmg the deplcting
stage However as oon as the collap ed stage of the vem was reached re
sistance to flow ereascd progressiscly with greater degrees of suction Atten
tion 15 ealled to the sudden break in the cour ¢ of the two curses wiich clearly
Hlustrates the different behavior of the vemns in the two tages

The evperunents n Irving animals revealed the nnportance of the time factor
for the development of colltp ¢ as mantfested by the eistence of the depleting
stage It was of mtuie tto ce whether the depleting stage was also reproducible
i physical analogue  Collap 1ble rubber tubing was u «d to represent a vemn
Flow was recorded in 4 manncr corresponding to that in the anmmal experiments
Figure 27 1llustrates the flow pressure re 1stance relation 1o a collap tble rubber
tube In the rubber segment undergoing depletion res: tance to flow ranamned
nearly constant (horzontal part of curve A) whereas flow vaned haearly with
the pressure gradient (ascending limb of curve B) However, as soon as the
suction was mereased sufficiently to cause the rubber tube to enter the col
lapsed stage (at about —70 mm suction} reststance imcreased progressiv ely
(ascending hmb of curve 4) whereas flow remarned constang (horizontal part
of curve B)

Companson of the pre sure flow resistance relationship i Figs 26 and 27
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¥icuee 27 Relation of re istance flow and pressure 1m a collipsit le rubber tube which s ar
rang d 1 o physical model so that 1t corresponds to a vemn in a bving ammal Plotting and
labehing are the same as m Fig 26 except that a collapsble rubber tube replaces the
penor vcoa cava

reveals & remarhable similanty of flow behavior of vewns 1 sty and of the
callapsible tube of the physical model This emphasizes the purely phy 1eal
nature of hemody namic events 1n venous collap e

Summart ing

Increase 1n the pressure gradient along a collap ible vemn by the appheation
of suction at one end re ults first 1n the emptying of the ve el (depleting <tage)
before it cnters the collap ed stage Dunng the depleting stage outflow from the
‘an varics in proportion to the pressure gradient and resistance to flow remams
approannatels constant During the collap ed stage outflow from the vemn re
mam  approumately constant while the rc 1 tance becomes greater with an
mcerea ¢ 1n pressure gradient

SICNIFICANCE OF VENOUs COLT aPSE I\ THE PERIFRERAL CIRCULATION

The fundamcntal flow dynamies m collapuible  tructures may belp to e
plain venous flow 1n vanous phs siologieal conditions Some of these <on 1dera
tions art not ba «d on direct capurimental evidence and require further expen:
mentation

Locally developed flon pul ations as shown m records D E and F of Fig
24 are not neces anly charactenistic of venouts bchavior 1 the collapsed <tage
The pul ation 15 cau ed by a momentary complete collap e of a venous egment
m whieh intealuminar pre sure1s excceded by extralumipar pressure The blood
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which continucs to flow from the eapillaries mto the perpheral portion of the
van forees the eloscd segment to open agam

The following compley relations of frequency and amphtude of the pulsa
tions were found in Iiving ammals and physical analogues (Brecher, 1902)
The frequency beewne lagher wath (1) mercasing ngidity of the ves ¢l wall
wnd surrounding tissucs (2) a deercase of volume flow through the vessel and
(3) greater suction The amplitude became greater with (1) a deerease 1a fre
queney (2} greater volume flow and (3) less suction Pulsatile flow 1s often
reflected 1n occillations of venous pressure not related to the heart rate Pulsa
tions of a4 frequeney as low as 1 per 20 seconds and as lugh as a few hundred
per sceond ecould be produced in suitable analogucs In apimals we have re
corded pulsations ranging in frequency from 3 to 20 per sccond

Pulsations m coll1p cd vans do not occur s0 often under phy s1ologieal con
dittons 1s they do n experimental systems where 4 collapstble tube 13 expanded
by a ngid outflow cannula Under normal condittons, 1n man and ammals,
pulsstions ean be oceasionally obser ed at places where a collapsible v ein enters
a low pre ~ure region through tissues which tend to heep the vein open such
s the entry of the thoracie cage

On the bas1 of this hnowledge an explanation can now be ndvanced for the
behavior of jugular venous flow which Barry (1824) ob crved m a standing
hor ¢ (p 99 Obvioush flow through the glass bulb capnula inscrted nto the
Jugular vem cin not be augmented by msprration beeause under Barry s par
ticular expertmental condition (collapsed stage of vemm) flow would not mcrease
with greater suetion (right mb of curve A 1n Fig 24) The pulsatile flow m
the glass bulb was merely the result of local pulsatile collapse of the yemn m
dependent from the heart action {compare Fig 24)

Many vems are qnatomically so situated that they collipse casily when the
estravascular pressure evceeds the intravascular pressure For surface yemns
the most 1mportant extrayascular pressure which leads to collap ¢ 1s the at
mosphcrie pres ure 1n deeper veins 1t 18 the surrounding tissue pressure acting
on the venous walle

Hownever 1t must be borne 1 mind that not all veins are collapsible This
apphes partieularly to the venous winuses wlach upon suction are held open
by the counterforce of firm walled tissues sueh as eaist mn the shull bones
Tiver and spleen As long as the volume of cerebrospinal flurd remains constant
the venous plevuses eatending the whole length of the spmal column and the
mtervertebral vems serve as an incollapsible communication system for the
return flon of blood Via capillanes and Y enous sinuses in the shull these veins
form a communteating system with the arteries corresponding to an inverted
U tube in 5 person «itting or standing up Flow through tlus U tube system
would not be much affected by positional changes (sce also Fig 3A) Owmg
to this riid communieatng sy stem subatmo pherte pressures can develop i the
ecrebral sinuses dumng head to foot (pouitive) aceeleration on a centrifuge
without much unpairment of the cerchbral circulation (Ru hmer et al 1947)

One may therefore state that venous return n head, nech and trunh occurs
over two principal routes through the meollapable skull and vertebral channels
and through collapsible vems Both < stems communicate 1t all levds Ittle
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15 known about the flow interrelations of the two routes It appears that, re
gardless of positional changes flow from the head remains relatively constant
owing to the flow dynamics peeuliar to each system That 15 flow through the
ngd vertebral system does not change by virtue of the U shaped commumea
tion with the thick walled arteries (sec Fig 3A) and flow 1n the collapsible
system remains constant due to the resistance changes m the partially col
lapsed veins (see behavior of flow and resistance mn the collapsed stage Fig 26)

Parenthetically it should be mentioned that the giraffe and the human being
do not differ es<entially 1n their problems of cerebral blood supply This subject
has always fascinated physiologists and Iaymen as shown by the wide mterest
given the attempt at measuring the giraffe s blood pressure by Goetz and Budtz
Olsen (1955) and Goetz (1905a b) Flow to and from the giraffe s head mn the
erect position appears to be assured by the siphoning action of the ngid com
munication system of arteries and intervertebral venous channels Even if the
pressure 1n the cerebral sinus were subatmospherte return flow through other
senous ck 1s would be aut tically regulated by the collapse mechamsm
With the giraffes head lowercd the ngid siphoming svstem would not es
~entially change However when the head 1s Iowcred the collapsible nech vems
vwould become greatly distended by a gh hydrostatic blood column This s
apparently prevented by brealung up the high column mnto small segments
«nee the jugular vein of the giraffe contamns numerous valves as Goetz has
shown

Summar: ing

Pulsatile flon through collapsed veins occurs under certain normal and ex
perimental d As a local ph 1t 1s unrelated to pulses orig
nating from the heart Venous return in head neck and trunk oceurs via two
routes (a) through a system of collapsible veins and (b) through a system of
mcollapsible vems 1n the cramum and vertebral column The latter acts to
gether with the artertes as a siphon through which blood flow becomes rather
1ndependent of ehanges 1n position

THE \MuscLe Puvp WiTHouT VALVES

The effects of contraction of voluntary muscles on 3 enous return haie been
amply studied and reviened (Ledderhose 1906 Jager 1937 Frankhn 1937
Burch 1950) One may conclude that provided all other factors (arteral per
fusion pressure ete) reman the same venous return 1s mereased by the me
chanical action of muscular contraction in the veins

The presence of venous valves has often been conwidered as bemng of prime
unportance m assurmng effective movement of blood tow ard the heart during the

milking action of the muscle pump However anatomical valves may not
be es<ential for this Alenander (19a1) stated conwisely the basic 1ssue  Extra
vascular compression of a ve sel will result in an equivalent flow of blood in both
directions from the pomnt of compression only under the conditions that the re
stance to flow mn both directions 1s the same If there 1s a difference 1 the re
sistance in the two alternate directions then greater flow will occur preferentiatly
toward the end of least resistance Even in the complete absence of ana
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tomteal valves  the vesscls tow irds the eapillary end of the venous system
to,cther with the continuous arterial inflow should always represent a sig
mfieantly greater resistance than that found in the vessels towards the heart
together with the cardiae outflon In view of this relationship rhythmieal
compnc sion of any vern should aid n propelling blood back towards the heart’
For clanfication it may be added that these eonsiderations do not conflict with
the fact that the e« ential function of the venous valves 1s to prevent over
distension of the venous w alls in the dependent p arts of the body { ce page 19)

The phy 10logteal and pathological unportance of this problem need not be
unphfied VMany vemns do not contam valves, eg  vemns within the muscles
The valses arc lueated at the enit of the vemn from the musele In advanced
age and under pithologieal condition  valves may become incompetent or dis
appoar Neverthele € 1t 1s often ob erved chmically that escn 1n the absence
of valve vunous return unprove  duning pertods of rhythmical muscle move
ment  In connection with the studies on venous eollapse our Iaboratory group
beeame mtere ted i the seaieh for 1 mechamsm which could promote venous
retwrn through valvdess vuns (Biecher et al 1952)

In order to accomplt h thr  all faictors which m an experiment could alter
venous flow  uch as ebinge of artenal mflow humoral metabolic and nervous
mflucnecs had to remain con tant Thus the problem became 4 purely mechan
cal one which cwnbe tated 1 1ts baste form Docs rapid thy thimeal compres ron
(coliapse) of a4 vern augment the rate of volume flow through st?

As far 15 the meehanism s eoncerned 1t 15 1immaterial what eatrayascular
foree cau «s the collapse of the ven (eg compression by ~ur or muscle hga
ment Jomt bone cte ) For experimental purposes venous collapse w 1s brought
about by atmo pherie prossure when suction was applied to a venous outflow
tube using an arrangement sumlar to the one illustrated 1n Fig 23 It was de
termined whether or not frequently repeated depletion and refiling of the veins
by rapidly alternating pressure gradients results in a net inercasce of flow over
that obtained when the same pre sure gradients are less frequently acting, Under
these strictly controlled conditions all factors remained the <ume except for
one varmable the frequency with which veins were compres «d The expermments
m Irving ammals were duplicated by phy«ical analogues 1 which collapsible
rubber tubes were used mstead of vens

In Fig 28 four records are shown danon trating the effect of the alternation
between two pressure gradients on volume flow through collapuible structures
during a 12 second flow pertod Records A and B are from experiments on a
physieal model using rubber tubing records C and D are from a dog In the
records on the left side the steeper of the two pressure gradients (300 mm
watcr) acted for 6 sceonds bringing about depletion and partial collapse (M to
1) Tius was followed by the smaller pre sure (40 mm water) acting for 6
«cconds (Y to Z} which resulted i outflow without collapse of vem or rubber
tubing On the nght ide outflow and pressures were recorded when the swme
two pressure gradients (X to Y and Y to Z) werc alternated every two scconds

In the physical model, flow W as mercased from 103 to 115 ce (116 per cent)
«imply by alternating the two pressure gradients every two seconds In the cor
responding dog esperiment 1enous dranage from the superior vena cava was
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mere 1sed from 9o to 110 ce (157 per eent) by the same mancuver This ey
penment could be continued for much longer periods than 12 =econds

The net inercase of total flow by the frcquent alternation of the pressure
gradients 13 due to the fict that 1 the collapuble structure a re erve of flind

lates during each ineidence of the smaller pressure gradient (musele

relanabion) Thin since resistance to flow i the collapsible segment 13 st} low
during the depleting stage, a large volume flow occurs when the vein begins to
empis under the mflucnce of the hagh pressure gradunt (muscle contraction)
s soon as 1t 15 cuptied and the eollap ed stage 1> reached, resistance risces
<harply and the flow rate drops A smple calculation from the records in Fig 27
<hows that the mean resistance 1 the vcnous tree was decreased durmg the 12
sccond flow period from 2414 to 2082 dynes scc /cm ® (138 per cent) merely
by alternating the pres ure gradient more frequently

The mmphications of the ¢ experiments are obvious They establish the eust
nee of 2 ymple phyate 1l meeham m by whieh one ean «xplain an qugmentation
of venous return 1 s thele s ve scds through rapd rhy thmically alternating
movements such a8 occurs 1n walhing running cereising ete

Summanzing

Rapudly alternating compressions of collap ible valvele » verns mercase flon
compared with that occurring with Ie s frequent compressions



Vil The Respiratory Pump

An und; ling of the collapse mech, has greatly aded mn approaching
the cardmal question Does inspiration augment venous return or not? {(See
pages 8 and 27)

TME Facror v VExOUS CoLLAPSE

In the outflow eaperiments shown i Fig 24 the sudden suction exerted on
the superior vena e1va would phy sically correspond to the suction on the extra
thoraeic vems exerted by an inspiration 1n an orgam m with the chest closed
It hould be noted that the eollapse of the vemns by suction does not oceur
mstantaneousty with the onset of aspiration The records in Fig 24 illustrate
that collap=e 18 not only a function of the magmtude of the pressure gradient
(suction) but also of the time over which 1t acts Thus 1s graphieally represented
m Fig 29 by plotting the tume 1t takes the veins to become depleted agamst
the degree of suction (pressure gradient) The data are taken from the records
m Fig 24 and other records from the same experiment According to these
measurements the duration of the depleting stage lasted 3 5 seconds at a suction
of 150 mm water At greater aspiration this time beeame progressnely shorter

From the findings 1n the ¢ strictly controlled open chest experiments one
can predict the effeut of inspiration on venous return 1n the closed chest Under
phy 10log1cal conditions 1n the recutmbent position with the venous bed at the
hydrostatic level of the heart quiet mnepiration may merely be expected to
deplete the peripheral vems without inducing their collapsed tage The suction
would be too hitle and the time over which 1t acts too short to collapse the
extrathoracic vems For illustration a typical intrathoracie pre sure curve
{Fig 29 curve B) of a gt spontaneous respiration 1s entered on the graph
Onlv forced deep nspirations would produce negative pressures of sufficient
magmtude and duration to bring about the collapsed stage This 13 illustrated
by the 1trathoraeic pressure curve (Fig 29C) of a forced wmspiration (Muller s
experiment) The next step 1s to prove that this 1s the case

Summart ing

From vcnous drainage experiments it 1s predicted that m piration should
augment venous return by depleting the blood from the extrathoracic yeins mnto
the thorcie veins Durmg quiet mepiration 1 the recumbent position the extra
thoracie vemns should not collapse to such an extent as to throttle venous re
turn During deep and prolonged inspirabon the extrathoraciec vemns should
aftcr their depletion enter the collapsed stage and prevent a further aug
mentation of venous return

EFFECT oF REspirsromy VMoveuewTs oN SurEnior Cavar Frow

In tins experiment a Pitotmeter (Fig 11B) was nserted mto the superior
rena cara of & supine dog Then the chest was closed and normal mtrathoracic

«1
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pressures were 1¢ established (Brecher and “Minter, 1903) In contrast to the
cumulatine (slope) records shown m Tigs 21 and 28 this device indicated the
rate of volume flow (sce page 30) Figure 30 <hows a segment of an ongmal
record 1llustrating the cffect of normal quiet breathing on +cnous return Ilow
measured at comparable phases of the eardine ey cle, increa ed from 52 ¢ /sce
during the re<piratory pause to 11 ce /scc during mn<prration Lught atrial pres
sure declined 1n the usual manner with the lewenng of intrathoracic pressure
Jugular pressure measured 7 em cephalad to the first nb, fell from 35 mm
water to zero I'iom these findings one mu t conclude that venous return m
creases sigmficantly with mspiration
Laammation of the flow tracing m 11z 30 reveals that duning quict in prration
inflow into the right heart, as predicted 1s not throttled by a collap ¢ of the
vems at their catry anto the chest To see whether a deep and long an piration
would bring about the collapsced stage 1 the predicted manner, flow was meas
ured during partial ocelusion of the trachea during the very neit inspiration
followin,, the quict in prration shown m Fig 30 The flow occurring during this
foreed insprratory attempt is illustrated 1n I1g 31 Here agun mflow merea ed
mmediately at the onset of mspiration In fact 1t mcretscd more rapidly
and to a greater extent (13 5 ce /sec ) as the fall of intrathoracie pressure de
veloped more rapidls and to a greater depth than durmng quict mspration
However after1to 2 ceonds flow dimunished in spite of continued mnsparation
The decrease m flow oceurred although mght atrinl pressure declmed further
and the pres ure graduint from the jugular ven to the right atrnum beeame
greater
Obviously a resistance to flow developed between the two pomts of pre ure
measurement (qugular vemn and right atrium) beceuse the extrathorace Yeuns
entered the collapsed stage Ividence for the occurrence of 4 partial collipse
of the extrathoracic s cins near the entry of the chest 1s seen in the coursc of
the Jugular vcnous pressure It began to fall wath the onset of inspiration and
finally reached zero but did not develop a negative pre sure Then <horthy
after having reached zero 1t began to rise agam although the thoracte a puation
was still mcreasing This pcripheral v enous pressure rise must be caused by the
combined action of a lugh 1¢ 1stanee i the partially collapsed venous egment
near the cntry mto the thoracie cage and the continucd inflow of blood from the
captllanies Since the jugular pressure rise from zero commences imultaneou Iy
with the end of further inerca ¢ of fow the corrclation of pressure flow and
reststance 1n the collapsed stage becomes very apparent It 1s basieally of the
same nature as that produced under the strictly controlled condifions i which
venous collapse had been studied presiously
The correlation of the pressure and flow tracings m Fig 31 demonstrates thut
wn the venous system flow does not necessanly increase proportionally to an
tncrease wn the pressure gradient
From these experiments 1t becomes apparent that the two controyerstal viens
the classzcal aspiration” and the ¢ collapse theory of venous return do not
conflict but actually complement one another Venous collapse during 1nspira
t10n does not occur instantancously but 1s a tno stage proccss During the first
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stage the depleting stage, the demands of the clasucal theory are sabisfied

venous return to the heart vanes m dircet proportion to the preseure gradient
Dunng the sccond stage the collapsed stage the collapse theory of Holt and
Duomarco 15 apphicable venous return 15 not augmented beeause resistance
wereases wath greater pre sure rahents Previovs {miure to recogmze this
siustion must be a enibed to the fact that only the simultaneous dwrect ¢

cording of phasie changes 1n flow and pressure with instruments of adequate
senaitnnaty and frequency re porse could furmsh the necessary mformation

{t remains to be demonstrated that the augmentation of venous return dur

g wspration 13 not cancelled by & corre ponding flow reduchion dunn,, e
piration or n other words that the respiratorv pump provides 4 net gam of
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¥icure 29 Relation of the durstion of the depleting and onset of the collapsed stage to the
degree of suction apphed 1o the supenor vena taval Hystem Cune A duration of venous
depleting stoge at d.fferent degrees of aspiration Cunve B typ col intrathoracy pressure
dursng quet respiration Cune C typieal miratforamc pressure dunng Mullkers expeat
ment Ocdinate @ gatit e pressure i m water
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venous return Thus problem has long becn hnown Volkmann (18,0) mentioned
that if m prration did 1ncreace venous return caprration mught deerease 1t by
the same amount Lxaumnation of the records m I'ig 30 and 31 reveals that
venous return 1s shightly reduced upon exprration eince the pres ure gradiont
18 Jess and the blood reservorr 1 the oatrathoracie vemns requires tme for re
plaushment Howcver, the eaprogeme  flow reduction 1s not so great as the
mspirogente  wgmentation As a re<ult therc 1 a net gam of rcturn flow of
tlood to the heart by the action of re piration The physteal prineiple of the
underlving mechanism whieh mereascs the net venous return by the rhy thmical
action of re pirition 1s i cs ence the same as that illustrated m Fig 28 In
tho e cxperments it w s danon trated by direct measurements that rhy thmieal
depleting ind refilling of the penpheral veins may 1nerea e nct vcnous return
Tek tan «t al (1947) ob erved 1 dogs with open chest an increase of 1
ferior 1ena cara flow when the diaphram mu ele contracted Such flow aug
nxntition was obviou Iy not causcd by thoracie aspirition but by squeezing
out of blood from the abdomunal inferior eaval tree To determine whether
contrietions of re pirators muscles affect flow also m the supcrzor vena caval
tributartc  we mca ured upcrior caval flow 1 the open che t This was done
m order to ¢ tabhsh whether the resprrators flow inerca e hown m Figs 30
ind 31 15 actually duc to thoracie aspiration (suction) or to a squeezing out of
blood from citrathoracie vems oldv by respiratory mu cle contractions
(Breeher and Mnder 1923} The rceord depicted m Fig 32 was tahen when
artifiesn] re piratson 18 di continued for a bref pened and spontancous re
sprratory movements reappeared Onset and duration of a forceful imspiratory
attewpt 1< mdicated by the iracing from 4 pncumograph placcd around the
open chest The flow tracing remaincd ¢ sentrally unchanged during apnea and
during the 1n prratort effort Fiom tins experiment 1t can be concluded that the
contractions of the respiratory muselcs per se do not sugment flow 1n the su
peror exval vstem The merca ¢ of superior caval venous return in the elo ed
chest must thercfore be attrmibuted to thoracie aspiration

Summary ing

In the clo ed chest <pontancous respiration augments venous return in the
superior vena cava The merease 1s caused by empty ing of blood from the extra
thoracic vemns (depleting tage) nto the thoracie yans After therr cmptying
the extrathoracic veins enter the collapsed tage 1f the 1m prration s deep and
jong In the absenie of thoracie asprration (open chest) supenor caval flow
remains con tant when re pirafory mu eles contract

InrLvEscE oF REespimaTion 0N InFERIOR Cavar Frow

The 1tuation in the infertor vcna cava ts more comples than in the superior
eaval tree Whercas the supertor eaval system traver es es entially teo com
partments of changing prcs urcs (thoracie and extrathoracie areas), part of
the infertor eava drams through three compartments (thoracrc abdomsmal and
extra abdomunal areas) In the inferior eaval sy tem pre sures ma) vary
dependent]y accordmng to various actiities of the body For cxample, during
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8 VENOUS RETURS

spontancous spuation intrathoracie pre urc dechne intra abdonunal pres
sures 11 e, and the tissue pressure level 1n the legs remams unchanged Speesal
auatomeal structures such 1s the c¢ival band’ at the level of the diaphragm
tdescribed and emphasized by Franhhn and Jasher, 1934, 1936) may hindcr
flow from the abdomnal to the thoracte inferior cava during ispiration For an
undcrst inding of the over all behavior 1t 1s therefore necessary to constder
the vanous factors asde from thoracic . piration which are operative m de
ternning return flow 1n the infertor sena cava This was done by Mnter (1903)
n our hiboratory
With two Pitotmeters (;ig 11B) Manter dircetly compared flows s the tho

racic and the abdominal portions of the mferior vena cava the Iatter bemny,
measured below the renal veins I'ig 33 shows 4 section of flow and pressure
tracings taken during natural respiration of a closed chest dog The flow curves
{from both the thoracic (VC 1) and the abdemnal {VC-2) portion of the eaval
vein show cardiac variations detatls of which will be considered later Thoracic
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Froure 33 Effcet of natural breathing on flow in the thoracic and abdominal inferior vena
cava Tracings fiom top to bottom aortic pressure (40) m mm Hg mtrathoracic jressure
(IT) m mm water thoracic mferior cayva blood flow (VC 1) s ce/ cc ab lominal mferior
vena eav blood flow (VC 2) 1o ce/sec nght atrial presure (B 1) femori) vemn prescur
(PV) anl intra sbdominal pres.ure m mm watcr Time m second  (After Munter 1993
mo lifie | fiom ongmal )
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flow ncreased during mspiration with retention of the cardiac vanations but
the general flow lovel changed much less 1n the abdominal cava and the cardiac
variations became almast abliterated as at D and E The latter phenomenon
ocurning synchronously with the leveling off of the rising thoracic flow curve
appeared to be caused by the onset of the collapsed stage analogous to that
deseribed n the supinior easal system It s further noted that with the descent
of mtrathoracte and rht atral pressure intra sbdominal pressure rose This
m 1tself would axd 1n the emptying and collapse of the abdominal 1ena cava
Fomoral venous pressure rose <hghtly during the deeper (first) mspiration
apparently owing to the re 1stance merease 1 the partially collapsed iferror
€ava
In order to ehminate the contribution of the diaphragmatic contraction to
the 1spiratory flow increase and to sce whether thoracic suction alone would
augment mferior caval flow Mnter quickly cut both phrenic nerves mn the
closed chest while taking a conhinuous record Fagure 34A <hows a segment of the
record durin,, pontaneous quiet breathing 1llustrating the concerted action of
tercostal and diaphragmatie muscles Segment B was taken briefly after the
phrenteotomy, when respiration was mantained by the intercostal muscles only
Segment A shows an mcrease of thoracie inferior caval flon at the begimning of
mspiration then a leveling off when the collapsed stage was reached Abdominal
caval flow dinnnished throughout the m prration This diminution was caused
by the partial collapsc of the ven due to the abdominal pressure rise The partial
collapse of the abdominal cava leads 1 turn to a shight nse of femoral venous
pressure After phrenicotomy (B) intra ibdominal pressure (GA) fell during
mspiration femoral yenous pressure (FV) declined <hightly ubdominal caval
flow inereased shghtly but distincthy and intrathoracic caval flow nereased
throughout inspiration The avcrage thoracic mfertor caval flows before and
after phrenicotomy were not sigmficantly different
These expcriments demonstrate (1) that thoraeic suction alone can augment
mierior caval flow and {2) that the diaphragmatic contraction squeezes blood
from the abdominal cava but 1n doing o enhances the partial collapse of the
abdomnal cava when 1615 compre «~cd by the abdominal contents These findings
do not support the 1dea of a diaphragmatie splincter advanced by ¥ranklin
and Janher (1934 1936) and Frankln (1937) Such s sphincter would prevent
the mepiratory flow augmsntation
The various factors affceting flow through the mferior eaval svstum dur
mg different types of respiration are quantitativelv represented m Fig 3o
(Mrster 1923) For better visualization the flow during each cardiac cyele
was mtegrated and then plotted Im cach plot the upper curve represents
flow in the thoracic cava and the lower curve shows the flow 1n the abdominal
cava below the renal vemns It <hould be apparent that the thoracie flow 1s
greater than the abdominal flow by the amount contnbuted from the renal and
portal outflows The dotted lines svmbolize mean flow s throughout the respica
tory eycle
For comparnison thoracic casal mean flow was mamtained 1n all re piratory
conditions at about the <ame level through judicious blood infusion The flow
datan Fig 35A show the constancy of flow during apnea 1 era i the open che t
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rI6TRE 35 Flow through the inferior caval system as influcnced by certam re picatory com
ponents Sold hnes mean flow per caidiae evele 1 rough thorace cava (3C 1) and ab
domumal casa (VC 2) Dotted hines mean over all flow durng penod anahzed  and ¥
= onset and cessation Tcspectively of mepiratory phase of respiration A = flow durmng
hyperventilation apnea che t open B = depression of flow durng positive pressure m
fation of lungs che t open C = effects of diaphragm de cent che t open D = flow behavior
after chest closed Figures at nght hand end of charts refer to values for over all mean flow
e /sec (After Mixter 195 )

In 35B a positive pressure lun, mnflation beginning at X and ¢nding at Y re
ulted 1 a flow reduetion in both portions of the cava In 35C the effect of
resprratory attempts in the open chest 1s visualized Intra abdominal pres ure
began to rise at . (onset of n pirators cffort) leadmng to a thoraeie caval flow
nerea~e and an abdominal caval flow deerease The reverse toak place when
1t began to fall at Y (cnd of nspiratory effort) In 35D the chest was closed
N\ and } denoting the onsct and cessation of spontancous inspiration respec
trvely Thoraeie caval flow was greatly mcreased during inspiration and de
pressed during expiration whereas abdominal caval flow became practically
constant

This shows that flow through the abdominal cava 1s most efficiently mam
tamed by the combined action of thoracic suction and abdominal compres 1on
winch balance one another rather delicately Of the four respiratory conditions
shown 1 Figwe 30 mean flow 1n the abdominal eava was greatest in the
closed chest (35D)

All studies on venous collapse mentioned so far weic undertahen on ammals
wath normat hiood volume Howescr one could well imagine that the depleting
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Hi6Lee 36 Lifect of venous plethora upon n piratory augmentation of thoratte inferor
el flow Abseissa time 10 seconds Ordinate blood flow 10 ce /sec Ammal progresavely
tran fused between curve A (mean blood pressure "8 mm Hg) and cunve D (mean bloed pres-
sure 12° mm Hg) All re pirators cscles of same leogth Note progressisels hugher basel
levels progresanels greater maxumal flows and progiessisely pralonged increas of volume
flow Juring in.piration (w x 3 and z) (After Maxter 1923)

stage would be shortencd 1n a hy pos olemie amm 1l whose catrathoracic venous
1¢ ervorr would be quichly emptied with the onsct of thoracic a piration The
modtficatrens of mfcrior caval flow by hy povolama and hy peryoluma w ere stud

1ed by Mnter (1923) during spontaneous respiration in the closed chest Figure
30 15 2 compodte graph of mferior eaval flows taken during four respiratory
¢y cles of the same length and depth in the same dog Betwcen the first respira

tory evele {4) and the last one (B) the annnal was transfused until the mean
artertal prc surc rose from 78 to 122 mm Hg While the basal flow during the
expiratory pau e became somewbhat greater with mereasing plcthora of the cava

the mo t striking feature was the progressnc inerease 1 the maximal flows
induccd by nspiration and the concomitant prolongation of the ¢ depleting stage

before the onset of the collapsed stage (W N Y and 2) was reached

Summartzing

In piration causes a 1pnificant augmentation of venous return via the m
fertor 1¢na cava Two forces are commonly nvolved abdommnal compresston
and thoracic suction These forecs ordmanly  upplement one another but esther
onc 15 capable of acting separately The forees governing, extrathoracic venous
collapse obtam also 1n the mfcnor cava The clevation of abdommal presssure
enhances the tendency townard collap ¢
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ResPIRATORY | SRIATIONS OF PoRTAL FLow

It ha been “u,ge ted that uopg the abdominal organs the lner may con
tnbute pecifically to an aupmentation of mferior caval flow during msprration
(For revien see Gollwitzer Maer 1932) By micasunng dramage fram the
portal vein through an outfiow cannula Alexander (1901) demonstrated that the
contracting diaphragm comwpresses the hepatic and splanchme beds and may
therchy inerease venous return When he used the drainage method the resist
ance of cutflow from the portal bed remuncd constant because the outfiow
cannuls was set at a fined Jevel during the flow detrminations However such a
siustion may not prevml when the portal circulation remains umnterrupted
bepween the <planchpie area and the bver vascular bed With the contimuous
arculation the resistance to flow from the portal vem into the hver may be
altered when the Iiver 1s compressed or shiftcd by the contraction of the dia
phragm

As part of 8 recent study an hiver flow we re examined this problem m our
laboratory by mserting directly into the portal vein a brstle flowmeter (Sellurt
and Brecher 1906) The flow measurements were undertaken . naturafly
breathing anesthetized dogs In this eaperimental arrangernent partal flow would
be affected not only by » compression of the splanchmic bed but al o by resist
ance changes 12 the Iner bed that might occur during respiratory movements

Asatlustrated in Fig 37 portal venous flow (second curve from top) deereased
shghily but distinetly dunng wmspuwation  Siusultaneousty rceorded portal
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FicLre 37 Changes of partal venous flow durng natural breathing Tracings from top to
bottom  portal venous pressure m mm water blood fow mn portal vem in cc /mun hepatie
\endus presgure 30 mm water wntrathoracic pressure durng ond respwators evele (Unpub
Wtelr ardof Sefhurt and Brecher )
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VLIOUS pressure rose, Whereas hepatte venous pre use deehined with the greater
negativity of the mtrathoracic pressure This pattern of portal flow bchavior
was general mn these espersments

Although 1t niwy <eem otherwise at first glance, the ¢ results do not conflict
with the previons findmgs of Alcxander (1921) The dunmishing of portal flow
n our cxpermuents evidently resulted from an nerease i re 1 tance to blood flow
through the hver bed when this organ was compressed by the descent of the
diaphragm Tins explanation 1> supported by the fact that the pres ure pradient
along the vaccular bed of the liver from the portal to the hepatie vun became
greater during mspiration

Thus 1t appears that m piration has a dual effect on portal venous flow
dynamics By compressing the splanchme bed flow toward the s er 1s augmented
(Alexander 1901) However oning to a concommtant merease of reststance in the
Iner bed thus inereased 1olume flow 18 not pas ed on to the Iner vems Instead
1t leads to a <hght pooling in the portal vemn where flow 13 <lowed donn during
msprration The pooled portal venous blood would then be av ulable for filling
of the vasculir bed of the hiver durtng expiration On the other hand 1t appears
safe to assume that the compre sion of the Iner durmng mspiration re ults m 3
sumuitancous emptying of the hepatic venous channels toward the inferior vena
cava

Summary wmg

Flow 1n the portal vemn deereases shghtly during mnspiration owing to 2 re
sistance merease 1n the yascular bed of the iver Howcver hepatic venou flow
may increa e during imepiration

REestirocenIc Clianers oF TorsL VEnous RETURN

After 1 scparate treatment of each vena cata system 1t appeared nece ary
to establish the synchromeity and interrelation of the flow events m both ve s
Flow was simultaneously measuted m the superior and wjertor vena cara with
two Pitotmctirs (Brecher and Miater 1902) or two bnistle flow meters {Hubay
and Breeher unpublished) The e ults are <hown in Fig 38 Both scgmients were
taken from the same 1ecord

The tracings m the left segment of Figuie 38 were recorded dunng <pon
tancous respiration with the chest closed It 1s noted that flow increased and
deerea od sy nchronously 1n botl ean ae durmg the cardiac and resprratory ey cle
Intra abdonunal pressure (dotted 1 the record) and femoral pres ure ro e dur
1ng cach mn piration In the left segment flons and pressures were tecorded 17
scconds later affer a quick thoracotomy when the ammal made re piratory
efforts The strong diaphragmatic contractions produced higher intra abd !
and femoral pressures In the absence of thoracte suction, inferior cay al flow nas
distmetly elevated as a result of the squeczing out of blood from the abdominal
nferior caval tree (see also Echstemn et al, 1947) Supenior enial flow was
practically unchanged These findings tie together the mdividual obsers ations
shown m Figs 30 to 34 Thus under natural conditions thoracic a piration
affects venous rcturn from the upper and lowcr parts of the body m lihe manner
and leads to an augmentation of nght atnal mnflow via both caval veins
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rieure 38 Effect of respiration on total venous return measured simultaneou Iy 1n the supe

rior and inferior vena cava Left scgment Sy ontancous respiration with chest closed Right
segment Re prratory movements during open thoracotomyv Tracings from top to bottom

aortic pres-ure thoracte inferier caval flow in <e /sec  supertor ca al flow m e sec Intra

thorauie pre sure 1n left segment forms an undulating line and 1 right segment (after open

mg of chest) 2 traight hne a3 atmo pleric zero pressure below the aortic pressure tracings
Right atral pressure femoral venous pres ure 1 mm water Intra abdominal pressure dotted
m record for better visualization (Unjublished recort of Minter and Brecher )

Summar iy

Re piration augments synchronously total s enous return from both eaval veins
under normal conditions

Reciov oF VEnous CoLrapse DURmG INspIRATION

Evcn though 1t has becn demonstrated above that collapse does not occur
mstantancou 1y at the onsct of inspiration and that at least a portion of the
axtrathoracie v enous reservorr 1s available for depletion mto the thoracie vems
hittle 15 hnown about the scgment of the vemn which collapses Specifically 1t
should be determined whcther as Duomarco (1944) claims the vens eollap e
ata harply demarcated pont at the thoracic inlet or whether longer segments
of the extrathoracie v es<els collapse

Simce a partially collapsed portion of a vessel offers an increased resistance
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riatgs 39 1 xpenmental seangement for studsing the tegional effeets of scnous calls) ¢ 4
B C D wd E = route of blood flow {rom extemal jugular ven to exploring cannuts F €
© Dand1 = route of mlusion fruid from constant pressure yesersoir through 1ontunns ter
to esploring canuuls Tubing can te (damped at 1 H or B for vanon ronting of flos De
seription tn teat

tonflon thus plunowenon was utilized for an evplorition of the onset duration
and extent of collapse i different regions of entrathoracie vens duting normal
re piration (Brecher et al  1902) Figure 39 shows a schamatie dragram of
the experimental arrangement Inflow from a constant pressure reseryor wis
recorded with a yenturmeter vis an eaplormg cannuela s the extesnal jugular
vem (see Fig 10B)

The three recatds_n Fig 40 llustrate the efftet respiration had on mflow
when the tip of the evplonng cannula was placed m different try wd extra
thoraeie scments of the supcrior vena casal system In cach record the first
meprration % as & normal quict one and the sccond was with 1 partially occluded
airvay Aseapeeted when the tip of the eannula v as loeated in the ~uperior caval
vem the flow 11te mercased proportional to the pressure gradient ereated by
the thoracie suction (Fi, 404) When the tip was placed 3 em cephalad to the
first rib flow mereased at the begmmng of wspiration indreating that m ths
eatrathoracie region collapse did not occur immediately Howerer s soon 98
the jugular pressure at the cannula tip fell to zero the flow augmentation
teveled off 1ndreating the onset of collap ¢ Right atrial pressure declned mn the
usual manner (Fig 40B) Finally when the tip of the cannula was placed m
the jugular vein 11 e cephalad to the first nb the rate of mflow and juguiar
pre sare remamed unaffected by respirstion, mdicating the internosition of
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In text
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a collap ed segment of the van bitween the ennula tip and the thorax (Fig
40C)

From these findings one may conclude that coliepsc does not occur at one
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betwcen the noncollapsed intrathoracic and the collap ed extrathoracie regon
of the vem

The extent of the trancition zone 15 of cour e mfluenced by +anous conds
tone an unportant factor being the amount of venous Slhng The s records
shown i Fig 41 lustrate the effect of poor 1 cnous Slling and of venous plethora
on the collap ¢ mecham m In all records the tip of the explormg cannula re
mamed <tationary m the external Jugular vein 13 em cephalad to the fir t nb
Only the perfusion pres ure was mncrea ¢d by stages It 1s noted that as the vern
beeame more plethorie with greater purfu jon pre urc  the effuet of mspiratory
suction wnerea ed n the persphicral portion of the vemn (Fig 41 B through LY
The advent of collap ¢ can be deduced from the leseling of the jugular venous
pre sure eurie at zero pre sure and the simultancou pliteau of the flon cure
Fmally when porfusion pre ure was highe t as shown m Fig 41F collap ©
was completely abohished

Certain {acts are clearhy demon trated by the ¢ expemments Firet nflow
mto a lopg scgment of a partialhy collap ed (poorls filicd) sem s not affeeted
by mepration (Fig 413} “cecond the tran stion zone of collap e extend
further tonard the perapheral region of & vein when the 1 es<el has a normn) or
greater than normal filling state Thus the extrathoracre \ ewn can accommodate
a greater blood volume which 15 then avaable for anpty ing mto the thoraeic
rein dunn, mepirstion Third nsing raght atnnl pre wre po tpones or eten
presents eollapse In the extremie caserepre ented sn Fagure 41F this corrcepond<
to the situstion extsting m conge tive heart fasture when nght atmat jne ure
docs ot descend below zero

Summar mg

Upon i paration the extrathortere vem de not eollapee at a distinet pomnt
at the entry of the thoracic enge W hen rtrathoracie pre sure deehines a tran 1
tion zone 1s formed between the noncellapsed wirathorace and collap od eatra
thoraeie region of the yomm With greater venous plethora the trun stion zonc
extends progres svely snto the penpheral voms

CLIsicat IneFRENCES

It 1y now posable to reeanaile conflietin,, reports 1w the hterature on chanaes
of peripheral venous pre wre with respiration (Goliwitzer Veser 19325 In
human  when peripheral flow s normal and the heart welf compensated s
m the eaperiments of Lyons Ireoncdy and Burwell £1838) 1w piration 1 ea
pable of producing significant decreasee 1n peripheral venous pre ure ather
momentartly by a deep wighing breath or for prolonged perzods by oluntars
acceleration of the respratony rate This clmeal obecryation 1 explamable on
the baws that the depleting stage may be wuficent!y projonged to allow aug
mentation of return flow by the complete re piratory act When mght atnal
preesyre 15 fow and the on b of m piration abrupt (Muller s expeniment) the
peripheral venous pressuse decline may not la t long and the gutstanding feature
will be o pressare nse as the venous bed &lls wp di tal to the Temon of manmnl
collapse These phenomena are o easily reproducible that they can be shann
m student evpenments
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On the other hand 1f +cnous plethora be extrcme, as m nght heart fatture,
collapse cannot occur and cach m piratory ¢ffort 1s aecompanied by a marked
nerease in volume flon toward the thoracic venae cavae and a clear cut drop
m peripheral venous pressure In the abscnce of collapse mn congestive failure
cach m<prration would tend to nercace the inflow load on an alreads over
loaded heart The bencdieral effect of morphine an such cases may, n part be ex
plamable by the suppres ton of re piratory moyvements

Burch Cohan and Ncuman (1942) 1 simultaneous plethy smograplue studies
of the finger toe and pinna noted nconstant deereases i vascular yolumes m
105pon € to spontancou decp re pirations In the hight of the abose cxpersments
1t now becomes clear th it the acceleration of venous flon caused by extrathoracie
depletion may extend far into peripheral vens the incon tancies ob<eryved may
m each Instance be 1ccounted for by the supervention of collapse in some
portion of the «vtrathoracie venous tree according to the peripheral senous
fithng «tatus

Summarizing

The climeally obser ed fall tn perspheral venous pre sure during quict inpira
tion 19 caused by an anptying of the vems tow ard the chest The nise of peripheral
venous pres ure during forced 1nspiration 1s caused by a partial collapse of the
vemns near their entry into the che t In night heart failure venous collapse may
not occur apd inspirator efforts will increase the mflow load te the overioaded
heart



VIl Effect of Artificial Respiration
on Venous Return

With the more extensive use of artificial re piration and controlled mechanieal
respiration in medieal and surgical procedures interest has recently been focused
on the effect of re prrators on the ewrculation It 15 generally agreed that one
of the detrimental effects of controlled respiration 15 the mechanteal 1nter
ference of positise pressure lung mflation with venous rcturn (for reviews see
Watrous et al 1951 W hittenberger 1950)

A controversy has existed for many sears as to whether or not 1n the closed
chest the interpo 1tion of negative pressure between the periods of intermittent
positiy e pressure lung nflation can inprove the errculation Agamn asin the case
of <pontaneous respiration, 1t has been argucd that ncgative airnay pressure
could not increase venous return beeause of venous collapse at the entry of the
thoracic cage (Holt 1943) Somc data suggest that alternating positne
negative pressure respiration mav benefit the circulation (Rost 1932 hemph et
al 1952 Maloney and Handford 1904 Anschutz et i 1955) whereas others
could not substantrate this vien (Volpitto et al 1944 “otley et al 1948) All
these authors used inferential evidence mo tly dermed from determinations
of blood pressures pulmonary ventilation or wmdireetly measured cardiae out
put Evcn the venous dranage records of Rost (1932} permit various mter
pretations which do not decide the 1ssue

Thus there has becn a lack of unequivocal evidence to resolve the crucial
question  Does intermittent positive negafite pressure respiration result mn
a net increase of venous return over that existing during internuttent positinie
pressure breathmg ?

W decided therefore to measure venous return dircetly 1n order to find out
whether or not intermttent po itive negative pre sure respiration awds the eir
culation

The expernmental arrangement was essentially the same as that used for the
measurement of vcnous return during natural breathing In order to rule out
any possible 1de effeets from the opening and closing of the chest a number
of experiments were performed 1n which the chest was not previously opened
In these flow was measurcd with the catheter flow meter 1llustrated 1n Fig 12
The results were the same as those in other ¢apertments m which a thoracotomy
had been made A Prtotmcter (Fig 11B) or a bristle fowmcter (Fig 15) wasn
serted following the thoracotomy the che t was then clo vd (Brecher 1903
Hubay et al 1954} The trachea was connected erther dircetly or v14 intubation
to a poutive ni ative pre ure respirator

Frow 1v NORMO\OLEMIA

The effect of mtcrmittent po 1tive and mtcrnuttent po itive negative pressure
breathing on venou rcturn i the superior vena eava of a dog with normal

91
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LPELCT OF SRTIFICIAL RESLIRATION ON VFAOLS RLTLRN 03

blood volume 13 ity trated m Fi, 42 This bows s cgnent of a long record
at the place where one type of re piration (alternating powtive atmo phene
pre <ure} 35 changed over to another (alternating po ttrve negaine pres-ure}
From left tonght the traemgs reveal that po 1tsve pre =45¢ Jupg imflation greatly
reduccd flow but that flow werea «d rapdly upon sudden release of the lung m
flatron to atme pherie pressure Thas e ulted from the backlo, of bloed that
ru hied from the perpheral vems to the hcart The fow inereaced (depleting
stage of the extrathoracir vems) nd then lesclod off teollap ¢d <tages Raght
atoal pre ure was bedow zero wmdweating the e tence of normal thoraeie
aspiration ®hen the awnay pre sure was ating phorte: During the nexd positive
pre ure phase flon was gan reduced et followed the pegatnve pre sure
phase during which flow was greathy augmented Tt @ obuious that thus aug
nentation of flow 1s the re ult of the b wehed up dlood plrs the depleting of the
eitrathoracie venous 5o crvoir by the greater thoracw aspiration The neat
o e pha e reduced flon agan ae shown on the rght suke of the record This
flov reduction was shightly greater than that ob erved dunng the poutne
phs s which altornated with atmo phenie pre ure The greater flon reduction
however dud rat cancel the flos merea e which occursed duning the preceding
negatine pha e

On the right side of Fag 42 1t 52 noted that the 2ortie pres< urero e from 116,97
t0 131 104 Thus sigmficant 1 e m the artertal pressusc 18 evidentdy the result of
the snerea ed venous refurn The nce was delayed by about 3 to 4 heartbeats
after the onset of the wnous flow augmentatran beeause the blood had to ar
culate through the pulmonary bed Thes findings emphasize the immcdate
cau 1 relationship of changes 10 venous riturn and sortre pressure

“Moan flon 1 the supenor cava caleulated for tvo complete positine atmos
phente pre urc gycles was 903 e¢ mun The correspending messurcnent duna,
the two po iive negatrve oveles was 1200 e v Thus 15 4 niet flow merea e
of 33 per cont

Tn the esperment (llustrated m Fig 42 onfv mld posutive prescure lung
flation was emploved Flow was measured m puImerous experiments over long
peniads of sntermttent po wve and pomtne negatne pressure breathing Wath
the latter type of respiration flow was always sugmented It was generally
found that the net flon werease breame relatnedy greater dunng poutne
ne,atrve breathing sf the lungs were ioffated with gher pre ~ures during the
po tive phases Sumlbar flow augmentations as dumenstrated 1n the superior
rena e 1 Fig 12 were al o seen when mea wred Gthics i the mforor cava
separitely or m both easal vans smultanecnsh

Supimar ing

The application of mtcruuttent postive negalise pre sire re pration au,
Tuents venous return sigmficantly over that eusting during mteruttent po 1
tne atmo phene presvure respuation The et wcrcase of venous return caused
by the negatise phase i bronght about by thorweie aspiration acting wnmlarly
to the mechani m operifsie m spontaneous resparation
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EFFECT OF ARTIFICIAL RESPIRATION OV VENOLS RETURM Do

Frow 1 Hyrovormwis

1t has becn often observed that an merease of pa e pressure m the aws ay
of patsents 1n shoch or sn poor circulatory condition 1s dangerous (Beecher ¢t
al 1043) Diperumental support for thas ob envation was furnished by Carr
and Eescx (1846) and Maloney and Handford {1904} who domonstrated that
poutive pressure respiration 18 cspearslly detnimental when hypovolenua s
present It was therefore of mtercst to see whether the use of a negatiyc phase
between powsiss e pressure lung, mflations would fend to alleviate these advere
cffects

This was studied by ereating o by pos olemme status m <lo ed chest dogs Iy
bleeding them until thewr mean artenal blood preseurc was redueed to about
o0 mm Hg Figure 43 depicts a segment of a record Blusirating the deletenous
effect of positrne atmo pherie pressure breathing and the benefiesal offest of
posttiye negative pres ure respiration on venous teturn duning hypoiolemia
For easter companson the record 1s tahen from the same eaperiment which 1s
ustrated in Fri, 42 It 1s scen {left) that venous return o as very mall during
postitie atmosphene pressure re piration but was greath. augmented {nght)
by negative pressure Although mean blood flow duning posstive atmo pherie
Fespiration was only 133 ce /min wiean flow during positny ¢ negative breathing
wereased to 266 cc /mun when each was measured (rver two complete respira
tory cycles thia s a 100 per cent net mercase of flon

1t should be reealled that i nonnos olemia the addstion of negrtive pressure
 the closed chest of the same animal re~ulted m 2 net fow wnerease of 33 per
cent The absolute flow merease by the use of the negatine pressure phase m
hypovolema {133 cc ) was not so great as m normos olemia (297 co } smee the
centent of the peripherah reservors was greathy reduced Howerer the Sow
augimentation w ag relatively grexter i potolerm smee the mstial volume fow
rate was very low

Three facts dernved from the flow curves m Fig 43 should be emphaszed
(1) Poutsve lung pflatson resulted sn almo t complete cessation of flow (2)
Atmospherse pres-ure did not create 4 favorable enough pre sure gradient be
twecn the peripheng! vems and the mght atnum to deplete adeguately the
backed up bload wte the thoracre vems (3) Deereace of the pressure gradicnt
from the penpheral vams to the heart emptied the small penipheral enous
Te cruaurs more effectively

As alrewdy demonstrated in the case of normovolenna artersal pres ure <o
505 10 by posolemia 15 3 resull of the merense in 1 enous return {from 43/35 to
58739}
Summarang

Use of mtermuttent postive negative presswe respiration in hypovelomty
augments venous refurn relatrvely more than docs the same type of rospration
n normos olemit

Yivots Rerery v s O1ew Cuesy

From the capeniments presented i Figs 42 and 43 it 1y apparent that m
ereased tharaeie aspiration 18 the mechamsm responsble for the wigmentation
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of venous return dunmg postne negative breathrag If this s true 1t should
be evpected that after thorawme suetion 1 abohched by opentng the chest venous
reiurn could not be mnproved by the use of positine negative pressure respira
tion

This 13 demonstrited by a record n Fiy 44 The segment corresponds agam
o the e shonn 1 F1,8 42 and 43 The very nd of a positive pre ure lung
fation and the ~udden relea o of endotracheal pressure ta atmospherte vatue
35 seen b the extreme left of the tecord “uperior vena eval flow which was
seduced during the lung inflation mercased mmediatedhy upen release of the
positine pres ure m the mrway  The neat tung mitation secn mn the middle of
the record show €d the ame reduction of flow This mflation was folloned by
the apphieation of nigatsve pressure to the wrway {rght de of record) It
did not result i a substantzal inere e of flow over that absersed dunng atmos
pherse tndetrache 1 pre sure Duorning 9o wowplete pomttie ato phene respirs
tory ey cles superior caval flow amounted to 800 ee mun  wherets during two
po itnc negatsve eyeles 1t was §10 cc aun Other expenments m which venous
return was meastred simultancously with cardiae output zlso showed that
eirdine output did not improve bv intermittent po itive negatne preseure rey
piration 1o the open ehiest {Hubay and Breeher 19363

Swmmart mg

In the open chest the net fliow mercase by the applteation of positive negatne
Prissme resparation s neghgble

Vevots Rerery ave Carprac Ovrerr Dianc Artiiczsn Resemarion

Baster and Pear ¢ (1901) observed a sigmficant pulmonary arterial flon
augmcntation during the negative phase of intenmittent po wtne negative pres
sure re pratson in the closed chest of the eat They felt that this nught be due
to an mcrease of venous return Therefore ~tudses erc made to sce of such 4
tausal relationshup actualiy ext ¢ iBrecher and Hubay 1906

The eficets of mtermittent positie atme phenie and ntermuttent poutne
negatis e pressure respiration on enous return and cardiae output 1 a closed
chicst normos olerare dog are illustrated n Fig 40 \s m the reeords shosn m
Tigs 42 and 44 a2 sepment was chosen m ninch one type of respiration was
changed to another As representatnie of venous return \upcnor caval flow nas
reeorded with » bristle fowmeter of the ty pe depscted 10 Fig 15 Simultancousty
total mght hieary output was recorded by measuning flow directly m the trunk
of the pulmonary artery with the modified brstie fowmeter lustrated m Figs
18 and 17 Yenous flow {second curve from bottom) folloned the same pattern
deseribed before It was reduced duning po itne pressure lung wfation and
wmerea ed particnlarly when suction was apphed to the trachea Cardiac output
fthird curve from bottom) was also reduced during the hung wflations but not
tl; the same cxtent as tenous return It was also mereased durng the negatine
phase

It 15 noted that the change m cardrac output alway s took place one heart beat
after the changes i venous return This lag was particularly strihing when
Yenoys veturn inereastd upon the appheation of negatne endotracheal pres
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FieLre 40 Relation of venous return to eardiac output dunng termittent po itne atmos
phente and positive negative pressure re<sparation i the closed chest Tracings from top to
bottom  time and base hne aoitie pressure sn mwn Hg intrathoracie and endotrachenl pres-
suies an mm water pulmonary artenal and superior vena caval flows 1a cc /min  supernior
vena caval pre sure i mm water De enption 1 text (Unpublished 1ecord of Hubay and

Brecher )

sure and deereased when pres ure m the trachea returned to atmospheric Ievel
Lndotracheal pressure (fourth tracing from bottom) was transmatted mnto the
thoracie cavity as indicaited by the changes m intrathoraeic pressure (fifth
tracing from bottom) The pressures in the supcrior eava pulmonar) artery
and aorta folloned the capected trends \fter a delay of several heart beats
aortie pressures rose from 145/116 to 155/122 as a 1csult of the augmented
venous 1eturn and 11ght heart output (Fig 45 nght side uppermost curve)

From the time sequence of the hemodynamic esents display ed in the prussure
and flow tracings one can conclude that the merease of right licart output is the
direct 1esult of the augmentation of venous return which itself 13 causcd by
creased thoracie suetion

The measurement of mean flow during 3 complete T¢ piratory oy eles revealed
that superior caval flow was increased from 540 to 630 cc/min and cardiac
output from 1430 to 1630 cc /nmn by the use of thoracie uction bctween lung

nflation
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Summariang

Intermuttent positive negative pressure respiration augments nght heart out
put sigmficantly over that prevaring during intermittent positive pressure
breathing The changes 1n cardiae output are directly caused by the alterations
m yenous return during these two types of respiration

Frow Durne Lung Ivrrariov v TaE Opcv CHEST

It has been oiten observed that m the open chest venous return decreases
during positive pressure lung mnflation (see Fig 44) (Brecher and Miater 1903
Mixter 1923, Breeher 1954 Hubay et al 1904) The genesis of this decrease
m flow 18 not clear It could be caused by a primary hindrance to mflow mto
the nght heart such as Humphrey < and his assoaates (1939) have sugge ted
or be sccondary to an increase mn resistance to flow in the pulmonary bed as
suggested by Anheney ¢t al (1904) Esperiments were therefore designed to
determine how much of the flow reduction 1s actually caused by an mipairment
of nght heart filing and how much by an nercasc m pulmonary re 1stance
(Hubay et al 1905)

Figure 46 shows 2 diagram of the experimental arrangement Flow was meas
ured with two bristle flowmeters mn the right and left branch of the pulmonary
artery Changes mn pulmonary resistance through lung inflation could be el
nated by temporanlv shunting blood from the right pulmonary artery mto the
left atrium while clamping the left pulmonary artery simultaneously The aim
was to discover if outflon from the rght heart {approximating venous return)
would change dunng, lung mflation cven 1f resistance to output rem=uned con

tant as 1t does 1n the tubing of the shunt

The record shown mn Fig 47 1llustrates the effcct of positive pressure lung 1n
flation when the total pulmonary blood flow passcd through the right lung The
flow tracing appears as a heavy black undulating line (electrical signal inte
srated in amphifier) Segment A 1s the contro} flow with atmospheric pressure in
the airnay Blood flow was 1403 cc ,nmn With lung inflation flow was reduced
101237 cc /min as shown in segment B a flow reduction of 11 9 per cent Figure
48 <hows two corresponding segments of the same record tahen ten seconds
later after flow was diverted by merely opemng the shunt to the left atrium
and clamping the tubing leading to the right pulmonarv ascular bed Section
A 1s again g control flow measurement durng atmo pheric pressure in the air
way Flow amounted to 1652 cc /min 1t was reduced during lung inflation n
<egment B to 1610 ce /min

'The 27 per cent reduction shown m this record 1s so close to the limit of pre
c1sion of the method as to carry little waght However 1n all of the records of
this ty pe of capermment a reduetion was obscrved consistently during each lung
mflation On this basis the recorded reduction 1s considered to be real

One may deduce from these findings that the 119 per cent flow reduction
during lung inflation m Fig 47B was manly caused by an mcrease of resictance
in the pulmonary vascular bed because flow was less reduced (27 per cent)
when the rewstance remained constant (shunt flow <cction B Fig 48B) Hence
the major factor reducing venous return during lung inflation 1n the open chest
18 the mncrease of rcastance m the vascular bed Other factors which oby 10usly
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FicoRe 46 Diagram of expernsmental arrangement for shuntmng pulmonary blood flow (open
chest dog) For technical simphicity the shunt leads from the nght pulmonary artery to the
left atrium Throughout the experiment flow through both Jungs 15 1multaneously recorded
with two flowmeters For te ting the effect of pulmonary bed resistance on venous return
total right beart output 1s diverted to the right pulmonary artery by temporanly occluding
the left pulmonary artery The night lung can then either be perfused by clamping the shunt
or bypas ed by clamping the right pulmonary artery at A

mu t reside outside the pulmonary eireust play a mmor role Nesvertheless thewr
extstenee should not be neglceted They can be charactenzed as a mechamical
compre lon or tamponade of the heart ind great vessels by the expanding
lungs winch oceurs even n the open che t
Summart wmg

I'wo ctiological factors account for the reduction of venous return during
positrve pre sure lung inflation 1n the open chest Quantitatively the most m
portant factor 1s an Inercase m pulmonary bed resistance which secondanly
dummishes yenous return A less mmportant factor 1s the tamponade of the
heart and great vessels which primarily reduces nght heart filling

CLINICAL TMPLICATIONS

At Brst glance these basie expurimental findings a3 not scem to be of great
climeal mportance Wide clinical experience has shown that in the closed chest
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FIG s &0 Lfect of po iin e pressure lung 10flation on tota pukmonars blood Pox 1 roug! e
7igl t lung when the Jcft pulmonary arters 1s oceluded (apen che t) Scgment & fiow and
Pres ure tracings dunng atmo phene airway pressure (endofrwheald 0) Segment B same
tracings during haog 1oflation with endotrachenl pressure of 245 mm  vater Tracings from top
to bpttom  tme sight wteay entneular pres.ure i mm water meap total pulwonars blood
flow 1 e fmmn left ond nght atral pressures 1w mm watcr endotvacheal pre ure i mm
water AS = atnal sy stole Tuae wéer ol between end of segment A and beginmmy, of egment
B 09see

the u ¢ of intermuttent pesitive pre ure re pratwon 35 afe 1 normosojenue
patwnts and individuais m good ewrculatory condition The detrmental cffeet
of po stive pressure 1 the arngy s easdy overcome by 2 51 © an peripheral
venous pressure merea od aubonome activity and mebihization of blood reser
vours leading to a more fasarable pressure grodient betw cen the pessphieral scins
and the nght atnum with an adequate blood flow into the reptral vems A
shght reduction of cardiae output 18 unstaportant dunng Wany operstive pro
cedures or even destrable duning ome of them

However under conditions of blood lo s hypotension or shork resen owrs are
not guarlable to atlow this compensatory rise m pressure gradient favonng
wflon and the poor venous return 33 dmumshed further by wntcrmittent po @
tive pressure re prration The animal esperiments furm b divect evidence that
m such cases the ute of mitcrantient ponine negative pre sure breathung ean
mprove Venous return and cardiae output The eon werable net merea ¢ of
vehous return makes 4 greater turhover of the asagdable blood posable

With the chest open venous return 18 always unpeded by po ne pre sure
lung wmflation The anmnat w}a Tae clearly demonstrated that i the

A1



102 VENOLS RETURN

18007 | SECOND
FLOW Adende Lt ¢ adeddld 4 ¢ 2 11
cc rQOo
PER RIGHT
MIN ] 600
INTRA-
lz00
VENTR.
AS
120040 J 0
ey M s %W/‘\'V
J
1) IOO all JW
i'loo
BOOJ W RIGHT
o | ATR.
50

ENDOTRACH,

FILaE 48 Effect of pos.itis e pressure lung inflation on total pulmonars artery flow which by

Pasces the lungs (open chest) The left pulmonary arters 1s occluded and the total blood 1s
hunted through a tube from the nght pulmonary artery to the left atnum Segment 4 flow
and presaure tracings with atmo phenc presture m awrway (esdotracheal ¢) Segment B same
tracings with endotracheal pres.ure of 200 mm water Sequence of tracings as m Iigure 4/

AS = atral svstole Time intersal between end of segment 4 and begmnmg of segment B is
08 cec

open chest the mterposition of a suction phase between lung inflations does not
benefit scnous return or cardiac output becau e the mechanism of thoracie
aspiration 1s absent Therefore, from this hemedynamie pomt of view po 1
tive negative respiration offers no advantage over posttive atmospherie res
piration 1 patients undergomg thoracic surgers  Lhus 1s not to deny that poss
tive negatne pres ure ventilation during open thoracotomy may have a
beneficial effect 1n other respects for example tn reducing the CO tension m
the arterial blood as demonstrated by Nealon ¢t al (1900}

Sinee the deerea e of right heart output during lung mflatron i the open chest
could be attributed to both an ncrease of pulmonary bed restance and 2
tamponade of the heart and great vessels caution should be employed m m
flating the lung  The chinical practice of u ing prolonged positive pressure to
aerate atelectatic lungs <hould be avoided as hould also ezcessite mflation of
the lungs \vluch may interfere with the heart s filing Admuttedly 1n pnhents
with an ad latory reserve Y tion for such d
commonly ob erved but m patients who have lo t blood or who arc otherwise
1n a poor cireulatory condition the effect may be very detrimental
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Summar: g

In the closed chest the use of intermittent po 1tive negative pressure respira
tion may benefit patients who are m poor circulatory condition because 1t facth
tatcs thar venous return Howes cr this ty pe of respiration 1s not benefical for
nerea 1ng venous return in patients during open thoracotomy Eacessive lung
1nflation 1n the open chest mnterferes with venous return by an merease of pul
monary bed resistance as well as by a tamponade of the heart and great vessels



IX Effect of the Heart's Action
on Venous Return

In order to study the forces by which the beart itself may contribute to the
return flon of blood 1t 1s necessary to obtain accurate information about the
rapid vanations of venous return within the eardite cyele (see page 27) The
5734 bristle flon meter was specifieally developed for this purpose (see bag 1)

In these experiments meticulous care was taken to preserve the anatomieal
relations of the heart and its neighboring structures The perteardium was not
opened and whenever the chest was closed the normal mtrathoracie pre sue
relations were re established These points are important for an evaluation of
the forces which arc normally respon<ible for cardiogente flow changes

CraTRaL VENOUS Frow ParTens

When a bristle flowmeter was inserted mto the superior vena ema at the
entrance of the right atrium numerous types of flow curves were obtamed A
representative curve 1s shown in Fig 49 ilustrating flow changes durnng the
cirdiac cycle mn the opcn ehe t The time correlation 1s g1ven by the nmultane
oush recorded right intrasentricular and superior caval pressure curve  Right
atrial mflow became greatly aceelerated during \entmcular contraction (Tig
49 21o04) and again shghtly accelerated during ventricular diastole The great
est flow reduction occurred during atnial systole Similar flow patterns wore
recorded m the inferior vena cava

The amount of blood entering the right atrium from the superior vena cavn
can be determmed by measuring the area under the flon curve It was found
that venous return was greater during sentricular systole when the trieu pid
valves were closed and no blood could enter the ventriele (230 ce volumc m
flow from 1 to 4 m Fig 49) than during ventricular diastole when the tricuspid
valves were open and atrium and ventricle formed a common cavity (21 ce
irom 4 to 9 1n Fig 49)

Summariang

Ty pteal vena caval flow curves show two mam summnt  one during ventricd
lar sy stole and the other during diastole Venous inflow 1nto the night atriumn 1s
large during the time when the tricuspid salves are closed

TueE AcTive VENTRICULAR S1STOLE
The fact that the rate of volume flow m the central v eins s greatly accelerated
during ventricular sy stole w hen the blood 1s bloched from entcring the ventriele
idicates the eustence of a strong frontal foree which eauses the acceleration
The esplanation 1s as follons The responsible force 1s the contraction of the
ventriele iself which draws blood toward the heart The descent of the atrio
ventricular junction during ventricular sy tole calarges the great venous reser
104
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FIGURe 49 Venous return during differcnt parts of the eardiac cycle (open chest) Tracungs
from top to bottom time mnght ntraventrcular pressure in mm water superior \ens easa

flow m ce /min supenor cava pressure m mm water Numbers 1 to 9 denote the phases of
tte cardiac cycle S = systole D = duastole

vours namely the atria and venace cavae Thus the piston like downward move
ment of the atrioventricular junetion attracts blood from the central veins nto
the atrum ( ce Tig 1)

Thisview 1 upported by the following additional cvidence from unpublished
Tecords of our laboratory (1) In a2 1 or 3 1 block caval flow 1s stopped or
bricfly rever ed during cach atrial sy tole When the atnal systole 1s not fol
lowed by 1 ventricular contraction caval blood 1s not accelerated after the
atrial muscle has relaxed (sce also Nilsson and Framer 1954) (2) In atrial
fibrallation where the rapid atrnal muscular contractions barcly affect flow m
central vans blood 1s distanetly accelerated duning ventricular systole (3) The
aceeleration of v enous flow during ventricular sy stole can be decreased by open
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ing the pertcardium or by removing the support of the heart in other ways In
sich cases the apex of the heart 1s often eecn to move upnard or sideways and
the descent of the atnoventrieular junetion t less pr d

The quantitatne measurements of blood flow have thus furmshed the here
tofore missing dircct evidence mn support of the concept that the contraction
of the myocardium 1itself draws blood toward the heart It establishes the exst-
ence of a <ubstantial vis a fronte of cardiac ongin

The function of vcntrcular contraction 1s, therefare, twofold It consists not
only of the ejection of blood from the ventnicle but al o of the ‘snjection of
blood from the veins into the nght atnum In other words the heart does not
merely act as a pressure pump as William Harvey believed (1628) but it actually
functions as a reciprocating pump (pressure suetion pump) This 15 llustrated
by a record <hown 1n Fig 50 Superior caval flow was recorded 1multancously
with total pulmonary artery flow It s noted that nght atmal inflow was greatly
augmented cach time the mght ventricle cjectcd 1ts content The two tracings
fit into cach other ihe finger and glove making 1t casy to concerve the heart as
a pressure suction pump

One may object to the use of the term ‘ <uctron 1n this conection Suction
mmphes the deselopment of negative pre sure A retracting piston connected to

SECOND
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¥FIGLEE w0 Action of the heart as a pressure-suction pump visushzed by the simultancous
recording of inflow and outflow (open chest) Note the acceleration of venous return during
ventneular ejection Right heart output recorded phasically with bristle flowmeter stown
figures 16 and 17 Supenor vena caval flow recorded phasically with bnstle flonmeter hown
1n figure 1o Tracings from top to bottom time aortic pressure 1 mm Hg pulmonan ar

tenal and supenior caval flows n ¢e /min  superior caval presiure 1 mm. water {Unpublished
record of Hubay and Brecher )
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3 ngd walled tube system ercates a negative transmural pre sure The same
piston (A V junchion) connected to a collapable tube system (atnum) can

not create a negative transwural pressure bocause the collapuible walls {atnal
walls) are compressid by the extramural pressure In aither caso the flud 18
pulled toward the pisten by the ereation of 2 low pressure near the ruracting
piston In esther case the foree (ventneular commcuun) winch mo es the pston
creates suction regardless of the t whreh becomes negative
oaly 1 a ngd walkd system but cannot dLaCLnd bulew zere fatine phenc
lescl) 1 3 collapsible systun Tius stuation ebtems m the aina and vans
which are collapaible structures For thas reason one camnot record nepative
transmural pres ures m the atna dunng ventncular systole Atnal pressurcy
¢an only desecnd o a very low value but not to less than zero i the open chest

Subatmo phersc atral pressures occasionally recorded 1 open chest anunals
during ventrcular systole arc under 515 pscion of being due to recording nrtifacts
At most they are only a fos mm of water below zero and of vury bricf dura

ton

Suminar: ing

Direct and quantstatsse cvidence mdieates that the sentricular myocardial
contraction provides a w8 a fronte which draws blood activedy toward the
heart during ventrenlar systole Hence the hoart docs mot aet as a presstite
pump oaly, but as a pressure suction pump during santricular contraction

Veaors Reremy Dosse Vevinieurag DiasToss

1t wall be recalicd that there 13 a rdativedy emall acceleration of venouy flow
at the begiomng of ventricular diastole fste Fip, 493 1t bas goncrally been ob
served that with lower heart rates venous roturn beeomes mercasmply moss
promunent durng ventneular diastols flolzlohner and Schonusstedt 1841,
Breeher and Praghn 1903 Bricher 1853 Ml on and Rramer, 1808 The
effect of different heart rates on the systobie and  drastolie nflow into the
atrium was thercfore studsed under stoctly controfiod axperunentsl conditions
(Brecher 1904)

In open che ¢ dogs with u naturally rlow heart rate the nght atnum was
stimulated wath dectnieal ehocks n order to produce faster hoart rates wathout
altering any other factors m the oxpenaent Digure 51 lustrates the effcct of
different heart rates on venous return S gment A depicts e consautne heart
beats the fir t onc sith « long dia tole andd the sceond one ssoth 4 short disstole
Segment B rescals the flos pattorn when the atriurm was statlsted 3 tncs por
seeond It 13 noted that the duration of systole chunged rclatively Ditle wath the
acecezation of the heart and that senous return dunng cach individuad sy tofe
remained approxunstedy the same On the other band the dia tohie retumn flow
was Jaspe wath bradycardia and viry snall with tachycardia Fotal superior
eaval valume flow por second fssansd aboub the sarar ab all hoast rate At o
slow {83) hicsst rate 13 per cont of the blood ontered the atrum dunng sy ol
and o7 per cent dunn,, dis tolc At tachyeardia (177 the corraponding flo v
were 81 per cent dunn,, ryetole and 19 peor cont dunng, dis ol

This oxpenmment donon trates that the hoart po e 05 4wl regulatory
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FIGURE 51 Effect of heart rate on inflow into the night atrium Venous return 1s pha.ically
recorded with a bristle flowmeter 1n the supenor vena cata (open chest) Description in teat
Tracings from top to bottom time gortic pressure in mm Hg uperior vena cava flow m
c¢/mm superiors Ra cava pressure 1o mm water Note the brief reversal of flow dunng the
peak of atral sy stole (indrcated as P.A.S 1n the supertor + £0a caval pressure curie)

mechanm<m w hich keeps +enous retuin eonstant within lmuts It does so by sub
stituting during tachy eardia the rapdly 1epeated active systolic attraction of
blood for the diastolic inflow into the atrum which predominates at normal
and slow heart rates This mechant<m must be loohed upon as an mnate afety
device of the heart by which 1t acsures 1ts own atrial filling with sudden caidiac
acceleration such as may occur during stress ot anslety Tnowledge of thus
mechanism makes 1t understandable why cardiac output can be mamtaned
farrly well at fast heart rates

Under comparable conditions atrial inflow 1s usually larger in the closed than
1n the open chest during s entricular drastole Thus 18 illustrated m Fig 52 Flow
was mea ured m the superior caval vem after chest closure Inflow during
systole (S) was less than during drastole (D) In the middle of the record the
endotracheal pressure was lowcred and flow during the next two heart eyeles
mereased due to thoracic aspiration The fact that mn the closed che t atral
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FIGURE 52 Effcct of inerca ed th oracic aspiration on  cnous return durng ventricular lia.tole
(closed cle t) Endotracheal pressure 1n a closed sy tetn 15 lowered from atmo phene (zero)
10 —1s0 mmn water Tracings from top to bottom time aortie prescure m mm Hg  upenor
sena eaval flow 1n cc /mun  endotracheal and supenor vena caval pres.ures in mm water
S=sstole D= ki tole

mflow 15 often larger during diastole than duning systole wuggests that negative
mitrathoracic pres ure enters as an additional factor promoting venous return
Tt acts apparcntly by a direct suction on the outside of the ventricular and atrial
walls thercby eapanding the heart s eavities passively and m turn permitting
greater inflow from the venae cavac Furthermore the systolie attraction of
venous blood by the de cent of the atrio ventrieular junction may be less pro
nounced 1n the closed than in the open cheat This 1s supported by the ob erva
tion of Ru hmer (1950b) that the atrios catrieular junction docs not move, so
exten iiely in the closed as 1n the open chest

The question of whether or not the ventricle «uchs blood from the atrium dur
ing diastole has not been re olv(d by the e eaperiments It 15 generally concluded
from the obsery ations of von den ¥ elden (1906) Straub (1912) Waggers (1928)
Cotton (1934) and Lazst and Muller (18.0) that the absence of negatine pres
sure mn the ventricular cavity 1s sufficient cvidenee for the nonexstence of ven
tneular diastolic uetion
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Howcver, a brief theorctieal consideration reveals that the lach of negatne
wtray entticular pressure, detectable with present teehniques, does not nece sar
1ly prove the absence of a drastolte suching foree It has been pointed out on page
107 that negatrs e pressure cannat des elop i the atria beeause thesr walls are ph
able (= collapsible) It can be stated ihewice that a detectable negatise trans
mural pressure cannot develop mn the ventricular cavity ince the more ngidly
v alled ventricle forms a common cavity with the collapsible structures of the
atrium ind vems duning diastole and resistance to flow from the atrium to the
ventrrele 1s neglipible Dsen 1f the scatricle docs suck m blood during diastole
1t may not produce a deteetable negative transmural pressyre i the ventricle
because the plhable w ls adjommng atrium permit a form change of the atrum
when it cmpties 1ts content mto the ventricle *

Summanzaing

The heart hecps tts venous return relatively const int by slufting the propor
tion of ats atrial inflow from the predonmnant inflon during the long ventricular
diastas) of bradveardm to a large actine nflow with tachycardin due to the
rapidly repeated ~ystohie attraction of venous blood Owing to thoracie suctson
on the cardiac walls drastolic mflow 1s often larger than systolte nflow in the
closed chest The commonly aceepted evidence for the noneasstenee of ventrieu
lar dwastolic suction (1¢  absence of negative intrayentricular transmural pres
sure) 18 not neees anly conclusve Negatis e transmural diastolie pressures and
diastolie suetion can oceur in the mtact mammalian ventricle when the residual
volume 1> small *

Prasic Inrnow wp STrRosL VoLiMe Durine NATOURAL BREATHING

Since cardinc output depends on venous return one 1s faced with the question
of how cardiac output 15 related to the cardiogenie and re prrogenic flow changes
1n the central Y eins under normal phy siological conditions Tlus 1» of particular
micrest since 1t has been disputed whether m the elosed chest, cardiac output
could inerease with spontancous mspiration 1n view of the fact that the pulme
nary arterial bed re 1stance 1s known to 115¢ with mspiration (Edwards 1951
Baxter and Pear e 1951)

In order to clucaidate the manncer in whueh the dynamie ehanges in venous re
turn and cardrie output are corrclated during natural breatlung phaste flow
1 the upenor vena cava and the maimn pulmonary artery were <mmtltancously
recorded with two bristle flow mcters (Breeher and Hubay  1905)

*Yhie the manuscript was processed negatne mtrmentricular tran muial pre uied
ranging m 2verage from 5 10 ~06 mm water were demonstrate { in open che t dogs (Brecher
1956) Su h ncgative pressures and distohe suction could be lemonstrated only when the
collapsible struetmes {Ieft atrum and pulmonary 1cws) were closed off fiom the ventnele
This was done for several heart beats by occluding the mutral onifice The negative Intr1
\entricular pres.ure and suction 18 apparentls caused by an elistic recoil of the ventrular
walls These expeniments prove the existence of megatne tran mural yentnculir presures
and of diastolic ntraventrieular suction 1n the mtrct mammskan hewt when the 1c
+olume 15 small However po concly jon can be drawn as to the quantitap ¢ sgnificince of
drastolic suction for filling of a sentnele which contams a normal or large resudtial s olume
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rierRe 53 Liffect of | ontancous re piration of senou retoin and o lae output (closed
chest) Tricings ftom toys to bottom ttme and base line aortie presure m mm Hg pulmo
nan artery superior vcna casal and tatrathoracic pressures 1 mm water pulmonary artenal
50 supenor vena casal flows 1n ec /mm A = bepinning of m piration S = acceleration of
superior vena caval flow lunng ventrcutar systole D = acceleration of supersor vena casal
flow duning ventucular liastole Strohe volume (n ce ) under pulmonars artersal flow curve
Flow (in o ) thiough superior ven <ava dunng cach car iae ey cle at ottom of record Elec
trical fic juenes resronse of both flowmeters reduce ! from 400 to 40 eycles;sec Supenor
Vena ¢nal pres.ure curve damped

Figure 53 15 & scument of a record which illustrates the flos changes during
five heart beats modificd by the action of one re piratory evele Flow 1 the
superior senq, eava {lonest tracing) 1s scen to inercase during cach ventneular
s)stole (S) and agun duning each ventricular diastole (D) The amount of
blood passing through the superior cava durng cach heart cyele (ce /ey cle)
was ¢aleulated from measurements of the area under the flow curve and entered
n the record of Fiy, o3 under the tracing Vath the onset of inspiration (A)
Vinous flow mereased as early as the beginnmng of the sccond heart beat Tt
reaehed 1ts maaimum dursng the third beat when mspiration beeame deepe t
‘During exparation venous fow became mmimal and ncreased again during the
re piratory pause
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The changes 1 the stroke yolume of the five heart beats are visible m the
neat to st tracing of I1g 53 Right heart output did not inerease during the
~ceond heart beat de pite the fact that \ enous return duning the same heart ey cle
was already greatly augmented The output beeame largest during the fourth
beat though venous return had become mammal and eapiration had already
started The <mllest volume was ejeeted by the last beat when venous return
Was agam on the merense

This rccord demonstrates that pulmenary artery flow mcreased significantly
during spontancotts m piration m spite of a mall (but not wignific 1nt) 1ncrease
m pulmonary artery bed resistance Furthermore the ierease or deercase mn
right heart output always came one heart cyele after the mncrease or decrease
m yenous return sinee the blood had to pass through the heart Tlus sequence
of cvents indicates that the augmentation of pulmonary artery flow wth natural
breathing was dircetly caused by the mereased venous return and was not due
to a refley or an intrinsie mechanism of the night ventricle

The calculation of the stroke volume and caval flows per heart eycle hows
that during mspiration ri ht atrial inflow was relitively larger thin outflow
from the right ventaiele * Thus, the mercase in venous rciurn must result m a
dilation of the mght heart during in piration From this we must conclude that
the right heart icts as 4 moderator for the pulmonary flow by tanporanly
storing part of the large nflux of vcnous blood during nspiration and ejecting
the stored part during cxpiration and the expiratory pau e

Swmmart ing

Right heart stiohe yolume mercases during  pont incous mnspiration becau e
venous 1cturn 1s augmented by the m piration The right heart accommodates
part of the laige respirogenic nflux of venous blood temporanly and releases
1t 1nto the pulmonary crculation during the respiratory p ¢

Newrr Concepis oF THe HEskTs Action o¥ VEnOUs ReTtrdy

The pre ently w ailable cvidence mahes 1t necessary to adjust owe of our
thinking about the role of the hcart m the return flow of blood The faet that
s(ntrcular contraction actinely draws blood anto the night atrum makes the
heart it elf a factor of prumary smportance m the regulation of venous return
Durin, ventricular sy stole the itrium not only fills passivcly with blood pushed
by the left ventricle (vis a fergo) but due to the desecnt of the atnioventncular
Junction 1t alse ladles blood from the & fern of the central vemns accordance
uith s aralability for the subsequent ejcction { ce Fig 51) Thus a morc
sovercign role miust be as 1gned to the heart than generally believed

The fillng of the atrium during xentricular sy tole depends not only on the
quantity and pres ure of blood in the venous resersor w hieh may be asailable
for pasive mflow but also on the vi.or with hich ventricular sy tole moves
the atrioventricular junetion Thus i vigotous contraction {commonly o
cated with a Inrge stioke output) n ures additional inflow 1nto the atnum

The sune quantitative relation between uperior caval flow and right heart ejection
was al o cstablished for the mferior yena casa m other evpenments (Hubay and Brecher
uppublished data)
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of any ayailable blood nd therefore {1cistates the neat large entueular ¢jee
tion without causing i (strane dunnution 1 ventrieular ressdual content
The mmdiate need of an merca « m eardiae output 1s thesefore automatieally
a ured by the cimult incouns merey e of atond snflow both medinted by the same
force the ventricular contraction
The central vains are mo ¢ wtable for thy re ervowr function becaw ¢ their
content can chan,e rapidly through a partial collap e of thar walls accomprned
by 1 very small chinge of pre ure They forma collapse chamber which 1s the
functional counterpart of the aortie compression chamber {Brecher et al 1923)
On the asteral wede 1t 1s the compre ton chamber fwindhe <) ba «d on the
clastie i tensibibty of the walls whieh o ure the tewnsformation of the dis
continuous eardine ()eetions into teady flow for the tis ues On the venous ade
113 the collapse chamber based on the pliabilits of the nalls nhich a ures the
transjormation of the steady flou from the tissues inito the pulsatile flou at the
atered entrance winch 1s necded for the di continuous eardaae filling teompre
extent of eardiogume and re prrogeme flow elinges m abdormnal and theoracie
mfcnor vena eavaan i, 33
The fillmg of the cotlap e chunber 3 asded by the atrial <y tole From a
hemody name standpoint the function of atral contiaction i tnofold 1) It
adds a httle blood to ventricular filin,, (the @ anell et Wbl hed factt 121 1t
enlarges the eentral venous e ervorr n bricflv  topping atrat wfion Hence
an dequate waount of blood 18 readih avalable for the rapid amptimg of
the o1 torn by the novt Aentnentar confraction The wall amount of bichflow
which 18 often reeorded dunng atrnal v tele at the eaval atnal junchon does
ot evtend far mto the penphers (Brecher 1824) It 15 rendily tihen up by o
wadening of the collap ¢ chamber and together with the continued nflow from
the periphers  ereates the pool from ssluch the nest ventrrcular fithng denves
s supply
Tt may be 2 wumed that the suitson ob erved for mght atmal inflow pre
\atls at o for mflow smto the left atrmm ¢ ce al o page 233 Tht 15 e entially
true beeau e the flow pattern sh the pulmonary yams arc inlar to tho e of the
caval veins However tn recent funpublished) svpernment< n which flow was
recorded with one bristie flowmiter 1 1 pultnonary e wd with another 1 a
e11al vern we found that atrial mflow durn,, 3 entnieular drastole mas relatnvely
Yarger wnto the left than mto the nght atnum One could speeulate that eithe
the greater 113 a tergo through the low resstance putmonaty vasculr bid or a
greater facthtatzon of s entrieular diastolie wflow {greater <uction of the thach
walled left ventricle?) may account for this difference
Although for reasons of clanty the respu aton ang cardine factors are con
ssdered here eparately they actinanmtc grated maunner o the normal organt m
This 18 best heddrated m Tig 53 winch gres an wdea of how both forces act
Smultaneously one supportng the other m draving blood toward the heart
"The question arises now as to the relatie contribution of these frontal factors
wnd the 225 a fergo m xcnous return Tt 19 doubtful i this question can ever be
answered preer eby
In & arcularly d distensble wnd peible Bud filled v tem
which the fld s hept 1n motion by two forces one pushmg and one pulling
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1t 13 dafficult to assess which foree 1s the greater one at a given pomnt in the eirele
The v1s a fronte created by both the inspiratory and v entricular musele contrac

tron lowers atral pressure and thereby mnereases the pressure gradient betw cen
the capillarics and the heart Cven o <mall decrense of atnal pressure can be
eapeeted to have a great effect on flow beeau e of the low resistance 1n the veno

atrialinflow tract as compared to the high res1 tance cocountered in the arteriolar
and capillary bed IHow much this lowering of atrial pressure could promote
flow 1n the absence of 4 vis @ tergo would not be casy to a< ¢ s under physiologt

cal conditions Howcver 1t appears that the pres ure gradient hetwecn the cap

1tlaries and the right he it 1s ereated by the conccrted action of both forees the
115 a tergo which1s mamly ro ponsible for the height of camillary pressure and
the v1s @ fronte which 1s mamly responsible for lowering the level of the right
atrial pressure Both forees work togcther for the return flow of blood

Summart ing

The heart assumes a relatively <oscreign po 1tion concerning venous return
by actively ladhing blood from the venous & tern 1 accordance with its avail
ability for the next ¢jeetion The ventricular contiaction automatically assures
a coordnation of the amount of inflow and ¢jcction The pliable ecntral vemns
form 1 collap e chamber wlich as ures the trinsformation of steady flow
from the tissues wto discontinuous flow for the filling of the heart The collapse
chamber 1s the vcnous countcrpart of the compression chamber Atrial contrac
tion stop atral inflow and crcates a large central venous rcservorr asvailable
for rapid atrial filling, through the neat vcntreular contraction The vis a fronte
created by the myocardial and m piritory museles 15 integrated i the normal
organism The 115 a fronte appears to be manly 1e ponsible for lowenng the
level of atrial pressure whereas the vis a tergo1s respon 1ble for the height of the
capillary pressure The combined action of both creates the pre sure gradient
necessary for the rcturn flow of blood



X Venous Hemodynamics of
Cardiac Valve Lestons

35 obnaous that the normal cardiae varsations in +Lpous return are altered
by thanges mn the dynamies of the heart In this respect the changes produced
by le wns of the atroventneular valies and by purseardial tamponade are
of partieular mtere t <ince their surmeal correction has become very promisang
mrcecnt years Lnfortunately our inforination on s enous return m the presence
of valvular defects 1nd of penicardial tamponade 15 not 3¢t based on quantita
e mea urements of phasic flos but 18 predominantdy derned from ndsrect
#dence of pre sure determinations This diseu wion mu t therefore be hmited to
3 brief revaew of «cveral factors concerned with the changes of venous fiow
dsnames 1o the prescoce of the e lomons It 1s not wtended as A review of the
hemodynamies of alt valvular defects a subjcet which 13 exten wvely covered
H; other accounts by Harnson {I9a4) Lw ada 1194 and Wiggers (1942
1924)

Srran ano Trice pio Invaerpoirsars

It s weil hoown that the mreulation can be adequately mamtamed 1w pure
rateal or tncaspid insuffieneneies of moderate degree (Gorln et al 192
Barger et 2l 19023 Regurmitation docs not appear to be o great as one might
epeet from the extent of the anatomieal I son The sntrgmng hemody namic
que tion anises Why s not the erfare ventnenlar volune of blood regurgitated
ihruugh the open »catricular orsfice wio the low pre <ure system of the atrta
and v uns? The amount of blood that 1s rogurgitated dunng ventricular sy <tole
appears to be limited by the combsned action of cveral factors Four of the e
should be powmted out hese

In cxperimentally produced mutrat and trreuspid smsufficiencies only a neg
hgible smount of blood 1= regurgitated during the pha e nhuch corre ponds
tothe 1 ometnie ventricular contraction of the normal heast Dunng this pha &
a suffiescnt]y high intraventricular pressure 53 ereated for opentng the sem
funor vahies and subsequent ejectron of part of the blood mto the high pressure
=3stan of the arteries Bach flow into the atria and “veins 1s not appreciable
‘il;h; the beginning of the systofic ejection phase {Wigpers and Fell 1922 Lattle

8)

It can be dumonstrated i phy seal models that the amount of back flow during
ometrie contraction stems to depend upon the rate 2t which pressuse develops
i the yvintriele (W 1g0ers and Fal 1822 Wigeers 1902 Inchau E904 1900)
Y a sudden pressure nive 13 ereated by compres ng a flud filled rmibber balloon
the amount of finud & placcment from the balloon tato adjoiming open bottles
s rcdatnely amall This sudden compression would corrcspond to the 1sometne
ventrcutar contraction  Aecordmy, to thi analogue sudden ventricular con
traction smasy develop enough pressure to open the aortic vahes without an

1le
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appreaable flud displacument from the ventriele into the atrium On the other
hand, a slos compression of a rubber balloon wall result 1 a major displace
ment of flud into an adjoming low pres ure sy_tem (atrium), before <ufficient
pressure for opening 1 v ilve toward an adjoining hiph pressure system (attery )
develops

2 During ventricular ejection T urgitation may be smpeded by a narrowing
of the atriov entricular ring Tt 1s beliey ed that the contracting v entizcular muscle
bundles effect this <o ealled muscular contraction of the atriosentricular ning
By meerting 2 finger through the atnal appendage one can easily palpate
the narrowming of the ring during ventricular systole Convineing visual evidence
for the sy stolie narrowing of the mutral mng has becn presented by hantrowits
et al (191} 1n 2 motion picture of the opencd dog heart

3 A parhial occlusion of the atrioventricular onfice by the contracting ven
iricular myocardium 1s supposed to aid m himiting regurgttation

4 The mmntenanee of some leafict mobility limuts the amount of back flow
Aobile leaflcts pernut by their valve action the mnflow of - larger amount of
blood during ventricular dig tole than 1s regurgitated during systale

The rationale of <everal procedures for the surgieal correction of mutral
wsuffieiencies 15 based on the remumng mobihty of the wcompetent feaflet
Harken ¢t al 1904 Harhen 1905 Baley 1905 Bailey et al 1900} Dunin.di
astole these Ieaflcts forn a large valve aperture w hich permits adequate ventricu
lar filing, However during systole they do not close sufficiently and lewve an
‘aperture of incompetence through wlneh a jet of blood 1s ejected bich mnto the
atrium  Functional competence of the atroventricular valves ean be e
cstablished by merely abohshing the aperture of incompetence  This may be
accomphished by vartous baffles grafts or plicwe wlich ocelude the apcrture
(Bailey Jamuson et al 1954 Baitley 1905 Baiey ot al 1900 Harken ct al
1804 Hirken 1955) or by 1 judicious reduction 1n the size of the atrios entrieu
lar ring, {Davilla et 2l 1955 Baley et 1l 195> Bemehous and Chalnot 1931
Tamobile leaflets may be <wit 1bly mobilized priot to the correction of the
msufficiency

Tn matral and tricuspid msufficicneres Atrial pressure rises during, yentieuls
svstale due to the regurgitation of the ventricular blood plus the atmal mflow
trom thevemns The rise of atrial pre sure ereates a high atrioy cntricular pre sure
gradient for the nest diastole (Wiggers and Tell 1022 Lattle 1948 Tlas
results 1n a more rapd and greater filling of the ventriele than normally The
ventriele accomodates during diastole the regurgttated blood plus the normal
venous return The resulting sentricular dilatation may widen the atrioven
tricular ring and in turn increase the already existing insufficiney of the Ieaflets
As this leads to greater regurgitation 1t establishes 1 viewous cycle wluch 18
conadered charactenstic for the elf aggravating nature of the msufficicneie
Partial blocking of the leak alone may thercfore re ult 1 2 reduction of the
atrios entricular annulus merely by deereasing theyentricular dilatation (Harhen
ct al 1954 Harken 1955)

Phasie changes of +enous return m tricuspid m ufficiency bave been ducetly
recorded 1n the unanesthetized human by Muller and Shillingford (1955) Using
« double lumen Cournand ¢ theter with = differential manometer they dumon
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FIGLRe o4 Blood flow betwecn the superior vena cava and nght atrium 1n a normal subject
(1) an] one with tneu pid mcompetence and high \enous pressure (B) (Redrawn from an
onginal record of Muller and Shillingford 1900 )

MO
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trated dircetional change  of flos m the pre encc and m the ab ence of a
tneu pid o ufficteney Fig o4A allustrate  uperior caval flow n a normal
subjeet During atrial systole flow was brieflv rever ed Forward flow reached
its mavimum 1 ventricular 3 tole  topped bricfhy at the end of systole and
was agun accelerated during ventncular diastole The sumilanty of this flow
pattcrn and tho e obtamed m capersmental ammals suggests that fundamentally
the ame hemodynamie cvents dctermine venous rcturn n the mammalian
heart Tt hould be poimnted out though that the tracings in Fig >4 are not a
quantitative meacure of flow 1nce the ero ectional area of the ve sel was not
fixed and an over hoot 1 both directions could be caused by large flmd columns
1n the eatheters and by the distance between the holes of the catheter (10 em
apart one i the atrium and the other in the uperior vena cava) In a subjcet
with tricu pid nsufficteney flon was rever ed dunng ventricular sstole and
greatly aceelerated during diastole (Fig 24B)

Summan g

The normal rapid forward movement of central venous blood during ven
tricular <y tole 15 reversed mn the pre cnce of a large atrioventnicular valve
suffieseney Mavimal forward flon oceurs under the ¢ circumstances dunng
ventrieular dia tole Vigorous ventricular contraction may produce cnouh
Pre uren the 1 entricle to open the aortic vals cs wathout causing an appreeiable
fluid movcment from the ventriele mto the atrium through the orifice Narrow
ing of the atnoventriculur ring and partial occlu 1on of the leak duning ven
tncular contraction may hunder regurgitation to the atnum In the surgical
torrection of some 1nsufficiencics one can utibize the mamtenance of leaflet
mobility which himits the amount of back flow during ventricular sy tole
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MitraL sap TRICUSIID STENOsES

The great technical difficulties encountcred in creating eaperimentally o mitral
or tricuspud stenosis cimilar to a natural one are m part rcsponsible for the
meager hnowledge of phasic changes in venous return in the presence of the ¢
lesons (Katz and Sicgel, 1931 OpdylLe and Brecher, 1851, Hamlton et 4,
1954) On the basis of phisically recorded pressures acute mitral stenosis
appears to affeet s enous return as follows Inereased resstance to flow offcred
by the small mitral orifice 15 1n part overcome by mercased Ieft atrial pre sure,
more Vigorous atrial muscle contractions and a prolenged ventricular filling time
Hence a stecp left atrioventricular pressurc gradient 1s charactcrstie for mitral
stenosis Total systemie and pulmonary venous rcturn are dimmished (hatz
and Siegel 1931) Pre sure measurements 1n bumans rcveal partieularly that a
decrease in the duration of ventricular diastole reduces ventricular filling The
diastolic filling perrod may be shortencd by esther an mncrease 1n heart rate or
a relatis e prolongation of ventnicut v systole Thus, m mitral stenosis moderate
tachycardia alone mav lead to bouts of pulnionary edema by baching up of
blood 1n the pulmonary vews (Gorlin et al 1931) Since mutral stenosis s often
assocrated with some sufficiency (incompetence of the ngid leaflets) regur
gitation into the left atrum occurs generally dunng ventncular systole The
amount of rcgurgitation 1s again determined by the physical factors discus ed
above

The production of an acute interatnal septal defect for the relief of pultnonary
venous congestion 1n mutral steno 15 1s without detectable dynamic effect (Op
dyke and Brecher 1951) It appears therefore doubtful whether the creation of
an nteratnal scptal defect would be benefictal for the relief of pulmonary
congestion 1n cases of human mitral stenosts

The greatcst improvement of venous return 18 achieved by the surgieal cor
rection of the stenoced atrioyentricular salves (commisurotomy s alvuloplasty
valvotomy) In this operation the valves are adequately separated either by
a finger or with the ad of a smtable instrument such as a commussurotomy
guitlotine or dnator {Cooley and D¢Bakey 1954 Glover, 1904 1805, O Neill
¢t 2l 1954 Baidey 1957) Much of the valve mation can be restored when
the valves are separated at the full length of the commiseure The commu sur
otomy reduces immediately the high atrial pressure It re ults in a significant
decrease of the mean diastolie afrioventriculsr pressure gradient Thi fall
appears to parallel the mprovement 1n venous return (Gordon ct al 1954
Yu et al 1904)

In some respeets the hemodynamie cvents in tricuspid stenosts are sumtar to
those described for mutral stenosis Ferrar ot al (1953) found mn cathetunza
tion studies of a patient with tricuspid stenosts that her atrioventneular pres
sure gradient remnamned steep dunng ventricular diastole Apparently the nght
ventrele 15 filhng throughout this entire period The stenosed salves do not
open sufficiently in drastole Hence they prevent the early inrush of bloed 1to
the yentricle which 1s so important for normal ventricular filing In pure tr1
cu pid stenosts right atrial pressure ereases very much during atrial s} tole

and falls continuously during 1sometric ventrieular contraction and early yen
iricular epection The impediment to venous return by tricu pid steso 1 leads
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to the well known elture ] 53 ndrome of congestrve fadure wlich 12 beyond the
seope of the prc ent discussion

Summart ing

Elevation of atrial pre surcs mercases the atnosentriculur pressure gradent
n ttral and tneusmd steno es The smalt onfice provents rapd sventricular
fithrg at carly drastole mahing the flling more dependent on the existence of
a long diastole Comm surotomy of the stenosed atrsoventricular valves ve ults
ie an mimcdinte and Iasting mmprovanent of venous rcturn

Praicappian EFrision

A discw ston of crreulatory chianges re ulting from pericardial effusion 18
mchzded 1 ths chapter beeause 1 some homody nanue re pects thee changes
Tescmble those caused by valvalar di orders Perieardial tamponade has often
been produced an acute and chronte form 1 animal experiments by miusiag saline
sofution or other fiuds mte the pereardind sae {(N\erhch 1921 \etealfe ot al
1902 Bouechctal 1902 a) Pre eat hnowledge of the bemods nane alterations
ssmamly derned from pressure measurements

VWhen m animal experiments mvolving the acute form the perreardaal sae 1s
progressinely filled with aline venous return is at fir ¢ ympawed only duning
venineular diastole smce the pericardial tasponade nders the expansion of
the atrioventricular eavity Ience the strohe volume becomes smaller en
tricular ejectron decreases the pericardral pre. ure and by reduesng the mpeda
ment to afnal filhing creates a mort favorable veno atrial pressure gradient
{Merheh, 1951) Further progression of the tamponade diminishes venous re
turn not only during daastole but also during ventricular systole smce atrial
nflow 13 1mpeded When the veno atrial gradient becomes dumsmiched during
ventncular sy stole a self perpetuating oy cle appears to detelop Nerlich suggests
thut, the decrcase of the systolic discharge reduces the facilitating effect of
Yentrieular systole whereupon the veno atnal pressure gradieat becomes less
favorable This in turn dsmunishes ventrscular flling sud so forth

When this phase 19 reachied venous pressures nse and arterial pressures fall
abruptly Finally wath further effuson all intravasculir pressures approach
the same value of about 20 mm Hg when the heart ceases to pump blood
cifectively from the venous to the artennl side Netealfe et al 1992) The acute
{amponade affects blood mfiow mto the right heart about to the same extent
a3 1t does inflow 1nto the left heart

Chronic experimental constrictive periearditss 1o dogs can develop m such a
manner that it mterferes with the return flow of blood more on one «de of the
heart than on the other If the tamponade prumartly blocks I it heart filling
1 results in the dcvelopment of pulmonary edana and a marked inerease n
bload volume In such case systemse venous pre sure does not 11 e sigmficantly
and ¢ eites fauls to develop On the ot! or hand if the mght wnflow tract 1s
Primartly affected systemic venous pressure sts and hind leg edema devclops
but, pulmonary edem and changes m blood volume do not gceur (Boucek ct
al 19523) These two different ty pes of cireulatory failure can also be produeed
without perieardssl myolvement by coustricting separately the pulmonary se
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nous iflow tract and the vena cava mflow tract to the heart (Boucch ct al
1952b) In chronic expernuental periearditis the tamponade 1s rcheved by a
pertcardial tc cetron which must 1nelude the area of the pericardium oierlying
the mflow traets It appears therefore that the pereardial tamponade acts
primartly by restricting venous return at the mflow traets of the heart The
chiracteristie low ¢ ardre output is the result of the re trretion i yenous refurn

Pre sure tracings from the right atrium and ventricle m patients with chrome
constrietiv e pericarditis before and aftur perieardiectomy seem to indieate that
1n pertearditss the sy stolic ejection of the heart 1s relatisely less impaired than
the diastolre fillmg (Hansen ¢t al 1901} Early dinstolic ventricular pressure in
patients with pcriearditis varies hitle from normal On account of the steep
atrioventricular pressure gradient the ventricle begns to fill rapidly m early
drastole but 1s Inted 1n 1ts further filling by the pcricardial constriction This
eauses 1 marhed 1t ¢ of (nd diastolie ventricular pre sure which 1s typreal for
these patients Shortenin, of the diastole by heart rate acccleration 1s fairly
well tolerated beeawse ventricular filling 1s hnuted anyhow to early diastole
under these conditions

Summart wng

Pericardial tamponade reduces primarily sentricular diastohic filling Since
the ventricle cannot eject without filling the low output 1s the most character
wtie effcet of perieirdial effusion Predommance 1 the constriction of the left
atrial mflow tract causes eirenlatory failure 2s<octated with pulmonary edema,
whereas that of right atrial inflow tract leads to fulure assocrated with asaites



Xl Venous Return During
Cardiac Surgery

From the considerations mn the previous chapters it may be concluded that
the combined action of anesthe 19 and open thoracotomy dummnishes the cr
culatory reserve This can be accounted for by (1) a decrease 1n the pulmonary
blood depot (2) heart shrinkage (3) the b encc of the re piratory pump and
(4) an 1ncreasc 1n pulmonary bed res tance plu - a tamponade of the heart and
great vessels by positive pres ure lung nflition Hence additional interfercnee
with yenous return by eardiac surgery may result in further reduction of the
narrowed erreulatory safety margin Thus a brief account of some factors n
fluencing venous return m cardine surgery mav not be amiss

It 13 not intended to consider here the effect of all heart operations on venous
Dblood flow but rather to call attention to the appheation of some of the hemo
dynanne prmeiples presented n the previous ehapters For comprehensive re
s1cns of the rapidly developing field of eardioyascular surgery rcference 15 made
tothe International by mposium on Cardiosa eular dbuigery held at the Henry
Ford Iospatal 1n 1900 (report edited by Lam 1955) and the recent textbook on

Surgery of the Heart by Bailey (1900)

During mtracardiae surgery a number of methods are currently employcd
whicl may be divided mto two general groups  closed heart and  open heart
surgery In closcd heart procedures the operative field within the heart 1s
not dircetly visible In thesc cases the heart and great vessels remain filled wath
blood and the operating finger or in<truments are introduced through a st
able metsaon 1n the wall of the atrium ventriele or ve sel In open heart surgery
the heart or adjomning vessels arc briefly bloched off from the circulation by
an occlusion of the systemie vemns This permits direet vision of the operative
ficld when the heart or ve scls arc opencd and dramed of blood

In ather group 1t 15 essential to perfu ¢ adequatcls the coronary vessels and
bran during the relatinely hort period when the urgical procedures are car
r1ed out within the heart Temporary blocking or interfcrence with venous return
as uch does not seem to be of major detriment to the organism as long as by
some means or other sufficient nourishment of the myocardium: central nervous
system and hidney s 1s assured In closed heart surgery this must be assured by
mintmal embarrassment of the returmng blood which after its ovy genation m
the patient s lungs 18 ejectcd 1n a normal manner by the contraction of the ven
tricular muscle On the other hand 1 open heart surgery the same goal must be
reached by direct perfusion of the arten il system under hagh pressure with
oxygenated blood In this ease st docs not matter an prineiple whether the per
fusing blood 15 taken from an infusion bottle or taken from the patient s vems
and then uscd for perfu son after 1t hs been colleeted and ovygenated

171
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VENOUS RETURN

Crosep HesrT Sunrcery

In closed heart surgery venous return 1s mainly mterfercd with when the ex
ploring finger and/or operating nstruments are pushed into pathologeally
narrowed parts of the inflow or outflow tract This may be illustrated by the
<ituation prevailing m the nutral or trcuspid stenosts In an operation for a
les1on of this ty pe the finger 1s inserted erther alone or together with a guillotine
knife or dilator into the atrium through an metsion 1n the atrial appendage or
wall (Glover 1924 1950 Dubo.t 1900) The msertion mto the atnum m 1t
self does not appear to hinder cardiac inflow Only the introduction of the finger
and instrument into the mitral or tricu pid orifice for the purpose of separating
the valve leaflets blocks ventricular filing Dubo t (1955) has developed a
specal mitral dilator which he also used for tricuspid and pulmonary steno es
Manipulations can be carried out very fast wath this mstrument He points
out that due to the specd attaimed wath the dilator the atrioventricular orifice
15 only obturated for two or three heartbeats

In most cases of closed heart ~urgery the actual operative procedures at the
site of the lesions are of relatively short duration By a switable release of the
mstr ! inflow 1mped the surgcon can usually control venous return
sufficiently to permut the deveclopment of adequate artenial pressure and flow
Ii this cannot be attamed an intra artemal infusion of blood 1s gren dunng
the critical pertod when the return flow of blood 1s greatly reduced

Lspeerally intercsting from a hemodynamie viewpomt are the nteratmal
septal defects and their surgieal repair These defects are the most common
cardiae anomalies of congenital onigin In the presence of a defect 1n the septum
betwcen the two atna onygenated blood may be shunted from the left atrium
1to the right atrium and unoxs genated blood may be shunted from the right
to the left atrium The direction of the shunt flow depends upon the prevaiing
pre sure gradient between the two atria The gradient varies in magmtude and
may reverse 1ts dircetion during the cardiac and respiratory eyele (Brecher and
Opdyhe 1920 Shaffer et al 1954) Due to the ngher volume elasticity coefi
cient of the left atrial walls the mean pressure 13 higher i the left than in the
right atrnnn (Lattle 1949) Therefore more blood 18 usually shunted from the
left to the right atrium than 1n the oppo ite direction The shunted blood mav
greatly 1ncrease venous return to the mght ventricle This puts an eatra load
on the rght ventricle which has to cject the normally returning venous blood
plus the shunted blood When the night ventricle fails to discharge the large
amounts of mrushing blood the pressures nse i the nght atrum Thercupon
the shunt flow will reverse 1ts direction and blood wall pass from the night to
the left atrum Tlis may relies ¢ the strain on the right ventnele (Brecher and
Opdyke 1901) Thus the creation of 1n mteratrial septal defect may rehieve
the right sentricle n conditions which eause a lugh resistance in the pulmonary
bed (Leeds et al 1950)

Various methods have been descloped for a repair of interatrial septal de
fects Vcnous return must not be embarrassed as a result of these procedures
The choice of the mcthod depends to a great deal upon the ize and location of
the defect and pathological changes of the outer atrial wall Bailey et al (1953)
and Bailes (1905) des cloped the atrioseptopexy by which part of the pathologt
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cally enlarged night atrial wallis u ed 1 order to cover the hole in the septum
The rationale of this mcthod 15 the use of an excess of cardiova cular t1 sue 1n
the formn of the u ually distended nght atrial wall for covering a lack of cardio
vaseular tis ue i the cptum (eapres ed by the defcet) This method wihich
con erves the atrial wall has the advantage of not restrieting venous return
{rom the caval vans Sondergaard Byork and Crawford ( ce Lam 1%00) u e
the circumelusion operition by which witably located defeets ean be drann
together with a higature The hgature 1s pa ed bluntly around the defeet area
through a eleavage e Letween the muscle laycrs of the two atna The pro
etdure 15 relatively snuple Right and left atnia retain thar hape and the inflow
tracts to the heart e not bloched

Hemody namically intere ting 15 the atral well operation by Cro s and his
colleagues (1903} and Cross and W atking (1923) The e authors utihze the fact
that the vems repre ent 2 low pressure vy tem They <ew a4 oft rubber funnet
tothe night atnal wall merse the wall and permit the blood to rise in this well
Right ventrieular filling appears to be normal de pite the wide open atnum
The repatr of the atrial <eptal defeet 1s made hreethy (though not by direct
1 10n) through the large wall opening Usually blood rises only o few centimeters
inthe well 1n accordance with the existing atral pressure However af tricuspid
regurgitation 1s as oainted with the interatrial septal defect atrial pre sures
have becn found to rise o high that the wcll could not be applicd (Watkins
and Gross 1929)

Summart ing

In closcd heart surgery venous return 1s usually blocked for short periods
by the msertion of the operating finger and instruwnent in the narrow ed passages
of the inflow or outflow tracts The bricf duration of the interference 13 generally
well tolerated In interatriai septai defects return flow to the right sentricle 13
merea «d by the predominance of shunt flow from the left to the nght atrum
In the repair of interatrial scptal defects particular care must be tahen not to
restrict caval nflow

OpEN HEART SURGERY

Two methods hypothermia and eatracorporcal circulation  have been
suece fully employcd to permat intracardiac surgery under direct viston They
can be u ed alone or 1 combination with ope another

In hy pothcrmia the orgam m 1s suitably cooled to trmperatures ranging be
tween 28 and 30 C 1n order to reduce the metabolic needs of the tissues es
pecially those of the nervous system and myocirdium  According to Berne
{1954) hvpothermuia as cmploved 1n cardiae surgery docs not seriously mterfere
with my ocardial competence as such prosided the natural slow rhythm o1 the
heart 15 maintamed By means of an artertal mfusion of oxygenated blood
the vita] organs can be dequately supphed with oxygen durning the critical
period when the heart 1s open In order to enter the heart the caval veins and
the azygos vesn are clamped Surgical mancusers may thus be performed under
dircet vision on the mght heart for peneods fasting from 6 to 20 minutes
(Bulev Cookson et al 1024) When hypothermia alone 13 used (without the
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addition of an estracorporeal crrculation or artemal blood 1nfu 1on) the <afe
period of inflow sta 1s1s hinuted to about 12 minutes (Gotlan ¢t 1l 1900) The
marhed congestion i the ~ystene vans as such docs not appear to Lave a
detrunental cffect on the tis ues (For a4 diseussion on advantiges md di ad
vantiges of varous mcthods of mnducing hvpothermma sce Lam 1900 p 408)

Extracorporeal circulation has bren emplovid mn vanon forms to bypa's
parts of heart and great vessels or the antire heart If the licart 15 completcly
bypaseed the eardi e chambers ean be opened and intrac idiae operations such
as repair of an ntcratnal or interventricular scptal defect can be performed
under direct v1 100 10 a relativedy dry fiddd The effective working time within
the heart can thereby be mercised to 20 or 30 nnnute

For byvpas ing the heart Thlleher and lus co workers (1900 see 1l o for pre
vious litcrature) Bve developed 2 method of controlled ero s eirculation which
has proved to be very suceessful for the intracardiac surpery of normothernue
patients In cross cireulation blood s contiuou Iv areulated through tubes
from one subject to another and bach again Uncontrolled eross circulation has
been deseribed by Cgdabl (1905) In applying the prmeiple of controtled cro s
cnculation to eardinc urgery one subject ~erves s o donor and the other 15 the
paticnt Blood from the brichial artery of the ane thetized donor 1 pas «d
through tubing v1a 4 finger pump (Mgmamotor pump) to the aorta of the pa
tient It perfuses the coronary arterics and other vital organ  Aftar pa ge
through the patient s capillary beds the blood 1s colleeted from the uperior
and mferior <aval vemns and returned through tubing with the aid of a pump
to the donor s vemns After the cro » ewweulation has started the nght atrial
flow to the patient s huart 15 stopped by clamping the cavad seans wnd = eardy
oton1y can be performed for direct vision surgery

Tt 1s obvious that such a system mu t be o balanced thit exactly the une
quantity of bload flows from donor to patient as from patient to donor Fluctut
tions 1n the patint s venous return ¢ pectally may unbalnce the v tem 1f
less blood 1s returncd from the patint to the donor than 1s pumped from the
donor to the patient the ancsthetized donor may become unnoticabls (vsin
gumnated Henee the deteetion and nnmediate corrcetion of differences m the
two w1y flow 1s an mmportant problem which must be olved before o cxrey
lation can be generally applied with reasonable safety

In our laborators we beeame recently nterested 1n this problem and ccarehed
for a method of balaneing the two way flow m ero » airculation (Breeher et al
1955) In anmal cxperiments cross cuculation flow both ways was simultanc
ously mea ured with two bristle flowmeters (sce Fig 10} A difference 10 the
flow rates indicated an mbalance of the flow from donor to recipient and viee
ver o Tlismethod appear however rather complicated for use in the operating
100m Since the cardinal problem 1 a prevcntion of the donor s unnoticed blood
Joss we u ed the donor as a cumulatns ¢ flowmeter ’ by placing him dunng the
entire cross exreulation procedure on zero reading seale  Thus inflow and outflow
from the donor could be continuously monitored Blood loss from the donor
could be accurately measured and 1cplaced by ntratcnous mfusion The
persmental arrangement for cross arculation with the aid of donor » scales 15
\lustrated m Fig oo It appears that the u e of scales <olves simply and a¢
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Hatke2s Diagram of controlled donor cross-circulation The two way Hood flow from donor
{0 reupient and vice versa 1s balanced with the awd of s I on which the donor 1 resting

Suction from the re~crs o1r on the caval vcins of the rec 1pient 13 hept nuld 10 osder to forstall
Y nouscollapse

Curately the problem of regulitm, the two wav blood flow durmng cross cireu
lation under operating room condition

The fluctuations 1 vcnous return from the patient during eross airculation
¢ rather unpredictable 1t has been ob erved n dogs and to a le er deree 1
humans that the wrteral bload pres ure falls 1n the patient <shortly after croas
Greulation has stirted Similar obsers ations reported by Dodnill and his asso
tes (1902) during 4 bypass of the right heart suggest that this phenomenon
mught be (splanable on a rfles basts { imverse Bainbridge reflex) The re
Moval of the normal distcn 10n of the atrtum and great yews by the suetion of
the pump would mitiate reflely a low ing of the heart and a deerease 1n blood
Pre ure by generalized vasodilatation

Appasently owing to neurogenie or chemogenic fluctuations m the patient s
Yenomotor activity blood 1» sometimes pooled in the peripheral parts of the
‘rnous 3 tem durmng the course of the eross airculation When this oceurs or
the pitient loses blood detring the cardiotomy the pump cannot remove enough
blood from the paticnt » vems and the two w3 flon of the eross eirculation
bteomes unbalanced In order to make the venous blood fiow to the donor 1n
dependent of fluctuation m the seeipient s 3 epous rcturn we found it best to
dram the rceiprent s blood mto a wtable Te crvorr Trom there 1t 1s pumped at
a con tant flow rate to the donor The re ervorr is mdrcated m the lower conter

of Fig j
The 1gmamotor pump which 1s generally used for ero s erreulation davelops
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avery bugh degree of suction If the cannulac from the caval veins of the patient
lead directly to the pump 1t may happen that the eaval vems collap e completely
or iternuttently during fluctuations of the patient s vcnous return Because 1
collapwible structures flow decrcases with extrume degrees of suction (sce Fig
20), le 5 blood 1s returned after eaval collapsc via pump to the donor The com
plete closure of the pliable venous wall over the holes i the collecting cannulae
may damage the eavae and may even ereate 4 vacuum 1n the tubing beiween
the patient 5 vens and pump leading to a degasung and gas bubble formation
1 the blood It was found that the interpo ition of a reservorr avoids these
difficulties If no rescrvorr 18 used judicious blood mnfusion into the patrents
vemns helps to prevent the onset of collapse and heeps the caval flon constant
At any rate, with or without 1eservair the degree of suction should be <o ad
Justed that the patient’s eaval vems deplcte optimally without entering the
collapsed stage Using as a guide curve A of Fag 25 1t 1s best to norh at the
Tighest portion of the curve before 1t flattens and declines to the right Blood
poching 1n the patient s veins can also be favorably counteracted by the usc of
mild vasoconstrictor drugs

The amount of blood necessary to perfuse the vital organs during cros cureu
lation 1s far less than the patient s eardiac output Andrea<on and Wat on (1922)
and Cohen and Lalicher (1954) found that mn dogs the needed amount eor
responds approximately to the volume flow through the azygos vem (one tenth
of the cardiac output) when the caval veins are clamped The term  azygos
factor has been mntroduced to characterize this amount The smportant factor
responsible for the success of open vision intracardiac surgers 1s the low rate of
volume flow which has been found sufficient to heep the anesthetized normo
thame patient abve (about 12 to 25 per cunt of the resting cardiac output)

The function of the donor i controlled cross eireulation 1s to oxy genate blood
for the perfucion of the patient whose heart and lungs are bypassed Smee there
15 alw 1y 5 an clement of danger i olv ed for the donor the future dev elopment of
open cardiac surgery 15 directed toward a replacement of the donor by equip
ment for blood oaygenation The tcam working with Lilleher has agam been
leading n this direction

Campbell ct 11 (1955) developed n anmmal experunents a rather <imple
method substituting for the donor an jsolated dog lung Following this work
heterologous lungs have been successfully used by Lillcher and also other sur
geons for by passing the heart and lung in patients during open vision cardiotomy

Warden et al (1905} (sec al o Lillcher et al 1995) descloped « -till cumpler
technique of perfusing child patients from a reservoir of previously collected
¢ artertalized venous bloed ’ By warming the arm of a blaod donor local arterio
venous anastomoses are opened whereby the oxygen content of the collected
venous blood 15 greatly wncreased During the perfusion of the patient the blood
returning from the patient s caval vens 1s collected via a pump, 1 bottles If
one could Teowy genate this blood 1w a symple manner within a reasonable pertod
one could use 1t agan for the perfusion of the patient and thereby keep the
amount of pre colleeted blood relatively small Work on the development of 4
suitable ‘bottle oxygenator 1s in progress It has been u ed successfully 10 17
patients by hay and Cross (1956)
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Looking bach on the deyelopment of the various methads of extra corporeal
arculstion for by pus mg the heart and Jungs 1t appeurs that the cycle of de
velopment 1s comng to a close with perfusion of the patwent from bottles and
re oxygenation of the patients blood m the collection bottle The perfusion
bottle and re ony genation bottle arc cs<entially a 1nplified version of the more
complicated pump ovygenators {artificaal heart Jung) (Sce Jongbloed 1951
Clowes ¢t 2l 1924 Rus erow 1920 Velro ¢ 1905 Hayes et al 1920 hurkhin
©al,19a, Nesmanct al 1905 Dadnll et al 1955 ) Due to the fact that the
technieal deselopment of the pump oy genators was not vet suffictently ad
tanced for <afe mtracardine open vicion surgery Lillcher and lus ce waorhers
developed the controlied donor ¢ross crrculation which will probably be re
placed by the simpler bottle methods

Under all condstions whether cross cireulation an 1 olated Jung arteriahized
venous blood or @ pump oxy genator are used due consideration should be given
tothe* lan s of the collap=ible tubes when the patient s venous blood 1s callected

Summan ing

In open cardiac surgery under hypothermin the marhed venous distension
by backed up blood docs not appear to have detrimental effects as Jong as the
lowcred metabolic needs of the tr sues are taken care of In controlled ero
aireulation for direct vision mtracsrdrac surgery blood flow must be accurately
balanced 1n both direction from the donor to the patient and vice versa
Balaneing ean be 4« wed by placing the donor on eales during the operation
Fluctuattons 1n venous rcturn from the patient may cause complete collapse
of the venae cavac 1f the suction appphed 1% excessie The collapse of the pa
fitnb s vena cava by strong suction should also be avorded m other techniques
of extra corporeal eirculation



Final Remarks

In conuidering the varous factors which are responsible for the refurn fiow
of blood to the heart one may feel tempted to evaluate the importance of each
factor on a percentage basis In domng so one would soon discover that, except
for the ejecting foree of the ventricles, each indivadual factor could be eliminated
without altering appreciably the quantity of the returning blood and eardiac
output Hewever 1t would be fallacious to conelude from this observation that
all factors but ventricular ejection are unusportant

This may be illustrated by the follosing example hagan (1902) destroyed
70 to 80 per cent of the outer wall of the nght ventricle by cauterization and
discovered that the right heart still possessed a nearly normal compensatory
action when the pulmonary artery was greatly constricted Venous pres ures
and apparently 3 enous return were not altered after the cauterization Recent
myestigations have been interpreted as showing that the maintenance of the
practieally umimpaned function of the nght heart must be attnibuted to the un
de troy cd portions of the myocardium (Rose ct al 1950)

It would certainly be erroneous to deduce from the cauterization experiments
that 80 per cent of the right ventricular wall 1s unnoportant They only em
phasized the fact that the heart possesses remarhable reserve powcrs These are
npertant phy stological factars of safety as suceinetly pomnted out mn an editoraal
article by Alexander ind Wiggers (1903) The factor of safety, a term used
i engineermg indicates the margm by which the strength of matenial or strue
ture exceeds the actual working stress to wluch it 1s submtted 1 normal use

According to this concept the various components which normally contribute
to the return flon of blood to the heart should alse be looked upon m their en
tirety as cssentral factors of safety The combination and integrated action of
all factors—the ventricular ejection the re prratory pump the sy tolie ven
tricular attractton the recently demonstrated diastolic ventnicular suction the
musele pump and venomotor actrvity —widen the margin of safety which assures
the adequacy of venous return under norin4l and abnormal conditrons
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