£l

This dissertation has been
microfilmed exactly as received 66~10,188

OVERBECK, Henry West, 1930~
INDICATOR-DILUTION MEASUREMENT OF BLOOD FLOW

IN THE UPPER EXTREMITY OF MAN: DEVELOPMENT
AND USE OF A METHOD IMPROVING MIXING OF INDI-

CATOR AND VASOACTIVE AGENTS WITH BRACHIAL
ARTERIAL BLOOD,

The University of Oklahoma, Ph.D,, 1966
Physiology

University Microfilms, Inc., Ann Arbor, Michigan



THE UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

INDICATOR-DILUTION MEASUREMENT OF BLOOD FLOW IN THE UPPER
EXTREMITY OF MAN: DEVELOPMENT AND USE OF A METHOD
IMPROVING MIXING OF INDICATOR AND VASOACTIVE

AGENTS WITH BRACHIAL ARTERIAL BLOOD

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
degree of

DOCTOR OF PHILOSOPHY

BY
HENRY W, OVERBECK
Oklahoma City, Oklahoma

1966



INDICATOR-DILUTION MEASUREMENT OF BLOOD FLOW IN THE UPPER
EXTREMITY OF MAN: DEVELOPMENT AND USE OF A METHOD
IMPROVING MIXING OF INDICATOR AND VASOACTIVE

AGENTS WITH BRACHIAL ARTERIAL BLOOD

_ | APPROVED BY

e
3zsstRTAT10N COMMITTEE



ACKNOWLEDGMENT

Doctor Francis J. Haddy first proposed this project seven
years ago in Chicago and has provided constant stimulation, guidance,
and inspiration, for which the author is grateful. Appreciation is
also due Doctor Robert M. Daugherty, Jr. for his advice and help in
this research project. The author is very grateful to the fifty
patients at the Veterans Administration Hospital, Oklahoma City, who
participated cheerfully in this project. The author also appreciates
the space, equipment, and administrative help made available by the
Veterans Administration Hospital, Oklahoma City, for the success of
this project. This investigation was supported in part by a Public
Health Service Grant (Number HE - 06759) from the National Institutes

of Health, and by Veterarns Adminisgtration Funds.

iii



TABLE OF CONTENTS

LIST OF TABLES.QQ..Q‘O.QO...Q..Q.Q...Ql.....l.....'.......l..‘....

LIST OF ILLUSTRAEIONS!O'OOOQCO...'Q'.I....0.....".‘0.0....'OOOQ.I

Chapter
Io INTRODUCTIONDOOOO.QQOQOOODOCOOQLJDO000'.0..00..0........0

Indirect Methods for Determining Regionral
BIOOd Flowo....0.."0&0’.........‘..‘Q.....I.....C..

Vascular Distribution of Intra-arterially
Administezad SubStaNCEB.esesossessctssccscsccessssces

II. METHODS.....‘..".O0.00.0'..00..0..0'....0.00....Q....'.O

Description of Speciul Equipment Usedeceosrssessacse
l& Vitro Experimentsecccescecsnsscecescssccstccotonces
l& Vivo Experimentl............o....................
Calculation of Blood Flow and Vascular

Re81iBtANCE e cssotsoncsncrtrecererccssocsanserossansne
III, RESULTSicvravsoascecesooccensssacecseoansssorasssnsssssen

lﬂ Vitro Experiments8iscescscrcrsccrcscesssseessonnes
LE'VL!Q ExperimentBecsceenccecssoacsorrrecerssssonne

IV. DISCUSSIONQD....‘QO.DO'.0.'.!000000..'.00‘OI‘OOO.....QC!'

Validity of the Technique.......o...;....-.'.o'o....
Hemolysis and Mixing of Indicator....eccesesssvsvsee
Measurement of Resting Upper Extremity Vascular
Resistance in Hypertensionsiseecessssseesossssosonoee
Use of the Technique for Measurement of Responses
to Vasoactive AgentSescecesscatecesatasissscensanins
Errors in the TGChniqu‘.........o.oooooootocoo.-oooo

vt SUMHARY AND CONCLUSIONSQQQDOCOOOOO..Q.OO.'Q.O...COO!‘I‘..

REFERENCES CITEDOOQOQODQCOCCOOOQOO0.00.'0‘.ll‘..00...0‘..0.00'.0.0

iv

Page

vii

35
37
37
42
50
53

53
60

108

108
110

119

119
120

124

126



Tabla

1.

2,

3.

4.

6.
7
8.

9.

10.

11.

12.
13.
14,
15.

LIST OF TABLES

Resting Forearm or Hand Blood Flow Determined by
Plethyanogruphy......-.............o.......c-......o-.....

Comparison of Actual and Calculated Flows in Pump
Perfused Dog Forelimbs Using Standard Needle Injector.....

Summary of Comparison of Actual and Calculated Flows
in Pump Perfused Dog Fo:elimbl.....c.-e.....o.............

Comparison of Actual and Calculated Flows in Pump
Perfused Dog Forelimbs Using Jet Injectoreisssccennensasasns

$ubject Listeosscorsvasoscconsosessnctnctocrvacsoscssosssssone
Suspected Shunting of Indicator at ElboWiscssovssesscsenss
Suspected Anomalous Bifurcation of Brachial Artery.cccc.ec.

Comparison of Mixing Effectiveness of Jet and Standard

InJeCtOrBescesesrscvnsvrocaseesscaveosssvsscsecrsrsnssonses

Comparison of Calculated Blood Flow using Jet and
Standard Injectors.sisssvsvesrscasassossssssrssversnsosnase

Mean Relative Difference Between Indicator Concentrations
in Two Veins Simultaneously Sampledesscsevocecsscoscscceces

Constancy of Resting Blood Flow and Mean Relative Diff-

erences in Indicator Concentration Between Paired
Specimens from Basilic Vein and Cephalic Vein During

Resting Flow.................................,.........‘..
Constancy Of FloWesesrssseassrvevovcsnscasssosornovoesanse
Comparison of Calculated Blood Flow ValueSe:eosivosvosvunsse
Mixing During Radial Arterial Infﬁsion of Indicatorsececee

Total Resting Upper Extremity Vascular Resistance in
Hypertensive and Normotensive SubjecCtS.cscssssssccnscanses

v

Page

62

63

66
70
14
75

76

77

79

80
81
82
83

85



16.

17.

18.

19.

20,

21.

22,

23.

24,

25,

LIST OF TABLES--Continued

Signed Relative Difference in Per Cent Between

Indicator Concentration in Ipsilateral Brachial

Artery Three Centimeters Downstream to Injection

Orifice and Mean of Paired Indicator Concentrations

in Basilic and Cephalic Veins During Resting Flow..cesvees

Comparison of Indicator Concentration in Radial Arterial
Blood with Mean Concentration in Venous Blood During
Resting Flow and During Response to Infusion of Vaso-
active AsentSOQu-' F AP 4 IV at P eIt IOl PO UNtEIrTEOIIROERIRERERS

Upper Extremity Blood Flow Response at Four Minutes to
Intrabrachial Arterial Infusion of 0.025 /& g. per Minute

Angioteﬂsinoouo'o'-vooooo.c‘ootoooooctcto'ocoooo-.o.ovooco

Upper Extremity Blood Flow Response at Four Minutes
to Intrabrachial Arterial Infusion of 0.0S/A g. per
Minute Angio,tensin...-.n.........nn-.u.............u.

Upper Extremity Blood Flow Response at Four Minutes
to Intrabrachial Arterial Infusion of 0.025 x g. per
Minute Epinephrinecccto---¢¢nooc-vocoocoocooacooaococ'.oaa

Upper Extremity Blood Flow Response at Four Minutes
to Intrabrachial Arterial Infusion of 0.05 m g. per
Minute Epinephrineo-ooootoooooocootaonotc-ooococooo.ooooco

Upper Extremity Blood Flow Response at Four Minutes
to Intrabrachial Arterial Infusion of 0,10 st g, per
Minute Epinephrine........u...uon......--..-...........

Upper Extremity Vascular Response During a Fifteen
Minute Intrabrachial Arterial Infusion of Ten Per
Cent Magnesium Sulfatessecseesreocsseerssssscasrosoestrons

Upper Extremity Vascular Response During a Fifteen Minute
Intcrabrachial Arterial Infusion of Hypotonic Sodium
Chloride Solutioneseccssscsscscocsscacecssssoccsscsssssoss

Comparison of Difference in Indicator Concentration

Between Radial Artery and Veins with Total Blood
Flow and with Relative Difference (rede)ececscosccscecccnn

vi

Page

88

83

95

96

98

99

100

103

106

118



LIST OF ILLUSTRATIONS

Figure Page
l. Jet Injector Needle with Swinney Filter Adapter.,,...... 38

2., Tip of Jet Injector, Showing Jets of Evans Blue Dye

INEUBAL@ v srtseevovvrorsvosonsrssccorrecnsssssasssvsratses 38

3. Special High Pressure, High Volume Infusion Pumpessseses 40

4. Syringe Barrel and Plunger, Showing Teflon Ring and
Lucite DiBCiaicscessesinteoronersstvestssocassaconeoresnns 40

5. Pressures During Infusion Through Jet-Injectorscceccsess 41

6. Comparisor of Actual with Calculated Blood Flow;
E‘P‘tiﬂ‘ﬂtll Situationseecceccccccesesceccccecsrcocsccces 44

7. Diagram of Upper Extremity Vascular Anatomy with
Catheters in Plac@icssessvsesesvsosssncsssnsorvsssccnnsne 46

8. Photograph of Typical Procedur@csececcescsssoscocssceree 48
9. Close-up of Forearm and Hand During Typical Procedure..., 48

10, Idealized Concentration-Time Plot During Constant
Infusion Of IndicAtOr.cseecesotssssenvasssnsovessasossns 50

11. a, Infusion of Evans Blue Dye through Jet Injector
into Water Flowing from Left to Right at 25 ml. per

Minut.IOOO000....0"'....!....00.0‘....0'0..‘0.0...0 54

b, Infusion of Evans Blue Dye through Standard 20
Gauge Needle into Water Flowing from Left to Right
at 25 ml, per Minut@esevessseocoscscoccssscossnrsvee 54

12, a. Infusion of Evans Blue Dye through Jet Injector
into Water Flowing from Left to Right at 50 ml. per

MinUC@.essvressorvrsnesanesesossseressscssrsaseossarste 55

b, Infusion of _Evans Blue Dye through Standard 20
Gauge Needle into Water Flowing from Left to Right
at 50 ml. per MinuE@seescoceseocessensrnescsvossonnee 55

vii



13.

14,

15.

16.

17.

18.

19,
20.
21,
22,

23,

a.

b.

LIST OF ILLUSTRATIONS--Continued

Infusion of Evans Blue Dye through Jet Injector into
Water Flowing from Left to Right at 100 ml, per

HinuteOQOODOOQ!.0'00'00'..""...‘00'0IOOOOQOOO".'QO.!

Infusion of Evans Blue Dye through Standard 20 Gauge
Needle into Water Flowing from Left to Right at 100

ml, per Minut@isscersrsevesoconcscsosacsnscosccersecrens

Infusion of Evans Blue Dye through Jet Injector into
Water Flowing from Left to Right at 200 ml, per

Hinuce....................-............................

Infusion of Evans Blue Dye through Standard 20 Gauge
Needle into Water Flowing from Left to Right at 200

ml. per Minute:sscvsoracvssraroassorscocosevressortvscas

Infusion of Evans Blue Dye through Jet Injector into
Water Flowing from Left to Right at 100 ml, per

Minute.'l‘0!0'000...0'00"..ll.......‘0l.......“‘.l..Q

Infusion of Evans Blue Dye through Jet Injector into
Water Flowing from Left to Right at 200 ml. per

“inutea'...C.Ol....."...OCl.l"'.C.'I'.QC..O0.00.'0‘0'

b., ¢. Infusion of Evans Blue Dye through Jet Injector
into Water Flowing from Left to Right at 100 ml, per

Minute, at Sequential Phases of the Pump Cycle..ecesess

Pump Pressure Tracings During Infusion through Regular and
Jet Needles into Pump Perfused Dog Forelimbe.ssesssnesscscse

Mean Calculated Flow vs. Actual Flow (Technical Errors

Pr‘sent)."'100.0‘!000‘00'00000‘.0000"'!0‘0!l..'.!."l".‘

Mean Calculated Flow vs. Actual FloWessessosssosnnssntsssnss

Stability Of Blood FloWiavveesseaniasatevnecatrasvesvsaraes

Anomalous Radial Artery Supplying Cephalic Vein.cecoeseveeees

Anomalous Ulnar Artery Supplying Basilic Veiniecsecesseasress

Upper Extremity Blood Flow During Angiotensin Infusion.....

viii

Page

56

56

57

57

58

58

59

60

65
65
82
86
87
97



24,

25,

26.

27,

28.

29,

LIST OF ILLUSTRATIONS--Continued

Response to Intrabrachial Arterial Infusions of Ten Per
Cent Magnesium Sulfate and to Hypotonic Sodium Chloride
Solution in SUbJ.Ct JeLeGevsroastnovesossavsroonrsasocororsnsse

Response to Intrabrachial Arterial Infusions of Ten Per
Cent Magnesium Sulfate and to Hypotonic Sodium Chloride
Solution in Subjnct TeKetesoroesosnrovraasriverasssserssene

Change in Mean Vascular Resistance During Infusions of
Magnesium Sulfate.ssveesossosesssesesssasassssrsrssarnrsesvas

Mean Change in Resistance vs., Initial Resistance During
Infusions of Magnesium Sulfat@esvecserosortccsessonsasesons

Change in Mean Vascular Resistance During Infusions of
Hypotonic Sodium Chloride Solutionesescesccscsreccossrsesee

Mean Change in Resistance vs, Initial Resistance During
Infusions of Hypotonic Sodium Chloride Solutionesesesssceees

ix

Page

102

102

105

105

107

107



INDICATOR-DILUTION MEASUREMENT OF BLOOD FLOW IN THE UPPER
EXTREMITY OF MAN: DEVELOPMENT AND USE OF A METHOD
IMIROVING MIXING OF INDICATOR AND VASOACTIVE

AGENTS WITH BRACHIAL ARTERIAL BLOOD
CHATTER I

INTRODUCTION

The investigator may calculate resistance to blood flow -
through the vascular bed of a limb, 1f he simultaneously measures blood
flow rate through the bed and blood pressure gradient across the bed.
On this basis, he may make inferences with a fair degree of certainty
about the net state of activity of the vascular smooth muscle in the
bed, blood viscosity and transmural pressure remaining constant. Vaso-
active substances may be introduced into the blood stream of the ar-
teries supplying the vascular bed, and responding changes in the
activity of the vascular smooth muscle downstream may be inferred from
changes in local vascular resistance. By thése means the investigator
may study normal and abnormal peripheral vascular physiology in ani-
mals and in man.

Measurement of blood flow in the vascular beds of man must of
necessity be indirect and subject to a high degree of error. Because

it is difficult or impossible to verify these indirect measurements by



2

direct measurements of blood flow, several techniques of measurement
have been developed, each of which has its own advantages and dis-
advantages, Perhaps the best known and currently most widely used
indirect technique for determination of blood flow in the limbs of man
is venous occlusion plethysmography, but no one technique is univer-
sally accepted,

The mode of administration of vasoactive agents is a second
problem perplexing the student of human vascular physiology. J. T.

Shepherd (39) points out in his book, Physiology of the Circulation in

Human Limbs in Health and Disease, that

with intravenous infusion of drugs, complex effects on the
general circulation complicate the picture. With intra
arterial infusions, which do not have this disadvantage, it
is doubtful whether uniform distribution | of the drug )
throughout the limb is ever achieved.
Poor mixing may be mainly attributed to the strong tendency for
laminar flow of blood.

Andres, Zierler, Anderson, Stainsby, Cader, Ghrayyib, and
Lilienthal (2) in 1954, applied the constant infusion indicator-
dilution technique of Stewart and Hamilton to measure blood flow in
the human forearm. They concluded that the technique provided accur-
ate measurement in most subjects. There are two major advantages to
this approach to the study of human vascular physiology. First, the
human upper extremity vascular bed is readily accessible for study.
Second, indicator and vasoactive agent may be administered simultane-
ously intra-arterially, and, if indicator is well mixed with arterial

blood, so also is the vasoactive agent, Therefore, if there is

evidence of mixing of indicator, the investigator may both calculate
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blood flow and also infer that the vasoactive agent is uniformly dis-
tributed throughout the vascular bed of the limb, However, Andres et
al, reported that they achieved relatively uniform distribution of
indicator in effluent venous blood in only eighty per cent of cases.
Since mixing occurs on both the arterial and venous sides of the
capillary bed, the distribution of infused substances, notably vaso-
active agents, was probably even less satisfactory at the arteriolar
level than in the venous blood, In addition, Andres et al. did not
measure indicator concentration in arterial blood dovmstream to point
of injection. This latter measurement is necessary to the argument
that vasoactive agent is uniformly distributed at the level of the
arteriole.

An investigator validates an indirect technique for deter-
mination of regional blood flow by comparing calculated flows with
actual flows, In addition, values calculated by the new technique
will be compared to values calculated using older, more established
indirect techniques, Therefore, it is in order to present a brief
discussion of these other indirect techniques which have been applied
to the determination of 1imb blood flow in man, Techniques requiring
surgical intervention, such as the use of electro-magnetic flow meters
and rotameters will not be considered, because they are inapplicable

to measurements in human limbs under ordinary conditions,

Indirect Methods for Determining Regional Blood Flow
Indirect methods for determining regional blood flow fall into

two general categories, mechanical methods and blood tissue exchange



methods. The former category includes venous occlusion plethysmo-

graphy.

Venous Occlusion Plethysmography

Since Hewlett and van Zwaluwenburg (27) modified the original
method of Brodie (11) introduced in 1905, there has been a wealth
of literature reporting measurement of blood flow in human digits
and extremities by the technique of venous occlusion plethysmography.
The underlying principle of plethysmography is that the rate of in-
crease in limb volume during brief arrest of the venous return from a
limb represents the rate of venous collection, which equals the rate
of arterial inflow., Conrad and Grezn (14) have summarized the several
conditions that are essential to the inference that plethysmograph-
ically recorded resting blood flow is equal to arterial flow before
occlusion: (a) the veins must be totally occluded; (b) the arterial
inflow must not be altered initially by the occlusion pressure or the
riging venous pressure (in a study of vascular responses, this
assumption should be independently validated for each vasoactive agent
which alters venous compliance); (c) the occlusion artifact should
be insignificant or easily evaluated; (d) the preceding factors
should hold true for a time sufficient for measurement., These four
assumptions have been tested to some degree. Barnett (7) inferred
that all collapsible veins were occluded after noting that the same
apparent flow was recorded within a wide range of occlusion pressures.
Landowne and Katz (33) concluded, after measuring tissue pressures

under an occlusion cuff, that £ifty mm, Hg. of cuff pressure is
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sufficient to occlude all collapsible veins. Formel and Doyle (18)
noted no escape of 1ntra§ascular radioisotope under an occlusion cuff
until venous pressurz distal to the cuff approximated occlusion pres-
sure and concluded that venous leakage did not occur during a time
sufficient for measurement, Conrad and Green (14), in probably the
most satisfactory and direct study of these assumptions, using
amputated forepaws of dogs, noted that '"venous tamponade was com-
plete for a pefiod of time dependent on the height of occlusion pres-
sure and the magnitude of arterial flow. Paw venous pressure roge
rapidly to effective occlusion pressure, at which time blood began to
escape beneath the occlusion cuff,” However "the duration of tamponade
vas adequate for the measurement of inflow within a vide.range of
occlusion pressures."

Landowne and Katz (33) stopped flow and measured the
occlusion artifact, finding an initial abrupt rise followed by a
slower secondary rise. Conrad and Green (l4) confirmed this finding,
noting that the secondary artifact represented a positive error of
about 4,4 per cent of the plethysmographic flow. They also found that
occlusion did reduce arterial flow significantly, representing a nega-
tive error of about 7 per cent, These two errors tended to cancel each
other, so that Conrad and Green reported good agreement between
plethysmographically measured flow and true arterial inflow. Although
these authors made recordings at several spontaneously different magni-
tudes of flow, they did not investigate the effects of locally infused
vasoactive agents upon plethysmographically recorded flows,

Other ohjections to plethysmographic technique would include
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the point that venous outflow through bone cannot be occluded by the
cuff and may represent a significant flow, In addition, the technique
requires high, non-physiologic venous pressures, and therefore elevated
capillary hydrostatic pressure, and doubtless transcapillary movement
of fluid is produced. One also wonders whether this technique might
be erroneous in cases of systemic arterial hypotension, or venous
hypertension. In addition, many errors in plethysmograph technique
are possible and can easily result in recording of erromeous blood
flows, These errors are outlined by Greenfield (22) and include
positioning of cuffs, plethysmograph, and subject. Correct water bath
temperature is also of great importance, according to Barcroft and
Edholm (5).

In summary, although venous occlusion plethysmography, if
correctly done, results fortuitously in apparently correct values for
resting blood flow, the validity of the technique for measurement of
flow responses to vasoactive agents has not been tested and is
particularly questionable in the cases of those agents which decrcase
venous compliance.

Table 1 is a summary of representative values for forearm and
hand blood flow as determined by several authors using venous occlusion
plethysmography., The prominent effect of water bath temperature is
appirent. Shepherd (39) states that "watexr temperatures of 30 to 32°C,
for the hands and feet and 34 to 359C. for the‘forearm and calf have
been found most suitable for the study of Qascular reactivity.”" From
Table 1 mean hand plus forearm resting blood flow at these "optimal"

temperatures would be 8,8 ml, per 100 cc, hand plus forearm volume per



TABLE 1

RESTING FOREARM OR HAND BLOOD FLOW DETERMINED BY PLETHYSMOGRAPHY

Water Ambient
Bath Tenmper-
Forearm Temper- ature Blood Flow
Investigator or ature oc ml/100cc/min
Technique Hand °c

Mean Range
Barcroft and
Edholm (5) Air
Plethysmography Forearm .o 18.5 3.1 2,6-3.6
Slaughter et al.
(40) Air
Plethysmography Forearm oo 27-29 4.9 1.,7-7.3
Barcroft and
Edholm (5), (6)
Water Plethysmo- Forearm 339 15-20 2,7 1,9-3.8
graphy
Barcroft and
Edholm (5), (6)
Water Plethysmo- Forearm 35°¢ 15-20 4,2 1,5-7.0
graphy
Catchpole and
Jepson (12) Water
Plethysmography Hand 25°C 21 2,5 1.7-3.7
Catchpole and
Jepson (12) Water
Plethysmography Hand 30°C 21 4,6 1,7-9.3




minute,
Blood-Tissue Exchange Methods

The basis of blood-tissue exchange methods, a more extensive
category, is the Fick principle., These methods utilize exchange of
several different substances such as heat energy (skin temperature, cal-
orimetry, thermsl-dilution techniques), 0,, inert diffusible subatances
such as Na22, kr79, Xel33, and N,0, and inert non-diffusible substances
such as the various indicator dyes which combine with plasma protein,
and isotope labelled serum albumin or erythrocytes. The Fick principle
derives from the principle of material conservation., The Fick principle
states that for any substance carried by the flow of blood to a region
within a stipulated time interval ( A t), the quantity brought in must
be equal to the quantity removed. Disposal may be by accumulation in
the region or by removal (Qm) from the reg;on by transport out of the
region through all the routes of egress. In a steady state where there'
is no accumulation, where blood flow represents the only significant
patn of supply and removal, where the rates of flow of arterial and
venous blood are equal (F) and constant, and where the concentrations
of the substance in arterial (C,) and mixed venous blood (Cz) from the
region are constant, the principle reduces to the familiar Fick equation:

F (CpC3)= /Aot

The Fick principle may also be applied to a steady state where
there is accumulation in tissue of substance introduced abruptly into
the arterial blood. 1If the arterial and venous blood of a region
represent the only significant pathways of entrance or exit of the sub-

stance, and if the substance is non-metabolizable, Qc = O and the
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equation can be written as in/dtz ®( ca'ci) where Qi is the total

quantity of the foreign substance in the region, including its con-

tained blood,

Blood flow in small areas, the venous drainage of which is
not accessible, may be determined by a variation of the Fick equation.
A diffusible substance is injected directly into the tissue of that
area and the rate of disappearance is measured:

C; (T)= Cy ekil,
where C,(T) represents the concentration of substance in the tissue
under study at time, T; Cio represents concentration of the substance
in the tissue at time, 0,—and ki= '1F1/ A 1Vq» vhere my denotes the
extent to which diffusion equilibrium for a particular inert substance
is achieved between blood and tissue during passage from the arterial
to the venous end of the capillary, 1-1 represents the tisswe-blood
partition coefficient for the substance and tissue in question, Vi
represents the volume of the region in question and F; represents the
flow through the region in question, Assumptions necessary fof the
above equation are: (a) ui is close to unity, that is, the exchange
_;f the substance between capillary blood and tissue is not limited by
the process of diffusion; and (b) c‘, the arterial concentration of
the substance, is negligible.

It is apparent that techniques dependent on sampling of venous
blood to measure Cy yield results ﬁhat are at best valid only for the
regions represented in the sample, Therefore, in this case, consider-
ation must be given to the adequacy of mixing and the purity of the

venous blood from the region in question, On the other hand, in those
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techniques in which venous bloed is not availablg_gnd where the
assumption of rapid equilibration between capillary blood and tissue
is made, diffusion is an important consideration. It should also be
pointed out that those equations depending on venous sampling measure
total blood flow, whereas those techniques which do not measure concen-
tration in venous blcod neglact the flow through arterio-vencus shunts
and estimate only capillary blood flow, Total extremity blood flow can
be accurately measured by these techniques only if the substance is
introduced into all tissues (or vascular beds) of the extremity and
measured in venous blood which is truly representative of all extremi-
ty venous blood,

Diffusible agents injected directly into tissue. To consider
first techniques employing diffusible substances injected into the
tissues, an index of peripheral muscle blood flow has been derived by
Kety (31) using radioactive sodium '.24, by Human (30) using Hazz,
Bauer et al. (8) using K%0, and Rapaport et al. (35) using I13l, More
recently Lassen et al. (34) employed the radioactive inert gas Xenonl33
as indicator to calculate absolute muscle blood flove in the legs of
subjects. This substance does not recirculate and readily crosses cell
membranes, advantages not true of the sodium isotopes., Lassen et al,
noted that "at higher rates of blood flow the Na2# clearance-rate was
much slower than that of Xel33, plainly showing an impeded transfer of
Na2% to the total capillary venous efflux from the injected area,"
Calculated resting calf muscle blood flow averaged 2,0 ml, and 2,2 ml.
per 100cc. volume per minute in healthy subjects over and under fifty

years of age respectively,
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Heat, introduced into the muscle tissues from a heated element,
may be used as indicator, The heat clearance rate is measured continu-
ously by thermocouple., Heat at a reference junctio;mgnc ccntingecr from
the heated element is simultaneously sensed and subtracted to eliminate
changes in absolute ;;mperature of'thc muscle, Change in the heat
conductivity of the tissue, thus measured, iz an index of change in
blood flow, Gibbs (21), Hensel and Ruef (25), Stow and Schieve (42).
Hensel and Bender (26) have also devised a heat conductivity meter to
measure skin blood flow by the same principle. Stow and Schieve (42)
report that skin blood flow in the calf of the leg of man measured by
this technique ranges from 0.9 to 56 ;1. per 100 cc., volume per minute,
with magnitude directly proportional to skin temperature. The lower
measurement was made at skin temperature of 33,5°C, and the higher
at 35.2°C, Hensel and Bendsr (26) report values between 0.3 and 50
ml, per 100 cc., volume per minute for blood flow in the skin of the
finger,

Diffusible agents 1gjccth intra-arterially, Diffusible sub-
stances injected intra-arterially to measure blood flow by blood-tisswe
exchange include na24 (Dobson and Warner Ll&] ). In this case complex
clearance curves are obtained suggesting washout of sodium through three
parallel pools, From analysis of these components, the relative pool
sizes can be calculated, The authors statc.that

if the ratio of sodium concemtration in tissue to that in
bloed is kmown, the relative pool sizes can be converted
into relative tissue volumes and the turnover rates can be
converted into the bloed-tissue perfusion factors with units

of blood flow per unit volume of tissue per unit time.

However, as is pointed out by Kety (32), in the physiological system
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"the mathematical theory based on simplified wmodels becomes increas-
ingly complicated" and it is difficult to determine exactly how many
components are included in the actual curves obtained. Recently,

using intra-arterial injections of Krypton85

, & radiocactive gas emit-
ting mainly beta particles, Bell and Harper (9) have reported measure-
ments of regional blood flow through the skin, Similar to Xenon, this
element is nearly completely cleared by the lungs and there is the
advantage of no effective recirculation, Since beta particles have
short range in tissue, skin blood flow alone is measured. The authors
did not report quantitative values, because the partition coefficient
of krypton between skin and blood had not yet been determined.

Shepherd and Warren(38) used the nitrous oxide method of
Kety to measure lower limb blood flow in man; finding the average flow
to be 4 ml, per 100 cc. per minute in normal patients. They concluded
that due to the extremely slow saturation and desaturation of tissues
with nitrous oxide, the method was applicable only in a steady state
and even then should be considered semi-quantitative due to complex
clearance curves,

Holling (29) and Roddie et al. (36) deduced qualitative
changes in blood flow from changes in the oxygen saturation of blood
from veins draining mainly skin and muscle. They assumed that under
their experimental conditions, the oxygen consumption of tissue was

constant,

Skin temperature measurements., Sﬁepherd (38) points out that

"in the proximal portion of the limb, the temperature of the skin is

influenced by the rate of blood flow, the metabolism of the underlying
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muscles, and the tempersture of the blood returning in the super-
ficial veins from the distal parts of the limb." Even in the digits,
"at higher rates of flow, skin temperature is an insensitive and un-
certain index of flow.”

Calorimetry, Provided the metabolic heat is very small in
comparison with the heat conveyed by the circulating blood, calorimetry
gives a semiquantitative measure of blood flow. Thus, this technique
is especially applicable to the digits, where the amount of metabolic
heat is 8!‘11.‘ However, in limbs or digits measurement of true Cg is
impossible because the venous blood does not become mixed in one
vessel before leaving the extremity, Furthermore it is a known errone-
ous assumption that blood arrives in the extremity at central body
temperature and leaves at calorimeter temperaturs, Thus, quantitative
limb or digit blood flow cannot be calculated by calorimetry (Greenfield

[ 23]).

Indicator-dilution techniques. Indicator-dilution measurements

of blood flow are based upon the familiar Fick equatiom:
FC,-Cid=m/A ¢t

Ideally, for accuracy these measurements require the following conditiomns:
(a) a steady state, in which the quentity of indicator leaving the bed
equals the quantity introduced during the game interval of time; (b)
a situation in which there is no accumulation of indicator; i.e,; non-
diffusible indicator; (c) a situation in which blood flow represents
the only significant path of supply and removal of indicator; (d) a
situation in which rates of flow of arterial and venous blood are equal

and constant; (e) a situation im which the concentration of indicator
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in arterial and mixed venous blood from the region are constant; (f)
uniform distribution of indicator cver some cross-sectional area of
the vascular bed upstream to the sampling site,

In the special case of bolus injections, the Fick equation
takes the form:

o0
F= q/f c(t) dt
Y 00

wvhere q equals the quantity of indicator injected and J'c(t) dt
represents the area under the concentration curve dc::ribcd downstreanm,
It may be perceived immediately that in use of bolus injections of
indicator for measurements of pulsatile blood flow, two of the con-
ditions necessary for application of the Fick equatien are violated:
(a) the rate of flow of arterial blood is not constant, but pulsatile;
(b) the concentration of imdicator in arterial blood is noé constant.
Visscher and Johnson (43) have pointed out; hewever, that blood flow
may still be wmeasured if either blood flow or indicater concentration
remains constant during the period of measurement., Recently Cropp and
Burton (15) have reviewed this problem, They state that in the case
of bolus injections into variable flow the convemtional theory is
invalid if the blood flow varies significantly during the inscription of
the dowastream time-concentratiom curve. However they poiamt out that
the wash-out curve recorded distal to an effective "mixing region"
does allow accurate calculation of flow, if no changes in stroke
volume and rate occur during the period of inscription of the dilution
curve. In this case the mixing region acts to attenuate the beat-to-
beat oscillations of pulsatile fiow. In flow moedels they found that

lack of such a mixing region caused calculated flows derived from



15

bolus injections of indicator to be grossly inaccurate.

In view of Cropp and Burton's findings, it is surprising
that several authors have used bolus injections of indicator into the
arteries of peripheral vascular beds to measure flow and reported ac-
curate flows, although no apparent mixing region existed. Fronek and
Ganz (19) injected boli of thermal indicator into single blood vessels,
detecting time concentration curves with thermistors located immediately
downstream, within five to ten mm. of the injection orifice. They at-
tempted to validate their technique in model experiments, where flow was
constant, not pulsatile, and found no systematic deviation of calculat-
ed from actual flows, They also reported that calculated carotid ar-
tery flow in dogs did not differ systematically from flow determined
by rotameter, In addition calculated pulmonary artcrylflow in dogs
agreed to within i"6.7 per cent of flow determined by the Fick method.
Although they reported that the kinetic energy of their injections
lay between 10,000 and 13,000 gm, cn.2 acc.'z,thcy did not determine
if the injections caused hemolysis. In a later paper, the same au-
thors (20) reported usimg their techmique to measure blood flow in
the femoral artery in man at rest and during exercise. They found
average resting flows * 8.D. of 6.01' 2,3 ml, per 100cc. leg volume
per minute, The variability seen in 48 measurements was T 13,7 per
cent, explained by the authors as prebably due to "phasic alterations
of flow during the cardiac cycle,” The authors point out that their
values were 1.2 - 4.9 ml, per 100cc, volume per minute higher than

those reported in the literature from occlusion plethysmegraphic

studies,
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Radioiodinated (I131) human serum albumin was injected as
bolus indicator into the femoral arteries of men by Agrifoglio et al.
(1)« Downstream concentration was monitored in the femoral vein and
lower cztremity flow calculated on the basis of the described curve,
Injections were iadc upstrean "as rapidly as possible," threcugh an
eightaen gauge imdwaelling Cournand needle, Calculated flews averaged
6.88 ml, per 100cc, volume per minute, with range of 6,30 to 7.78,
in mormal subjects. The authors demonstrated a significant rise in
calculated flow following lumbar sympathectomy, adminmistration of
reserpine for ten days, or following muscular exercise. No calcu-
lations were made of the kinetic energy of the injections and no
investigation was made of production of hemolysis by the injections.
Folse (17) made a similar study in the femeral arteries of man, using
indocyanine dye as indicator, and found mean resting femoral ar-
terial bleod flow to be 301 ml. per minute with range 196 to 484,

Hobbs, Agrifoglio, and Edwards (28), using the same tech-
nique as Agrifoglio et al., compared calculated femoral arterial
blood flows in twenty one dogs with simultaneous flows recorded by
a flow meter included in the artery. Over the flew range 30 to 120
ml, per minute the agreement of values obtained by the two methods
was close, However indicator-dilution values were considerably
higher than those from the flow-meter over flow range 10 to 30 ml,
per minute.

The work of Baker and O'Brien (3) indicates that the type
of bolus technique used by Agrifoglio et al, and Hobbs ot al, ap-

parently can yield accurate calculated flows even over low flow
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ranges if the time-concentration curve is observed im pooled venous
blood. These authors perfused the isolated forelimbs of dogs with a
pulsatile blood pump. The muscles above the elbow were ligated and
cut, leaving the forelimb connected to the body only by the humerus,
brachial artery, brachial and cephalic veins and the brachial nerve
tzunk, Total venous outflow was measured by collection and compared
to flow calculated by an indicator-dilution technique, The indicator
red cells-Cr3l, albumin-I13l, or indocyanine green was injected as a
bolus of 0.5 ml, in 1 second through a 20 gauge needle into the bra-
chial artery downstream to the blood pump, and the time-concentra-
tion curve wvas meagured in the pooled venous blood downstream. Ome
hundred and eighteen simultaneous meas;;eseuts of actual and calcu-
lated flow were made in eighteen dogs ¢ver a flow range of twenty
to two hundred ml. per minute, (In son@ cases 2/13.‘per kilogram
body weight per minute acetylcholine was infused with indicator to
dilate the bed.) All but 17 calculated flows were within — 10 per
cent of the actual flows.

In several experiments flow was also calculated from the
concentration of indicator (either red blood cells-Cr3l or albumin-
1131) in collected total venous effluent to determine if all th§ in-
jected indicator was being returned from the limb, It was found that
there was no trend for appreciable loss of either indicator. These
authors also placed a mixer at the point of injection and point of
sampling and found no differences in the shape of the curves or the

pattern of the data.

The findings of Baker and O'Brien suggest that limb flow may
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be accurately calculated using the bolus indicator-dilution technique
and that complete arterial mixing of imdicator is not essential for
accuracy. In addition it seems probable that the assumption that
indicator albumin-1131 ig not lost from the circulation during transit
through the limb is true,

Although basically similar, theory of the comstant infusion
indicator-dilution technique is simpler than theory of the bolus
injection technique., In addition the constant infusion technique
better satisfies the Fick principle requirement of constant indicator
concentration, Stewart (41) first proposed that constant injection of
indicator could be used for measurement of flow, Hamilton and Remington
(24) and later Andres et al, (2) formally considered this application.
The basic principle of this technique is as stated by Andres et al.:

When indicator is injected at constant rate into a vascular
bed ultimately all blood free of indicator will be displaced
from the system by indicator-laden blood and the gongentration
at exits from the system will become equal to the rate of
injection (mass per unit time) divided by the constant rate of
volume flow (volume per unit time) through the system, provided
that there is no recirculation,
The expression propesed by Andres et al. (2) for calculation of forearm
flow during comstant intrabrachial arterial infusion of indicator is

F_ 1

= Clrq,t) - 2(t - to)

where F equals total forearm flow, I represents rate of constant in-
jection of indicator, c(ro t) represents observed concentration at exit,
»

and a(t -~ ty) 1is the concentration of recirculating indicator, ad-
I

Justed for its time intercsept.



19

Cropp and Burton (15) slso reviewed the validity of constant
infusion indicator-dilution methods for measurements of variable flow,
They found that with adequate mixing close to the injection site, valid
calculations -for non-steady (pulsatile) flow are possible if the mean
of the reciprocal of the instantaneous sampled concentration (17c) is
used in calculations, rather than the reciprocal of the mean concentra-
tion (1/¢). Cropp and Burton showed in flow models, using pulsatile
water flow and thermal indicator, that use of the reciprocal of the
mean concentration always luda. to undsrestimates of true flow, of
increasing magnitude as the degree of fluctuation of flow increases.
On the other hand, their experiments in flow models indicate that use
of the reciprocal of the instantaneous esampled concentration gives
valid calculated flows. They point out that when they added a mixing
region between the injection and sampling sites, oscillation of the
indicator time curves due to pulsatility of flow were attenuated. 1In
these cases, use of either l—/—c or 1/c in calculations gave valid clnlcu-
lated flows, The "mixing region" of their model was a chamber in
series having five times the cross-sectional area of the tube and a
volume approximately twice the stzoke volume of the pump, They state
that the mean transit time of the mixing chamber should optimally be
short compared to the period of fluctuation of flow, They felt that
"the lung, a cardiac chamber or an anmryn;u dilatation" would have
effects similar to their "mixing region."” They did not mention a
peripheral capillary venous bed as a possible "mixing region."

Cropp and Burton (15) also discuss the theory of the distance-

digtortion error., At a sampling site soms distance downstream from
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the injection site, the fluctuation of sampled concentration will not
correspond accurately to changes in flow, Not only is there a phase
difference, but more important, the contour of the concentration-time
curve will be distorted. At this ssmpling site the detsstor will
usually be exposed to low concentration, which is generated in systole,
for a longer time tham the actual duration &f systole. 7This is dus to
the fact that the low concantration segment may mave past the u.;pling
site, not at high systolic velocity, but at low dmhtolic veloeity,
This "distortion" always results in an over estimate of the total flow,
In their experimentsal model, Cropp and Burton, confirmed these
theoretical predictions. They also determined that at certain points
downstream to the injection site, the contou: of the condcntrati;)n time
curve is not distorted, and sampled concentration corresponds accurate-
ly to fioﬁ. These points are multiples of a ‘wave length," defined by
them as: -

wave length in cm, — pump (heart) stroke volume (em.3).
cross-sectional area of artery (cm.2)

Distance-distortion error reaches a maximum at 0,75 wave length (or
multiples thereof) at which points it is as much as a + 22,6 per cent
error, However if a "mixing region" is interposed between injection
and sampling sites, distance-distortion errxor disappears.

These same authors investigated adequacy of mixing of indi-
cator in the pulsatile stream by sampling indicator-time curves at
several points acress the stream during conatant infusion of indicator.
When these curves were similar, this was considered proof of adequate

mixing, They found that in 1 cm, I.D, tubing it was necessary to
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infuse indicator at a kinetic energy of at least 30,000 g. cm. 2 sec,”2

in order to achieve good mixing within 3 cm. Cropp and Burton point
out th;t these energies would cause hemolysis in vivo, In 2 cm, I.D.
tubing, they were not able to achieve good mixing within 5 cm. of the
injection site even with high energy infusions. However, when a "mix-
ing region" was added between the injection and sampling sites, mixing
was good, even if indicator had been infused with a low kinetic energy.
In this situation, the correlation between calculated and collected
flows was 0,998 ¥ 0,01 S.E, Cropp and Burton summarize by stating that
"the most favorable conditions for the measurement of mean flow rates
in the model were provided by continuous infusion of indicator and by
a mixing chamber between injection and sampling sites.'" They go on to
state that "under the right conditions, indicator-dilution methods, by
steady infusion, can be remarkably accurate."

The classical work on constant infusion indicator-dilution
measurement of blood flow in the upper extremity of man, is that of
Andres et al., (2). These suthors desired to develop an approach to
measurement of human forearm blood flow which would yield continuous
recording of blood flow as well as serial samples of arterial and
venous blood for metabolic studies. In addition; they pointed out that
no verification of the plethysmographic method by an independent tech-
nique had been made in man up to that date (1954). They felt that the
continuous constant rate injection technique was preferable to the
single, nearly instantaneous injection (bolus) technique for their work,
because it answered their need for prolonged measurements of blood

flow. Evans Blue dye, T-1824, was chosen as indicator, to be infused
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into the brachial artery at the elbow znd sampled continuously from two
ipsilateral forearm veins in the antecubital fossa, They attempted to
use veins which appeared to drain the deep and superficial circulations
respectively, They found that if indicator was injected through a
twenty gauge needle at a low volume rate, the concentration of indicator
in one sampled vein differed from that in the other vein, They con-
cluded from this finding that indicator had not been distributed uni-
formly throughout the forearm vascular bed, Possible explanations
suggested by these authors for this uneven distribution of indicator
included: (a) collateral arteries about the elbow diluting labeled with
unlabeled blood downstream to the injection site. They dismissed this
possibility on the grounds that collateral arteries about the elbow
probably contribute only a small volume relative to brachial arterial
blood flow, and this small amount of dilution could not cause a sig-
nificant lack of uniformity in 1ndi§ntor concentrations downstream; (b)
Uneven escape of dye from vascular channels, The authors dismissed

this possibility on the grounds that the amount of albumin leaving the
extremity via the lymphatics is negligible compared to that leaving via
the veins; (c) Anomalous bifurcation of the brachial artery (to be dis-
cussed below); (d) Incomplete mixing of dye and blood in the brachial
artery. This latter factor seemed to the suthors to be the most likely
explanation, and the p;oblen appeared to be one of achieving complete
mixing of indicator and arterial blood as near the site of injection

as possible. In order to accomplish this, according to these authors,
the laminar flow of brachial arterial blood must be transformed momen-

tarily into turbulent flow, Howsver, it can be calculated that the
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Reynolds number of brachial arterial blood is equal to or less than one-
tenth of the critical Reynolds number. Therefore, laminar flow in the
brachial artery is so stable that ordinary methods of intra-arterial
infusion do not produce turbulence and mixing, Andres st al, developed
a jet injector to achieve turbulence and mixing of injectate with
bt.'uhial arterial bloed,

Their £flow model experiments, using glass tubing of 6 mm, I,D.
through which water flowed at a constant, not pulsatile, rate of 50 ml,
per minute, indicated that mixing was achieved within 2 em. of the jet-
injector if indicator was infused upstream at a rate of 1 ml, per min-
ute through a needle tip jet orifice of 0,001 inch diameter.

Andres at al, also isclated the femoral arteries of three dogs,
ligating all but two branches, which were cannulated for sampling of
indicator concentration., Indicator was infused constantly against the
direction of flowing blood two to thres centimeters upstream from the
proximal cellecting site, They demonstrated that concentrations of
1ndic§tor differed greatly at the two sites vhen the infusion was made
through a twenty-six gauge nesdle, When infusion at the same volume
rate was made through the jet injecter the ratios of dye concentration
at the two sites were mearly waity, demonstrating that the 1niicct§r
had been distributed uniformly within a distance of several centimeters
of the injector, The authors mads mo attq-pt.co calculate blood !10‘
on the basis of imdicator concentration and compare it te actual flow
in these dogs. Daspite these !Aworabic data.'uhcn the authors tested
the jet injector in the forearms of twenty-seven subjects, comparing

indicator comcentrations in a deep and swperfizial vein, they were not
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able to demonstrate that the jet injector achieved a reduction in the
differences in indicator concentration between veins over that produced
by injection through a standard eighteen or twenty gauge arterial
needle.,

Because the authors made multiple paired measurements of ve-
nous indicator comcentrations in ecach subject under steady state rest-
ing conditions, they were able to compare statistically the paired
indicator concentrations in each subject to determine the probability
that the gsamples from the two veins had arisen from the same population,
despite the fact that they contained different amounts of indicator,

In their analysis, they suggested the following symbols, which will also
be used in the study presented in this thesis:

Cps & concentration of indicater in the deep vein;

Cg, & concentration of indicator in the superficial vein,
occurring simultaneously with Cps

n, the number of pairs of samples in & single experiment;

Cq _ Cp +Cg , the mean concentration of a pair of samples;
2

ED.. i Cp , the mean concentration of indicator observed in
T T

the deep vein during a single experiment under constant conditions;

Es: $

Cs
n

En_ S+ S oy,

2n a

ro ‘0 cD - CS
T 160, the relative difference, the per cent by

S + Cg

i
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which a concentration of indicator in either vein differs from their

mean concentration, CH;

m,X,d, — f r.d,, the mean vrclativc difference in a single
n

experiment,

Coefficient of variation about mean flow = _;Z;_ 100, where
7 1is the standard error of Eh.

They found that with either the jet or regular injectiom
system, the differences between the means exceeded chance at the one
per cent level in fifty per cent of the subjects and exceeded chance
at the five per cent level in sixty per cent. They also found that
the mean concentrations from either vein differed from the overall mean
by no more than twenty per cent in eighty per cent of subjects and
differed from the overall mean by no more than tem pcf gcnt in two-
thirds of the subjects.

The authors suggested that relative constancy of rate of blood
flow is a requisite for the ctaticticllranalysic above, In their groups
of subjects forearm blood flow was "remarkably constant." In ninety
per cent of subjects the coefficient of variation was less than 20 per
cent; that is, during about two-thirds of the period of observatiom in
each of the subjects, flow did not vary from its mean by more than 20
per cent,

The authors also analyzed the mean relative difference in
indicator concentration, which should not differ significantly from

zero if indicator were distributed uniformly. In about sixty per cent

of subjects, with either type of injector, the m.r.d., indicated that
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there was a real difference in indicator concentrations in the two
sampled veins (probability of chance occurrence less than one per cent).
The authors interpreted these results as indicating that "in approxi-
mately half the subjects, the concentrations of indicator in the two
veins sampled were in -the same statistical population and that indi-
cator was, therefore, distributed uniformly over venous blood drain-
ing the forearm."

The authors go on to a discussion of the error involved in
calculating flow f;;n.thc mean indicator concentration obtained by
sampling ;nly two of the veins draining the forearm. They point out
that,

if the blood in the two large veins sampled represented a

very large portion of total forearm bloed, it is probable

that departures in indicator concentration elsewhere in

the forearm would not cause the true mesan concentration of

dye in all blood flowing from the forearm to lie outside

the range established by the paired samples.
Therefore, if this assumption is true, flow calculated from the mean
concentration of indicator provides a measure of bloed flcﬁ with known
error, On this basis, the authors pointed out that in 80 per cent of
their subjects the flow calculated from the mean indicator concentra-
tion did not differ from the true flow by more than T2 per cent,
The authors concluded that in 80 per cent of their subjects there
appeared to be sufficient intermingling of blood upstream to sampling
site to produce a relatively uniform distribution of indicator among the
veins draining the forearm, thus permitting measurement of resting

blood flow,.

It is seen that the essential conclusions made by Andres et al.
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are dependent on their statistical analysis of the observations. To
review these analyses, this group makes the following comparisons
between two sample means: (a) A Student t analysis in each subject of
the null hypothesis that over time the mean indicator concemtration in
one sampled vein, Eb, 1s identical to the mean indicator concentration
in the other sampled vein, 55. The authors do not state whether the
pairod'or unpaired test was used, (b) A Student t analysis in each
subject of the null hypothesis that the mean relative difference in
indicator concentration, m.r.d., does not differ significantly from
zero.

The authors state that the former analysis assumes that the
rate of blood flow is relatively constant, However it is difficult to
see the importance of constancy of blood flow in this analysis, if 83,
the sample standard deviation, remains unchanged. In addition, the
authors did not mention that conclusions from the analysis are de-
pendent on the magnitude of 83. No data is given to enable the reader
to calculate sj. If s3 is large, the beta type error may be quite
large and the test will have little power to distinguish a real differ-
ence between the two means, Andres et al. state that the difference
between the means exceeded chance at the one per cent level in fifty per
cent of the subjects and exceeded chance at the five per cent level in
sixty per cent,

Their second analysis compared m,r.d. against zero by the t
test. The same criticism may be made of the authors' use of this test.
Again, the power of the test is dependent upon the magnitude of the

standard deviation, and the authors give us no data on this point. They
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conclude that in sixty per cent of subjects there was a real diffcrcnéc
betwveen m.r.d. and zero at less than the one per cent level of proba-
bility. In both tests it would seem that the findings would be best
interpreted as indicating that in at least sixty per cent of their sub-
jects the indicator concentrations in the two veins did not arise from
the same population. DNeither analysis as presented allows the reader
to conclude in what percentage of their subjscts indicator concentra-
tions in the two sempled veins derived from the same population., Cer-
tainly it must be less than forty per cent, rather than "approximately
half" as they conclude, It seems, therefore, that in less than forty
per cent of their subjects did uniform distribution of indicator over
venous blood draining the forearm occur.

Their argument that the trus mean concentration of indicator inm
all blood flovinz fron the forearm would probably not lie outside the
range established by the paired samples seems reasonable., If truc, it
follows that the r.d. between paired samples provides a good measure
of the error of blood flow calculated from the mean concentration. How-
ever, here the assumption would be, as pointed out by Andres et al.,
that the blood in the two large veins ssmpled represents a very large
portion of total forearm blood, Another assumption would be that there
i8 no loss of indicator due to, among other things, short-circuiting
vagscular channels at the elbow. Given these assumptions, it would seem
that the r.d, is of value as an index both of the degree of mixing and
of the confidence liiito of calculated blood flew. In this regard it
is interesting that m,r.d. was less than twenty per cent in eighty per

cent of the subjects observed by Andres et al, It seems reasonsble to
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conclude that Andres et al. were able to measure resting forearm blood
flow to within ¥ 20 per cent of its actual value in 80 per cent of
their subjects. This interpretation of their data might be preferable
to their conclusion that they were able to measure accurately resting
blood flow in 80 per cemt of their subjects,

These authors, using & standard needle for infusion, found
mean resting forearm blood flow in 7 subjects to be 4,67 ml, per 100 cc.
forearm volume per minute with range 2.70 to 7,05. The mean m.r.d. was
6.0 per cent with range 0.9 to 13,3 per cent, Three patients were ex-
cluded, two because of m.r.d.'s greater than 20 per cent, and one
because of CV of 52 per cent, The authors state that in these three

subjects there was reason to suspect that the mean concentration of dye

T

was an improper measure of resting flow,

The authors soon discovered that intra-arterial infusions through
their jet injector at rates calculated to be necessary to provoke turbu-
lence and mixing also caused hemolysis of erythrocytes and resulting
vasodilatation. This vasodilatation is known to be dependent on
adenosine triphosphate and related substances released from erythrecytes.
Andres et al. found that this mechanical destruction of erythrocytes
wvas related to the kinetic energy per unit time of the injection, and
determined, by in vitro jet injections into a pool of citrated human
blood, that hemolysis becime detectable when the kinetic energy per
second of injection reached 10,000 to 20,000 g. cm.’ sec.”2, They also
found that these figures correlated with the kinetic enexgies of infu-

sions which produced hemolysis and vasodilatation in vivo in man. In

addition, the authors found in experiments on the hind limb of the dog
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that hemolysis of as little as 0,09 l]:. of blood per minute increased
limb total blood flow seven-fold over the resting value, so that
hemolyzed blood has quite powerful vasodilating properties.

These authors concluded that use of the jet imjectors with
kinetic energy f infusion theoxetically sufficiemt to effect mixing
did not improve the agreement batwasm the indicater concentrations in
the two veins sampled ovex; that produced by a non-jet injector. In
addition, they concluded that the jet injections produced hemolysis
and vasodilatation. In view of these results, the authors concluded
that "it does not appear profitable to comtinue to use the jet injec-
tor for measurement of resting blood flow." The values for resting
forearm blood flow and bleed flow during infusions of vasoactive
agents reported in this and later papers by this group were all during
intra-arterial infusions of less than one ml, per mimute of indicater
solution through a standard gawge artericl needle,

As a result of their observations of the distributiom of
indicator im man, two questions arose for Andres st al, : ‘Why did
the jet injecter fail to produce better miximg thun the nom-jet
injecter? Why was there mixing when the non-jet injector was used?"

Regarding the former question, the authors had concluded Irom
statistical analysis of their data that indicator comncentrations inm
the two veins, although having diffexiag valucs, derived fxom the same
population in approximately eighty pcrficnt of subjects, They comclud-
ed thaﬁ in these subjects complete nix:ln‘ did occur, In the tﬁonty per
cent of cases where the m,x.d, exceeded twenty per cent,the authers

cencluded that miximg did mot occur and suggested that this vas due
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either to a rate of injection too low to provoke turbulence, a rate of
brachial arterial blood flow too fast to allow mixing of indicator be-
fore the bifurcation, or to anomalous bifurcation of the brachial ar-
tery above the elbow. Such anomalous bifurcation is known to occur in
~about twenty per cent of the population. In these cases, indicator was
injected into the ulnar or radial artery rather tham the brachizl artery.
The authors point out that the percentage of failures to achieve adequate
mixing of indicator and blood did not differ from that to be anticipated
from the known rate of occurence of anomalous bifurcation.

The authors suggest that when the non-jet injector was used,
sufficient mixing occurred on the venous side of the forearm circu-
lation in eighty per cent of subjects to allow conclusion that the
indicator-concentrations in the two veins sampled derived from the same
population,

Andres et al. (2) attempted to measure blood flow with venous
occlusion plethysmography simultaneously with their indicator-dilution
procedure in a few of their subjects., In general they found that flow
per 100 cc. forearm volume measured by indicator-dilution was 50 per
cent greater than that measured by plethysmography. They point out
that the difference may reflect real differences in the methods or may
be owing to the fact that the plethysmograph had to be placed more
distally than usual in order to provide room for the arterial injector,
so that the plethysmograph may have enclosed a volume of forearm with
relatively less vascuiar supply. In addition, in these cases high
energy jet injections of indicator were used, which caused hemolysis,

vasodilatation, and high blood flows. The authors suggest that in
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this situation the plethysmograph may tend to yield lower than actual
values, but they do not indicate their reasons for this suggestion.

More recently Wahren (44) attempted to use the constant in-
fusion indicator-dilution technique to measure brachial arterial
blood flow during exercise, He infused indicator in § per cent
dextran solutipn into the brachial artery through a standard needle
at a high volu;n rate (about 34 ml, per minute), At this rate of in-
fusion he found that indicator concentrations in the radial artery,
a deep, and a ;upcrficial vein were similar, and he concluded that
he had ackieved satisfactory mixing., He made a comparison between
blood flows determined for the upper extremity simultaneously with
venous occlusion plethysmography and with the indicator-dilution
method, Varying amounts of bradykinin were infused with the indica-
tor solution in order to increase the blood flow, Over a range of
180 to 680 ml., per minute total flow there was no significant differ-
ence between flows calculated by the two techniques., Wahrem points
out that an infusion rate of 34 ml., per minute may well be a signif-
icant fraction of the total flow through the brachial artery at rest
and during light exercise. However, he found that oxygen saturation
values for venous blood did not change during infusion of imdicator,
and that decrease in venous hemoglobin concentration indicated a sim-
ple addition of the infused solution to the initial blood flow. From
these data he concluded that there was “no evidence of active vaso-
dilatation,” and that "the added infusion may htvo been accommodated
by reduction of blood viscosity due to hemodilution." . Wahren does

not state the gauge of his arterial needle, so it is impossible to
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calculate the kinetic energy of his infusion, Furthermore, he does not
rule out the possibility that his infusions cause hemolysis of erythro-
cytes, However the significant point in this paper is the correlation
found between indicator-dilution and plethysmographic flow measurements.

More recently Andres' group (4) have reported using the im-
dicator-dilution technique with standsard needle injector to measure
forearm blood flow and metabolism dwring local infusien of the vaso-
active agent, epinephrine. They found that infusion of 0,002 u g. per
kilogram body weight per minute causes an immediate and sustained in-
crease in forearm blood flow, Infusion of larger amounts of epineph-
rine 0,0057 to 0.025 M 8o per kilogram per minute, resulted in a tran-
sient increase in bloed flow followed by either prolonged reduction or
no net change in blood flow, The authors followed blood flow from
twenty to forty minutes in eight subjects after stepping epinephrine
at the lower dosage and found flow was still significantly increased
in five of them at the end of the period. In five subjects bleod flow
vas measured for forty to sixty minutes following the end of the epi-
nephrine infusion; in only one of these was flow above basal levels at
the end of the time period. |

The authors point out that with constant infusion of vaso-
active substance, arterial concentration of the substance varies in-
versely with forearm blood flow, This relationship should lead to os-
cillations in blood flow which dampen with time. They observed that
venous concentration of indicator oscillated up until the tenth minute
of infusiom, but the mean flow, and therefore concentration of epineph-

rine, was reasonably constant from the tenth to the twenty-fifth minute.
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The authors do not give any data regarding the effect of the
vasoactive agent on the r.d. However they do mention the case of one
subject in whom concentration of dye in the deep venous plasma was
large, but almost no dye appeared in the superficial venous plasma,
The deep forearm bed, in this subject, which received almost all the
epinephrine, showed all the characteristic epinephrine metabolic ef-
fects, On the other hand the superficial bed, which received essen-
tially no epinephrine, failed to show the typical metabolic effects of
epinephrine. The authors point out that in order to avoid misinter-
pretation of results due to maldistribution, dispersion of arterially
administered vasoactive agents must be monitored by simultanecus in-
jection of an indicator, However the authors do not point out that
manitoring of arterial concentrations of indicator upstream gives much
more satisfactory evidence of uniform mixing of the vasoactive agent
at the arteriolar level than does monitoring the venous concentrations
downstream,

Finally the authors state that response of venous imndicator
concentration to altered blood flow is slow and is a function of the
mean transit time through the system. They state that a time equal to
about three mean transit times is required to establish a new steady
state, Since the magnitude of mean transit time is directly related
to volume rate of blood flow, it follows that establishment of the new
steady state of venous indigator concentration is slower with vasocon-
strictor agents than with vasodilators. The authers state that during
resting forearm blood flow, mean transit time is about 2.3 minutes.

1f flow doubles, mean transit time is reduced to a little more than a
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minute, and the néw steady state i2 achieved in sbout three minutes,
It follows that this indicstor-dilution techmique tends to record an
average blood flow, damping out oscillstions,

In the technique daveloped by Andres et al, (2) tha assump-
tion is made that deep and superficial venous blood is sampled im the
tvo forearm veims.. Ccles st sl. (13) imvestigated the source of bleod
samples withdrawn from deep forearm veins via catheters passed upstream
from the median éubital vein, They foumnd that, if the catheter is
passed distal to the first valve encountsered, the samples are a mix-
ture of hand and deep forearm venous blood but include no superficial
forearm venous blood., If, however, venous pressure is elevated by
venous occlusion above the elbow, these samples also contain super-
ficial forearm (ccphalie) blo.od. This data does mnot totally support
the assumption that the antecubital vein drains the deep muscular cir-
culation alone, However aralysis of the data of Coles et al, reveals
that on the average the hand venous system contributes the smaller pro-

portion of blood to the deaep veins of the forearm,

Vascular Distribution of Imntra-Arterially Administered Substances

The problem of vascular distribution of substances during
intra-arterial infusions has been recently discussed by Rush et al, (37),
who were interested in intra-carotid arterial chemotherapy in man,

These authors point out that skin areas of maldistribution are seen

occasionally duriag such chemotherapy. From Tygan they constructed a
model arterial system similar to the common, external and ianternal ca-
rotid system and followed the course of dye injected at 1 ml, per min-

ute through a 23 gauge needle inte water perfusing the system at 500 ml.



36
per minute. They also injected dye into the lower aorta of dogs and

sampled downgtream simultaneously from points in the common iliac and
sacral branches. In their model they demonstrated that branches of the
vessel closer than 1 to 3 cm, to the injection site rcccivdd little of
the dye, if the injecting needle lay in the center of the stream. On
the other hand injection adjacent to the vessel walls caused most or
all of the material to enter the first branch encountered. These au-
thors suggest the use of a jet needle similar to that of Andres et al.
(2) to achieve arterial mixing., In the dog aorta, similar to the find-
ing of Andres et al, in the dog femoral artery, Rush et al.,, using the
jet injector, demonstrated good mixing in the arteries downstream,

They also did not attempt to calculate flow and compare it to actual
measured flow,

The present work explores the concept that a mew type of in-
jection system for brachial arterial infusions in man may be developed,
wvhich satisfactorily mixes both indicator and vasoactive substances
with brachial arterial blood and does not create hemolysis., Such an
injection system would improve indicator-dilution measurement of blood
flow and vascular distribution of vasoactive agents in the human upper
extremity and would contribute to the study of vascular phyliolégy and

vascular responses in normal and diseased man,



CHAPTER II

METHODS

Description of Special Equipment Used

Jet-injector Needle

Intra-axterial infusions were made through a modified twenty-
six gauge stainless steel hypodermie needle, manufactured by Kimray,
Incorporated, Oklahoma City. Two side holes each of ,006 inch diameter
were drilled into the gshank of the needle about 1 mm, behind the tip
and 180 degrees apart. The needle tip opening was sealed and cut so
that the tip was blunt., A Clay-Adams plastic tubing to male luer-lock
adapter was soldered to the hub of the needle, Figure 1 is a photograph
of this needle and Figure 2 is a magnified view of the needle tip,
showing how jets of infusate are directed laterally from the side holes,
A B-D Swinney Filter Adapter is connected in series with the needle to
eliminate any particulate matter in the infusate, which might occlude
the holes of the needle. Plugging of the holes is rare, although there
is often a reflux of blood into the needle. The jet needle is introduced
into the brachial artery through a twenty gauge Riley arterial needle,

the adapter on the needle hub locking into the hub of the Riley needle,

Infusion Pumps
Because the jet-injector requires a high volume rate of

37



Fig. 1.-- Jet injector needle with Swinney filter adapter.

Fige. 2.-- Tip of jet injector, showing jets of Evans Blue Dye
infusate,
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infusion (8 ml. per minute) at high infusion pressure (up to 1500 mm.
Hg.), the standard Harvard Infusion Pump proved inadequate. Kimray,
Incorporated, Oklahoma City, modified the standard Harvard Infusion
Pump with a more powerful motor, so that the pump was able to deliver
infusions at the required volume rate and pressure, However it was not
found possible to lubricate the glass syringes well enough to prévent
some sticking, usually minor., In addition, at infusion rates of eight
ml, per minute, these fifty ml, glass syringes contained infusate enough
for only six minutes, For these reasons it was necessary to construct
a special infusion pump for this project,

Kimray constructed a hydraulically operated infusion pump,
pressure independent to 45 pounds per square inch and driving two 123
ml, stainless steel syringes. Power is provided by an electric motor,
and delivery of infusate is held constant despite level of resistance,
internal or extermal to the pump, by a series of pressure "bleed off"
valves, Driving prossure within the pump is monitored by an external
meter and pressures within a certain tll;‘t provide a check of proper
pump infusate delivery, Viscosity of the silicone hydraulic fluid is
held constant by a thermostatically controlled heating element in the
reservoir, This pump delivers at a rate of 8 ml, per minute with variation
less than ¥ 1 per cent for periods of at least 5 hours. Figure 3 shows
this infusion pump.

Figure 4 gives the detail of the syringes, barrels, and plung-
ers. The plungers of the syringes are screwed into drive shafts pro-
Jecting from the body of the pump, The barrels of the syringes are

screved into supports on the pump frame. The barrels and plungers were
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Fig. 4.-- Syringe barrel and plunger, showing teflon ring and
lucite disc,



4l

machined to a loose fit, and the plunger is fitted with a ring consist-
ing of an inner "o ring" of silicone rubber and outer band of teflon,
providing a lubricated, expansile, lcakproéf seal., A clear lucite disc
is fixed onto the delivery end of the syringe, so that 1n£uoat; within
the syringe can be monitored for air, The infusion orifice was drilled
through this lucite disc and ends in a luer-lok Adapter, Syringe barrels
and metal plungers are sterilized by autoclave and the teflon-rubber
ring and lucite disc are sterilized in a solution of benzalkonium chlo-
ride, which is thoroughly rinsed with sterile isotonic sodium chloride
solution prior to use, Syringes are filled while fixed to the pump, by
reversing the direction of movement of the plunger.

Pressure between the syringe and the jet-injector is monitored

and provides a check on the patency of the orifices in the jet injector.

JET INJECTOR INFUSION PRESSURES DURING INFUSION INTO AIR
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Fig, 5.-- Pressures during infusion through jet-injector
Figure 5 is a recording of such pressures obtained with both holes open
and with one hole totally or partially closed, Kinetic energy of infu-
sion with both holes open is approximately 4500 g. em, 2 ooc.'z, whereas,

if one hole is completely occluded so that total infusion passes through
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one hole, kinetic energy of infusion becomes four times as great or
18,000 g. cn.z uc.'z. The magnitude of the former kinetic energy is

less than that found by Andres et al. (2) to produce hemolysis. The

magnitude of the latter kinetic emergy, however, may produce hemolysis
in some instances. However, the infusion pressure will double if one
orifice becomes occluded; so monitoring of this pressure will help to
ensure that no hemolysis occurs. The calculated Reynolds number of the
infusate from this system is approximately seventy-one, considerably

less than that calculated as necessary to produce turbulent flow in the

brachial artery of man,

In Vitro eriments

Evans Blue dye was infused through the jet injector and glso
through a standard twenty gauge hypodermic needle against a stream of
vater flowing through glass tubing. The water was pumpad by a Sigma-
motor pump, which provided pulsatile flows of between 25 and 200 ml, per
minute, Pump frequencies were 28 per minute and 216 per minute; respec-
tively. Internal diameter of the glass tubing used was five mm., approxi-
mately that of the human brachial artery, Flows usad were within the
range to be found in the brachial artery of man, Degree of mixing of dye
and water with each needle at various flow rates was observed visually

and recorded by high-speed flash photography.

In Vivo Experimsnts

Dogs
Hemolysis. A pressure independent Sigmemotor blood pump was

interposed between the femoral artery and brachial artery of mongrel dogs
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anaesthetized with sodium pentothal and heparinized. Blood flow in the
brachial artery was thereby held congtant, and monitored perfusion pres-
sure measured limb vascular resistance. A standard twenty gauge hypoder-
mic needle and the jet ihjecéor were in turn introduced into the tubing
downstream from the pump., Isotonic sodium chloride solution was infused
constantly through the indwelling needle at eight ml. per minute, and
resulting changes in perfusion pressure were recorded on a Sanborn
oscillographic recording machine,

Comparison of actual with calculated flows. The forelimbs of

mongrel dogs heparinized (10,000 U,S.P. units) and anaesthetized with
sodium pentothal (30 mgm. per kilogram) were totally severed from the
bodies and tourniquets applied to tissue of both stumps, In some cases
the humerus was not cut., A pressure independent Sigmamotor pulsatile
blood pump was interposed between the femoral artery and brachial ar-
tery, so that limb blood flow was supplied solely by pump., Total
venous outflow from the limb drained from the cephalic and brachial
veins into & reservoir and was measured from each vein by collecting
blood in graduated cylinders., Pressure was monitored in each vein in
order to detect any obstruction to venous outflow., Pressures remained
less than ten mm, Hg. Blood was pumped from the venous reservoir back
into the femoral vein of the animal. Indicator (1131 serum albumin in
isotonic sodium chloride solution) was infused through the jet injector
or through a standard twenty gauge hypodermic needle introduced against
the direction of blood flow into the pump tubing immcdiately upstream
from the junction between tubing and brachial artery. Rate of infusion

of indicator was eight ml. per minute through the jet injector, and
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approximately one ml. per minute through the standard needle. Samples—
of blood for determination of indicator concentration were simultane-
ously collected from the two veins and from the tubing upstream to the
blood pump (recirculation concentration) at four minutes after beginning
each infusion. Venous outflow was measured before and after sampling.
Calculated and actual flow measurements were made at several pump flow
settings in each dog. In some dogs pump flows were randomly changed,
vhereas in others flows were sequentially adjusted from lower to
higher values or vise versa. Figure 6 diagrams the experimental situ-

ation in dogs with severed humerus,

ARTERIAL
PUMP

VENOUS
PUMP

Fig. 6.,-- Comparison of actual with calculated blood flow;
experimental situation,

Man

General procedures, All subjects participating in this study

vere fully informed by the author of the purposes, hazards, and proce-
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dures of the experiment, Written consent was obtained from all subjects.
These male normotensive or essential hypertensive volunteers in the
resting, post-absorptive state were studied in an air conditioned labora-
tory, with ambient temperature maintained at approximately 78°F. Prior
to study, the volume of the upper extremity to the level of the inter-
condylar line at the elbow was measured by water displacement. With

the subject comfortable in the supine position and his arms supported

at a 45 degree angle from the long axis of the body, 20 gauge hypoder-
mic needles were inserted in an upstream direction into the basilic

and cephalic veins of one upper extremity (designated ''{psilateral extrem-
ity") distal to the elbow. A twenty-three gauge needle was also in-
serted upstream into a dorsal wmetacarpal vein of the ipsilateral
extremity, Under local Kylocaine anaesthesia the ipsilateral brachial
and often the radial arteries were also cannulated in an upstream
direction with twenty gauge Riley arterial needles. In additiom, the
contralateral brachial artery was cannulated with a twenty gauge Riley
needle. Figure 7 is a drawing of upper extremity vascular anatomy with
catheters in place., Cannulas in the contralateral brachial artery and
in the ipsilateral radial artary, cephalic vein, basilic vein, and
dorsal metacarpal vein were commected by sterile polyethylene tubing to
a stopcock manifold and from there to @ Statham wire resistance pressure
transducer and Sanborn four channel direct writing oscillograph, The
arms and transducer were adjusted to the level of the right atrium, The
venous catheters and cannulae were maintained patent by intermittent
flushing with heparinized isotonic sodium chloride seolution,

The jet injector described above was inserted into the ipsi-
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Dorsal

surface surface

Fig. 7.-- Diagram of upper extremity vascular anatomy with
catheters in place.

lateral brachial artery through the Riley needle and locked in place.
The tip of the jet needle protruded up to but not proximal to the
intercondylar line at the elbow. In some cases the jet imjector struck
the vessel wall and there was slight difficulty in introducing it to its
full length, but usually manipulation of the position of the Riley needle
afforded clear passage. Blo¢d was allowed momentarily to reflux through
the jet injector into the plastic tubing to show that the injector tip.
lay within the lumen of the artery, Infusate passed from the infusion
syringe and filter through sterile polyethylene tubing to the jet injec-
tor. Infusion pressure in this tubing was monitored in some subjects to
ensure that the 1ﬁj¢ction orifices remained patent. In addition the
patency was checked at the end of each experiment, Durin;_yaiting peri-

ods, between jet infusions, heparinized isotonic sodiwm chloride solution
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was infused at a slow rate through the jet injector to maintain patency.
Everything possible was done to keep the subjects comfortable and reas-
sured during the procedure, and they were carefully instructed not to
move the ipsilateral extremity. Most subjects remained reasonably com-
fortable and calm in this position for the two and one-half to three
hours required by the experiment, Figures 8 and 9 are photographs of a
typical procedure.

Vagsoactive infusions. The general protocol called for paired
infusions, first an isotonic sodium chloride control solution, then the
vasoactive solution in equal isotonic volume. During procedures in
which the special Kimray infusion pump was used, pressures in the ipsi-
lateral cephalic, basilic, and dorsal metacarpal veins, radial artery,
and contralateral brachial artery were recorded in turn usually at three,
eight, thirteen, and sixteen minutes during each infusion, Ipsilateral
cephalic and basilic venous, radial arterial, and contralateral brachial
arterial blood was sampled simultaneously, usually at five, ten, and
fifteen minutes during each infusion. In cases where the Harvard Infu-
sion Pump was used, pressures were recorded usually at three and five
minutes, and blood samples taken at two and four minutes during each
infusion. Resistance was calculated for each flow measurement, using the
pressures recorded after blood samples were taken. Between pairs of in-
fusions there was a pause of from five to thirty minutes to allow vascular
resistance to return toward initial levels.

All infusions contained the same concentration of 113l labeled
human serum albumin (Squibb - Albuminotope). Total isotope dosage per

patient was less than fifty microcuries,



Pig. 8.-- Photograph of typical procedure.

Fig. 9.,-- Close-up of forearm and hand during typical procedure,
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Control infusions were isotonic sodium chloride solution,
eight ml, per minute, and vasoactive infusions contained the vasoactive
agent, usually in isotonic solution, plus isotonic sodium chloride solu-
tion to make up the same volume., Vasoactive agents, freshly prepared
for each procedure, included: (a) angiotensin, (Ciba - Hypertensin),
the octapeptide, 0.025, 0.05, and 0,10 M 8. per minute; (b) epineph-
rine, (Park, Davis and Compauny - Adrenalin Chloride Solution), 0,025,
0.05, and 0,10 8. per minute; (c) ten per cent magnesium sulfate
solution, (E. Lill.y and Company, Magnesium Sulfate, N.F., 10 per cent),
0.2, 0,28, and 0.4 ml. per minute., Diluted with isotomic sodium chlogtdo,
the infused magnesium ulfatc‘colution had an osmolarity of 305 mOs. per
liter; (d) 150 mOs. per liter sodium chloridc solution, 8 ml. per minute,
During bleod sampling, the cannulae and catheters were first flushed by
drawing and discarding 1.5 to 2 ml. of blood, a volume at least three
tiﬁoo the volume of the tubing., Actual drawing of samples immediately
folloved, each two ml. in volume, and these samples were placed in glass
test tubes containing dried sodium oxylate. The tubes containing sam-
ples vere rotated for at least three minutes and then one ml, aliquots
wvere pipetted into plastic tubes for isotope counting. These specimens
vere counted on & Tracerlab crystal scimtillatioa counter.

Subjects participating, All :ubjoct; participating in this
study were male inpatients at the Veterans Administration Hespital, Okla-
homa City, Oklahoma., Subjects had either definite arterial hypertension
or normotension, and no subjects were accepted who were receiving drugs
with vasoactive properties or who had clinically discernable left or

right ventricular failure. No subjects were acutely ill although sev-
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eral were in the afebrile convalescent phase of acute febrile illnesses.
Kone had other peripheral vascular disease except mild degrees of asymp-
tomatic periphersl arteriosclerosis cd.nnnnuratc with their ages. An
attempt was made to exclude subjectr having aunomalous bifurcation of the
brachial artery by palpating the antecubital fossae, but this was un-

successful in a2 few instances,

Calculation of Blood Flow and Vascular Resistance

Figure 10, after Andres et al. (2) represents the time concen-
tration curve of indicator 1§ a déﬁnstrcan vein during constant indicator
infusion into the supplyinz artery. The upper drawing represents the
relationship between concentration and time if there is no recirculation

of indicator, and it may be seen that ‘in this case, after the plateau in

IDEALIZED CONCENTR ATION-TIME
PLOT DURING CONSTANT INFUSION
OF INDICATOR

A— NO RECIRCULATION B— RECIRCULATION

LW

BEGIN INFUSION STOP INFUSION

v
RECIRCULATION
CONC'N ‘

VENOUS CONC'N OF INDICATOR

ety —

MINUTES —
ADAPTED FROM ANDRES etal. J.Cl 33:482,1954

Fig. 10.--Idealized concentration-time plot during constant
infusion of indicator,
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concentration is reached, flow is inversely proportional to the concen-
tration of indicator in the vein, The lower drawing represents the re-
lationship if there is recirculation of indicator. It may be seen that
recirculating indicator adds a time dependent increment to the venous
concentration., To calculate flow, this increment must be subtracted from
the venous concentration. The calculating squation for upper extremity
blood flow is as suggested by Andres et al.:

Quantity of indicator infused

ight per minute
Flow (volume per minute) = (veight p nute)

Mean venous Mean arterial
indicator - indicator
concentration concentration

(weight per volume) (weight per volume)
which, in ¢case of this present study, using 1131 14beled hmn serum

albumin (RIHSA) as indicator becomes:

CPM RINSA infused per minute into

Upper Extreaity Blood Flov (F) = g puetetial s o
per ml. - tralateral brachial
venous blood arterial blood

It should be noted that the mean indicator comcentration of the paired
venous samples is used in calculation of blood. flow.

Calculated upper extremity blood flow is expressed as ml. per
100 cc. upper extremity volume per minute. _Total upper extremity vas-
cular resistance is calculated as follows:

Upper Extremity Vascular Resistance _ Paa - PLv , and is
F

expressed as mm, Hg. per ml, blood flow per 100 c¢c. upper extremity vol-

ume per minute, Upper extremity segmental vascular resistances may also

be calculated as follows:
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-é - FLV'

Venous Resistance - _SV - "LV;
F

Arterial Resistance _ PaA - PRA, vhere ;BA' -fn. T’LV’ 'fsv, and P
r

represent mean brachial arterial pressure, mean radial arterial pressure,
mean cephalic or basilic venous pressure, mean dorsal metacarpal venous
pressure, and total upper extremity blood flow per 100 éc. extremity
volume per minute, respectively,

_ The Student's t test, paired or unpaired depending on the

particular experimental design, was uui for statistical analyses of the

data.



CHAPTER 111

RESULTS

In Vitro Experiments

Figures lla through 14b are high speed flash photographs of
Evans Blue dye being infused at eight ml, per minute through either the
jet injector or a standard twenty gauge hypodermic needle against the
flow of water in glass tubing from left to right at water flow rates of
twenty five, fifty, one hundred, and two hundred ml., per minute. It may
be seen that, at all flows, mixing of indicator with water is improved
by the jet injector. This is especially true at the high flow rates. It
may also be seen that most mixing occurs as a result of "rebounding" of
the jet stream from the walls of the tube into the main stream, This
"rebounding" would not be present in the end-orifice type of jet injector
used by Andres et al. (2). Figures 15 (a and b) illustrate that mixing
is improved at flows of either one hundred or two hundred ml. per minute
even 1if the jet injector lies against a wall of the tubing, a situation
likely to occur in vivo. Figures 16 (a, b, and c) were taken at different
phases of the pump cycle and illustrate the effect of pulsatile flow upon
indicator dispersion. In this case pump flow and stroke frequency were
100 ml. per minute and 112 per minute, respectively. It will be seen that
there are regions of greater concentration of indicator (pump diastole) and

of lesser concentration (pump systole).. These regions move downstream with
53
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Fig. 11, a-~- Infusion of Evans Blue Dye through jet injector
into water flowing from left to right at 25 ml. per minute,
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¥ig. 11, b~- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left to right at 25 ml, per minute,
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Fig. 12, a-- Infusion of Evans Blue Dye through jet injector
into water flowing f£rom left to right at 50 ml. per minute.
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Fig, 12, b-- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left te right at 50 ml. per minute.
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Fig. 13, a-- Infusion of Evans Blue Dye thraugh jet injector
into water flowing from left to right at 100 ml, per minute.
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Fig. 13, b-- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left to right at 100 ml, per min-
ute,
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Fig. 14, a-- Infusion of Evans Blue Dye through jet injector
into water flowing from left to right at 200 ml. per minute,
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Fig. 14, b-- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left to right at 200 ml. per min-
ute.
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Fig. 15. a-- Infusion of Evans Blue Dye through jet injector in-
to water flowing fowom left to right at 100 ml. per minute,
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Fig., 15, b-~ Infusion of Evans Blue Dye through jet injector in-
to water flowing from left to right at 200 ml, per minute,
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Fig. 16, a,b,c--Infusion of Evans Blue Dye through jet injector
into water flowing from left to right at 100 ml. per minute, at sequen-
tial phases of the pump cycle.
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time and change in configuration.
In Vivo eriments

Dogs

Hemolysis. Figure 17 is representative of the pump pressure
tracings obt;ined in the pump-perfused forelimbs of seven dogs during
intrabrachial arterial infusions. The top panel is the pump pressure
tracing obtained during intra-brachial arterial infusion of isotonic
sodium chloride solution at eight ml. per minute through a standard twen-
ty gauge hypodermic needle. The center ?antl is the pressure tracing ob-
tained during an identical infusion through the jet injector. It may be
seen that neither infusion significantly altered perfusion pressure, or,

therefore, limb vascular resistance, either immediately upon starting or

INFUSION THROUGH REGULAR NEEDLE 8ml./min.

200 b il ipid R ! 1 T LI ] [71!
50 * Lot H - RN TN
g re UG M S S IR I L 0 g o ¢¢1 LI '
100 .Y._x.._:,, pieese d {.,4 t ,‘v - N
PO SET A P S 1 Y A A i N
=0 - fote ,..,‘.l,..,.f}v foo -4 __._.i,f..-. o
0 f%ﬁf%dxr"'“': ot 11{“¥ u &
i‘ Start Infusion 1Min. Stop Infusion 1 Min.
g INFUSION THROUGH ‘'JET' NEEDLE 8mi./min.
I i 1 55 W 4 b I iTIAT INENN NN
e 200} @G 1% R HE R LU i‘T;{-f T
2 150 -t i [
© Mt y "
2 100 chdd ) T +- N
Y e _h 2 ASRSEknuund
i JAE ey e
a ol-'l‘i' R R “"[{‘L'H 1 T :
E -
{ Start Infusion 1 Min. Stop Infusion 1 Min.

INJUECTION WHOLE BLOOD, 2ml.
200 TEE
180"
100}

50

Inject

Fig, 17. --Pump pressure tracings durius.iufusion through regu-
lar and jet needles into pump perfused dog forelimb,
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stopping the infusion, or after one minute. However the limb vascular
bed was responsive to products of hemolysis, as indicated in the bottom
panel by vasodilation following imtra-brachial arterial injection of two
ml. of whole blood through a twenty seven gauge hypodermic needle at a
velocity which hemolyses the imjected blood.

Comparison of actusl with calculated flows. Standard Rypoder-
mic needle. Indicator was infused through a twenty gauge standard hypo-
dermic needle at approx;maﬁely one ml, per minute into the pump perfused
brachial arteries of seven dogs. Table 2 itemizes and Table 3 summarizes
these experiments. In five of the seven dogs only the pump inflow was
measured, It was then realized that collateral circulation through the
bone may contribute a significant proportion of the limb blood flow, es-
pecially at low pump flows, At these low pump flows perfusion pressures
may be lower than systemic blood pressures, favoring bome flow which is
supplied at the higher systemic perfusion pressures. The venous outflow
was also measured in the two final dogs and only in these two dogs may a
valid co-plri;on be made between actual and calculated flow, However in
all seven dogs measurements of m.r.d, are valid, It may be seen that in
two dogs the calculated flows averaged 44.4 per cent above the actual flows,
and that in seven dogs the m.r.d.'s averaged 18.0 per cent, In all of
these experiments the standard Harvard Infusion Pump was used to infuse
indicator, and in none of thene experiments was the humerus cut.

Jet injector nocdlg. These results lhOﬂld'bC co-pqrod to the
results in ten other dogs itemized in Table 4 and summarized in Table 3.
In these experiments indicdtor was infused through fhc Jet injector at

eight ml, per minute into the pump perfused brachial arteries, It may be
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TABLE 2

COMPARISON OF ACTUAL AND CALCULATED FLOWS IN PWMP PERFUSED
DOG FORELIMBS USING STAWDARD NEEDLE IRJECTOR

"Actual Flow" Mean
Dog No, Bone ml.per minute Calc. Flow Act,-Calc., 100%
Cut ml.per minute .

Pump Venous Total re.de%
1NJ No 13600 oo 136.4 19.9 .o
9650 Y 104.0 7.2 (X
60,0 .o 150.6 56,0 .o
2NJ No 35.5 .o 64.3 39.0 .o
82,0 .o 92,5 12.4 oo
136.0 .o 163,.1 9.0 .e
3NJ No 93.0 X 9407 12.4 ve
74,0 ve 77.7 9.9 ve
93,0 -e 90,6 3.0 oo
74.0 .o 70,7 13.0 .o
‘lw No 74.0 oo 11".2 3001 ' X
98.0 .o 114.2 10,3 .o
SIU No 51.0 o 20503 ' 905 (X}
6NJ No 88.0 . 9645 91,7 1.9 - 3.8
7RJ No 66,0 87.0 139.8 41,3 + 60,7
110,0 121,0 229.3 28.9 + 89,5
165.0 160.0 210.1 2.2 + 31.3
% (¥ S.E.) 18.0% 3,8 46.3
Signed X + bbb
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TABLE 3

SWMARY OF COMPARISON OF ACTVUAL AND CALCULATED FLOWS
IR PWMP PERFYSED DOG FORELIMBS

Standard Needle

N Mean
Dogs Obser- : % Signed 2
vations Comment n.r.d, Difference Difference
5 13 VYenous tlw 17.8 S .o
not measured
measured :
7 17 Not Rdited 13.. .o X
Jet Neadle
2 4 Bone Not Cut 9.0 901 + 404
8 56 Bone Cut 3,5 7.7 + 2.9
58 30 Technically - 3.6 4.1 + 1.3
Satisfactory
sP 30 Technically 4,2 11.4 +4,7
questienable
10 60 Not Edited 3.9 7.8 + 3.0

23¢e¢ Figure (19)
bgee Figure (18) .
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seen that for all animals calculated flows averaged 3 per cent above the
actual flows, nﬁd that the m,r,d.'s averaged 7.3 per cent, In dogs 1J
and 2J the standard Harvard Infusion Pump was used, In the remainder, the
modified Harvard pump was used, In dogs 1J and 2J the humerus was not cut
and in the remainder the humerus was cut,

Table 4 cites some technical difficulties encountered in five of
these experiments. In four cases, dogs 1J, 4J, 8J, and 9J, the errors
wvould tend to make the calculated flows erroneously high. These errors
include loss of indicator from the tubing or syringe, faulty operation of
the pump, or sticking of the syringe. In one case, dog 10J, a fast stop-
vatch caused faulty calibration and therefore the calculated flows were
erroneously low, Figure 18 represents a comparison of actual and calcu-
lated flows in these five dogs with recognised technical problems. It
will be seen that even in these dogs all but one of the thirty qblcrlatinua
lay within T2 per cent of actual flow, and that four observations lay
within £ 5 per cent of the actual flow, Figure 19 represents a similar
comparison in the case of the remaining five dogs, where no technical error
vas detected., It will be seen that all but two of these thirty observa-
tions lay withinm 10 per cent of the actual flow and 77 per cent lay with-
in ¥ 5 per cent of the actual flow. Table 3 summarises the overall
figures for these ten experiments with the jet injector. It may be seen
that in all subgroups there is a clcg; decrease in m,x.d, and per cent
differeace between actual and calculated flows as compared to similar
values in the dogs in which the standard needle was used, In additien the
data suggest that cutting the humerus may have contributed to improved

accuracy of calculation and decreased m,.r.d,
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MEAN CALCULATED FLOW vs. ACTUAL FLOW (ml/min)

1
20 b /29%/}%
/ 10%
230
20%
= 200 |
O
——t
. e
a 170 %
“w
-
=
o> 140
%}
-
<
U110 f
z
<
w
= 80 r 1J-
4)-0
8)-u
50 9J-a
104~ &

L A L 1 L )

20 50 80 110 140 170 200 230 260
ACTUAL FLOW

Fig. 18.-~ Mean calculated flow vs. actual flow (technical
errors present),

MEAN CALCULATED FLOW vs. ACTUAL FLOW (m!/min)
180
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MEAN CALCULATED FLOW
3

L 1
40 60 80 100 120 140 160 180

ACTUAL FLOW
Fig., 19,-- Mean calculated flow vs., actual flow




TABLE 4

COMPARISON OF ACTEAL AND CALCULATED FLOWS IN PUMP PfRFUSEb DPOG FORELIMBS USING JET INJECTORS

Actual Flow Calc. Flow
Act, - Calc, y 1002
Bone Act,
Dog No.| Cut | Bagilic | Cephalic , Remarks
. Vein Vein Total | Total r.d.%2

1J ﬁo e oo 5890 55.0 9.1 - 5.2 Stlnd&td n‘t"’
) oo 78,0 84,2 2,6 * 7.9 vard Infusion
oo .o 98.0 115,0 5.2 + 17,3 Pump Used.
.e oo 114.0 118.8 4.5 + 4o2 Faulty Opot-
LX) oo 140,0 . 179.8 10.5 + 28.‘ ation

23 o .o .o 59.0 66,6 26.4 - + 12.9 Standard Har-
e oo 88.5 83.4 13,9 - 5.8 vard Infusion
oo o0 100,5 98.0 12,1 - 2,5 PII-P Used,
.o .o 119.5 111.8 8.3 = 6.4
.o PR 135.0 127.6 4,2 - 5.5

3J Yes o oo 54.0 51.8 11.0 = 4.1
oo .o 80.5 8l.4 5.2 ¢ 1.1
oo oo 100.0 97.9 5.4 - 2.1
oo oo 122,5 118.1 3.6 - 3.6
oo .o 133.0 129.9 0.2 = 243
oo oo 155.5 158.8 1.7 t 2.1

99



TABLE 4 - Continued

43 Yes 4,0 46.0 50.0 57.2 9.8 + 14.4 Stopeock
7.0 53.0 60.0 64.8 6.0 + 8.0 Leakage.
15.5 72,0 87.5 101.6 5.9 + 16,1 Syringe Stick-
35.5 79.5 |115.0 137.9 1,7 + 19.9 ing. BV Flow
59.0 68.5 }127.5 149.6 1,7 + 17.3 Poor Initially.
5J Yes 119.0 52.0 |{171.0 173.5 0.6 + 1.5
94,0 42,0 [136,0 142.4 1.3 +t 4.7
80.0 35,0 |115.0 | 118.4 0.9 + 3.0
51.0 34.0 85.0 90,2 0.4 + 6.1
33.5 25,5 59,0 | 59.6 0.5 + 1.0
25.0 22,0 47.0 49,1 0.0 + 4.5
6J Yes 72,0 82,0 154.0 164,6 1.7 + 6,9
’ 66,0 76.0 |142,0 138.7 0.4 - 2.3
54.0 68.0 |122,0 126,2 2.2 + 3.4
38.5 57.0 95.5 98.4 1.0 + 3.0
23.0 42.0 65.06 74.7 0.0 + 14,9
16.0 38.0 54.0 56.6 0.4 + 4,8
3 Yes 91.0 56,0 |147.0 .| 141.6 0.4 - 3.7
82,0 48.5 | 130.5 126.0 1.7 - 3.4
67.0 3605 | 103.5 105.8 007 + 202
40,0 23.0 63.0 64,0 - 0.2 + 146
50,5 29.5 80,0 81.4 0.7 v 1.8
22,5 21.5 44,0 bbb 0.6 + 0.9

{9



TABLE 4 - Continued

8J Yes 16.0 24.0 40.0 39,2 14.5 - 2.0 Syringe
82.0 45.5 | 1272.5 135.0 2.4 + 5.9 Leaking.
46.8 32.0 78.8 81.0 1.9 + 2.8
124.0 65.0 | 189.0 202.0 1.6 + 6.9
50.0 34.8 84.8 95,8 0.6 + 13,0
90.0 49,0 | 139.0 155.8 2.8 + 12,1
9J Yes 60.0 63.0 | 123.0 139.3 6.5 + 7.2 Syringe
4.0 18.0 22.0 25.8 10.1 + 17.3 Sticking.
96.2 | 100.8 | 197.0 232,.8 0.3 + 18,2
17.9 36.5 54.4 58.0 3.3 + 6.6
84.0 66.0 | 150,0 170.4 2,0 + 13,2
44,3 44.5 88.8 104.8 3.2 + 18.0
13.5 22.3 35.8 40.6 4,2 + 13.4
10J Yes 58.8 72.0 | 130.8 117.2 1.8 - 10.4 Stopwatch
8.8 14.7 23.5 20.8 0.0 - 11,5 Faulty, Errone-
97.0 95.5 | 192.5 167.8 1.2 - 12,8 ous Calibration
29.0 27.0 56.0 50.5 l.4 - 9.8 of Imndicater
74.3 77.5 | 151.8 136.0 6.1 - 10.4
“os 46.0 90.8 ' 86.6 407 - ‘.6
13.4 21.7 35.1 32.6 1.5 - 7.1

89
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Man

Subjects participating, Table 5 presents clinical data on the
fifty subjects participating in this study. In the case of hypertensive
subjects, the clinically estimated degree of cevérity is noted, Three
subjects participated twice in the procedure: A,L., J.E.C., and G.E.

For several reasons data on some subjects were excluded from
some or all of the tables presented in this section. For example, there
was occasionally considerable difficulty with sticking of the glass
syringes, This sticking caused inconstant infusion of indicator, and
for this reason most data on subjects R.L.A, and L,T. were not used. In
several subjects the orifices of the jet injector lay outside the lumen
of the brachial artery and indicator was infused subcutaneously., In
these cases blood would not reflux through the needle and there was sub-
cutaneous swelling during the infusion., For this reason most data on
subjects G,E,-2, E.C,M,, and B.G.L, were not used, In several subjects
it was not possible to draw samples from both veins during all or a part
of the procedure, For this reason all or a portion of the data on sub-
jects W.O.D.; N.P.L., and F.M,H, was not used,

All or a portion of the data accumulated during study of res-
ponse to epinephrine and angiotensin in subjects E.L.F., N.P,L., L.S.,
F.,F., G,E.-1, and L.P, vas discarded because a steady state of limb blood
flow had not been achieved prior to some vasoactive infusions. In most
cases this was due to persistance of changes caused by a previous infusion,

In a group of subjects there was evidence that some or all of
the infused indicator was lost from the limb bed due to vascular shunting

around the elbow. A striking case of this was subject D.,H.R.,, in whoa



TABLE 5

. SUBJECT LIST
Race/ | Wt. Limb Laberatery
Subject Date Agei Sex | Kg. Volume Disgnosis Drugs
. CC,
Hect, | BUN
R.L.A. 26 Mar.64 | 49 N/M 80.5 1850 Essential Hypertension | Digitexin, 56 12
) (moderate) Phenobarbital
J.D.H. 26 Mar,.64 | 42 N/M 72,7 1700 Essential Hypertension | Digitexin 47 10
S ' ‘ (mild)
R.T. 27 Mar,64 | 23 W/M 96.8 1750 Essential Hypertension | Nome 50 17
— ' (moderate).
F.G.D, 9 Apr.64 | 51 W/ 98,6 1850 Essential Hypertension | None 50 13
o ) v (moderate)
J.E.C. 9 Apr.64 | 36 w/M 8l.1 1700 Essential Hypertension | None 47 8
. 19 May 65| 37 1525 (mild)
I.S. 23 Apr.64 | 40 N/M 68.2 1550 Essential Hypertension | None 46 13
. . ’ (moderate)
W.W.Z. 21 May 64 | 47 w/M 82.3 1450 Essential Hypertension | Nome 50 14
o . (mild)
A.L. 4 Jun.64 |41 | m/M | 85.1 1625 Essential Hypertension | Nome 53 10
o 7 Jan.66 | 42 1650 (moderate).
I.L. - 18 Jun,64 | 48 W/M 66.4 1300 Essential Hypertension | Digitoxin 49 14
(moderate),
Pulmonary . emphysena,
Inactive duodenal
ulcer
0.H.P, 18 Jun.64 | 57 WM | 71.5 1575 Essential Hypertemsion | None 37 32
‘(mild), Piabestes T
________________ Mellitus .

13



TABLE 5 - Continued

vlu » T.

M.C.

E.A.‘.

W.P.
L.T.
H.B.
F.F.
L.P.

“.J.S.

G.E.

LOCOB.

W.E,S.

19 Juo“
16 Jul.64

16 Jul.64

17 Jul.6k
30 Jul.64

24 Sep.b64
24 Sep.64

8 Oct.6h

9 Oct.64

30 Oct.64
8 I}OC.GS

11 Dec.64

8 Jan.65

72

42

&7

353

69

57

51
52

32

/M

W/

W/

/M

n/u

WM
/M

/M

/M

w/n

N/M

W/

68

85

60.5

88.4

66.4

75
115.9

72,7

88.6

67.7

70

1250

1875

1300
1950

2075

1500
2350
1500

1800

1325
1325

1525
2025

Essential Hypertension
(moderate), 0Old Sub-
arachnoid hemorrhage
Essential Hypertension
(mild), Chronic
Pyelonephritis
Essential Hypertension
mild)

Essential Hypertension
(mild) Old cerebral
vascular accident
Essential Hypertension
(mild), Chronic
bronchitis

Essential Hypertension
(mild)

Essential Hypertension
(mild)

Essential Hypertension
(mild), Diabetes
Mellitus

Essential Hypertension
(moderate), Diabetes
Mellitus, Chronic
pyelonephritis
Essential Hypertension
(mild), Chronic
pyelonephritis

Essential nypertension‘

(mild)
Essential Hypertension
(moderate to severe)

None

Digitoxin

None

Rone

None

None
Chloxpropa-
mide,

Insulin
None

None

None

None

51

39

42

47
45
45

47

&l

&5
47

22

10

19

21

16

13
13
21

10

13

20
14

1L
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R.A.

8.W.P.

E.L.F.
JeJe
g.c.u.

F.L.Z.
R.C.F.C,
N.P.L.
E.P.
L.—s.
!‘.P.J.

R.H.T.

15 Jan.65

22 Jan.65

22 Jan.65

5 Feb.65

12 Feb.65
12 Feb.65
26 Feb.65

26 Feb.65
- lhr.65
10 Mar.65
17 Mar.65
19 Mar,.65
31 Mar.65

2 Apr,.65
16 Apr.65

43

71

49

45

31

50

46

61
50
56
59
31
60

51
47

W/M

W/M

W/M

W/M

w/M

R/M

W/M

W/M
w/M
w/M
N/M
W/M
W/M

W/M
W/M

67

51.6

68.2

91.8
69

73.6

62,7
86.4
70,2

54.5
65

53.9

67.7
77.8

1550

1125

1500

2150

1500
1850
1725

1500
1600
1500
1100
1225
1250

1325
1300

Diabetes Mellitus,
Duodenal ulcer

Cholelithiasis
Pyelonephritis
Silicosis

Essential Hypertension
(mild)
Gastritis, Urethritis

Subgiding Pneumonitis,
Bronchial Asthma

Chronic Bronchitis,
Arteriosclerotic heart
disease

Lymphoma

Ulcerative Colitis,
Schizophrenia
Chronic Pyelone-
phritis
Adenocarcinoma
Psychoneurosis
Diabetes Mellitus,
Chronic Bronchitis
Broncho-pneumonia
Diabetes Mellitus

Chlordiaze-
poxide,
Insulin
None

Penicillin,
Streptomycin,
Ferrous Sul-
fate, SS-K1
None

Meprobamate,
Phenylbutazone,
Urecholine
Streptomycin,
Penicillin,
Ephedrin,SS~KI1
Digitoxin,
Tetracycline

Chloral hy-
drate
Chlorpro-
magine
Sulfisoxazole

None

None
Tetracycline,
Tolbutamide
Erythromycin
None

35

42

47
46

39
46

42
38
47
42
42

10

15

18

16

11

11

19

18
21
12
10
12

21
15

144
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WQCQWO
L.H.
S.6G.
C.T.L.
L.C .ﬁ’
—v. o.b.
F.MH.
T.K.
é.‘c.n.
JeL.Ge
W.H,
HoW.M,
D.H.R,

21 Apr. 65
12 May 65

8 Oct.65.

2 Nov.65
5 Nov.65

17 Nov.65

24 Nov.65

15 Dec.65
17 Dec.65

12 Jan.66

14 Jan.66
19 Jan.66

52
51
73
48
30

36
55

52

8F

49
37

W/M
W/M
W/M
N/M
N/M

w/M
W/

W/M

W/M
N/M

W/M

W/M
/M

'87.0

68

;91.1
;70
‘76
50
565.6

87.5

56.4

77,7

86.8

70,9

1700
1325
1900
1900
1800

1300
1400

1525

1425
1400

1850

1900
1425

Diasbetes Mellitus
Gagtric Ulcer
Metastatic Adeno-
carcinoma
Femoral Neuritis
Myalgia, . probably
viral

No disease

Essential Hypertension
(mild) _

Essential Hypertension
(mild)

Cervical spondylosis
Subgiding Acute
Gastroenteritis
Gastric Ulcer

Depression
Essential Hypertgnsion
(severe)

None
Phenobarbital
None

Diazepan,
Hydroxyzine
None

Tetracycline
None

Digitoxin

ﬂethocarba-ol
None

Gelusil,
Phenobarbital
Hone

None

47
53

45

40
50

46

47
42

42

47

11
20
20

10

25
18

20
12

€L
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blanching of a five by six centimeter area of skin proximal to the in-
fusion site was noted during vasoactive infusions. Later it was found
that concentrations of isotope in the veins of the limb were only slight-
ly greater than recirculation concentrations.  In this case the tip of
the jet injector probebly entered a small branch of the brachial artery
at the elbow, blood from which did nof enter the forearm, In other

cases evidence of shunting was less clear-cut, but, because the calcu-
lated flows were unrealistically high in these cases, it was felt that

a significant proportion of indicator had not reached the forearm ves-
sels., Such cases were S.G,, and S.,W,P, Data from these three cases

are presented in Table 6 and excluded from most other tables.

TABLE 6

SUSPECTED SHUNTING OF INDICATOR AT ELBOW. MEAN CALCULATED UPPER EXTREMITY
BLOOD FLOW AND MEAN RELATIVE DIFFERENCE IN PER CENT IN COMCENIRATION
OF INDICATOR IN PAIRED VENOUS SAMPLES

Mean Calculated
Subject Observations mor.ds, %
Total Flow -
al/min nl/100cc/ain
n.n.k. 6 m w 11.‘
SM.P. 5 380,6 17,7 1.6
S.G. 7 407.9 21,5 5.1

ri“lly, in .“j‘et‘ "0‘., O.I.P., P.L.Z., J.l.c.. and R, K, T,
there was good evidence of anomalous bifurcation of the brachial artery.
In these cases there was a cog:&d‘rablc.dttforchac betwaen thke concen-

trations of imdicator in the paired venous samples, Table 7 gives data
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TABLE 7
SUSPECTED ANOMALOUS BIFURCATION OF THE BRACHIAL ARTERY
Mean Indicator Concentration (CIMM)
No During Resting Flow mor.d. %
Subject Obger- BV vs, CV
vations | Contra- -
lateral | Radial | Cephalic | Basilic
Brachial | Artery Vein Vein
Ar tery
W.D, 5 2766 . 13227 4235 75.4
O.H.P. 5 1028 . 1114 4728 95.4
F,L.Z. 5 2092 .e 5561 9429 35.8
J.E.C,-2 11 3861 3823 10710 15878 27.4
R.H.T, 7 2936 2944 3112 7151 91.9

on thege five subjects.

It is interesting to note that thepe five sub-

jects comprise about ten per cent of all subjects studied, whereas it is

known that twenty per cent of humans have this anomaly, Data from these

subjects were excluded from most tables.

Use of the technique to study upper extremity resting blood flow.

Comparison of mixing obtained with standard and jet injectors. Imdicator
was infused through a standard twenty gauge arterial needle into the bra-
chial arteries of ten subjects and through the jet injector into the bra-
chial arteries of fourteen subjects, in whom more than one measurement

of resting blood flow was made. The resulting calculated mean relative

diffcrcncco and mean resting blocd flows are presented in Tables 8 and 9.
In the cases of J.E.C.,-1 and O.H,P. with the standard needle and of R.H.T,
with the jet injector, results were questionable for reasons.outlined

above, From Table 8 it may be seen that the m.r.d. is significantly de-
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TABLE 8

COMPARISON OF MIXING EFFECTIVENESS
OF JET AND STANDARD INJECTORS

Mean Relative Difference, Per Cent, Between
Indicator Concentrations in Paired Venous Samples

Standard Needle Jet Nsedle
Subject m,re.de % Subject mer.d, 2
I.8. 6.5 C.T.L. 5.2
JeD.H. 28,9 - W.H. 1.5
FOG.D. 7.6 J.L.c. 3.6
‘.T. 14.3 L.c.n. 9.0
WW. 2, 25,2 H WX, 11,2
I.L. 17.6 C.C.R, 5.5
V.l!.'l'.' ' 304 A.L.-Z 107
‘.Lo‘l 2106 'I'.K. 50’
J.E.Co'l‘ 4'00 . '.C.'. 2.‘
O.H.P,2 160.0 L.M. 3.2
M.J. 1.6
s.co 4.5
G.E.-'l - 22.‘
R.H,T.* 100,0
x * 8,E. 27,31 ¥ 9,07 12,69 6,88
P .15 - ,10°
Xt S,E.0 15.64 & 3,29 5.98 X 1,59
P N 005 - .02b

43ubjects with proved or highly suspected anomalies, excluded
from edited totals,

bAlternate hypothesis u # upe
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TABLE 9

COMPARISOX OF CALCULATED BLOCD FLOW USING JET
AND STANDARD INJECTORS

Calculated Mean Resting Blood Flow

nl/100cc/min
Standard Needle Jet Needle
Subject Flow Subject Flow
I.s. 5.3 c.T.L. ‘.7
JODOHO 303 '0‘0 607
F.G.D. 3.0 JeLeGo 5.7
R.T. 6.0 L.C.H. 5.2
"o"oZo 4.5 n.won‘ 7.3
I.L. 6.6 c.c.l’ s.‘
wrnoro 3.9 AcLo'z 3o°
AoLo'l 702 T.K. 1004
J.E.c.-l‘ 1508 wocouo 5.0
O.H.P.‘ e C.H. - 907
M.J, 9.4
S.G. 26,7
G.l.’l 1301
R.l.f.. [ X ]
x * s,.E. 6.18 ¥ 1,30 8.81 % 1,67
P .20 - 300
x * 3,28 4,98 * 0,55 8.81 ¥ 1,67
P 7 .05
! [

‘Subjects“ with proved or highly suspected anomalies, excluded

from e

bAltern

dited totals.

ate hypothesis u; ¥ uy,
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creased by the jet injector in the edited subjects. [Note especially sub-
ject A.L. in whom both needles were used and in whom m,r.d, decreased
from 21,6 per cent to 1.7 per cent, It may also be seen in Table 9 that
calculated mean resting upper extremity blood flows using the two injec-
tion systems are not significantly different, either edited or non-edited.
Mean resting blood flow determined using the jet imjector in this growp
was 8.8 ml, per 100 cc., extremity volume per minute, Excluding subject
S8.G., in whom there was evidence for vascular shunting of indicator at
the elbow, mean resting blood flow for this group was reduced to 7.3 ml.
per 100 cc. per minute., These results may be compared to those of Andres
et al. (2) in a table of cummulative per cent of subjects, Table 10, It
will be seen that m.r.d; is lower in the present study, jet or standard
needle, even in non-edited data, than in the study of Andres et 21.

Constancy of resting blood flow., Data regarding constancy of
resting blood flow in the present study are presented in Table 11. 1t
is possible to compare these data against the study of Amdres et al,
(Table 12), It will be seen that there was greater comstancy of flow in
the present study, Constamcy of flow in two typical subjects, in whom
intermittent infusions of indicator were made, is illustrated in Figure
20, Here the coefficient of variation about mean flow is 1,9 per cent
in the case of subject M.J, and 2,1 per cent in the case of subject
W.C.W, There is no grossly apparent correlation in Table 11 between
magnitude of blood flow and constancy of blood flow or between constancy
of blood flow and mean relative difference.

Measurement of ‘testing blood flow. - A comparison is made in

Table 13 between mean resting blood flows obtained in the present study
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TABLE 10

MEAN RELATIVE DIFFERENCE BEIWEEN INDICATOR CONCENTRATIONS IN TWO VEINS SIMULTANEOUSLY SAMPLED®

“Mpan Relative Difference % ‘ <5 {10 <15 {20 ]| <25
Cumulative | Standard Present Study | n =10 | 10 33 40 so | 60
Needle Andres et al. n =10 40 70 80 80 80

Per Cent
of Jet , Present Study n=14 50 79 86 86 93
Needle Present Study® | n = 13 54 85 - 92 92 100
Subjects Andres et al.’ | n = 9 44 7% 78 78 | 100

8pfter Andres et al. (2)
brorearn only

CExcluding R.H.T.

6L
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TABLE 11

CONSTANCY OF RESTING BLOOD FLOW AND MEAN RELATIVE DIFFERENCES

IN INDICATOR CONCENTRATION BEIWEEN PAIRED SPECIMENS FROM
BASILIC VEIN AND CEPHALIC VEIN DURING RESTING FLOW

Subject

C.T.L.
W.H,
JoLiGe
L.C.H,
l.".u.
C.G.R,
Aolu -2
T.K.
HOCOw.
L.M,
quo
S.G. -
G.E,.-

Mean Calculated Bleod Flew I S.E.

Coeficient of | m.v.d. %,
ml/100cc/min variation,X | BV vs, CV
6.7 ¥ 0.4 6.2 5.2
6.7 X 0,7 10,2 1.5
5.7 % 0,2 3.8 3.6
5.2 0.2 W 9,0
7.3 ‘!-‘ 003 402 11.2
5,6 ¥ 1,2 20.8 5.5
3.0 * 0,1 2.3 1.7
10,4 * 0,8 7.5 5.9
5.0 £ 0,1 2,1 2.4
9,7 % 0,2 2.0 3.2
9,4 * 0,2 1.9 1.6
26,7 ¥ 0.6 2.3 4,5
13.1 * 0,1 1.0 22,4
8.8 T 0.4 5.3 h,6




TABLE 12

CONSTANCY OF FLOW?

Coefficient of Variation about Mean Flow <5 <10 | <15 <20 | £ 25
Cumulative Jet Present Study n= 13 69 85 92 92 100
Needle Andres et al. n 8 6 46 71 71 83
Per Cent
of Standard
Needle Andres et al.® | n = 9 11 78 78 89 89
Subjects

2After Andres et al. (2)

bEorearm only.

18
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STABILITY OF BLOOD FLOW
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RISA INFUSIONS

Fig. 20,-- Stability of blood flow

and those obtained by Andres st al, (2).

Here cases in which calcu-

lated flows were of questionable accuracy were excluded from both studies.

Higher values in the present study are probably due to the fact that the .

hand was included. The values in Table 13 may be compared to values de-

TABLE 13

COMPARISON OF CALCULATED BLOOD FLOW VALUES

Investigator N Ambient Mean Range
temperature, °C

Andres et al, (2)% 7 25 - 27 &7 2.7 - 7.0

Present Studyb 12 25 - 27 7.3 3,0 -13.1

%Hand excluded

bHand included
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rived from plethysmography in Table 1. It is of interest that although
ambient temperature was higher in the present study (26°C, as compare&
to 219C,), the mean of resting blood flows is slightly lower than that
obtained by plethysmography (forearm plus hand) using water bath temper-
atures believed to be optimal,

Infusion of indicator inte the radial artery., In four subjects
indicator was infused into both the radial artery and the brachial artery
in turn, Results in these subjects are summarized in Table 14, It may
be noted that, as expected, in all cases the relative difference between
indicator concentratién in the two veins downstream increased during infus-
ion into the radial artery. In one case, C,G.R., no indicator became
mixed with basilic venous blood during infusion into the radial artery,
whereas mixing was apparently quite good (r.d. 5.5 per ceat) during in-
fusion into the brachial artery in the same subject. In the case of

TABLE 14

MIXING DURING RADIAL ARTERIAL INFUSION OF INDICATOR

Mean Relative Diffﬁrence in ?et Cent
Between Indicator Concentrations
in Bagilic Vein and Cephalic Vein

Subject Infusion into Infusion into
Radial Artery Brachial Artery
J.L.G. 28,0 3.2
A.L.-Z 18.0 1.7
G.E."Z 53. 1 22.4
C.G.R. _. . 100.0 5.5

x 49.8 8.2
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A,L.-2, m.,r.d. was less than twenty per cent during infusion into the
radial artery, although very little arterial mixing could have occurred,

Total upper extremity resting vascular resistance in normoten-
sive and hypertensive subjects. Table 15 compares total resting upper
extremity vascular resistance in normotensive and hypertensive subjects.
It will be seen tth although flows are not significantly different in
the two groups, there is a diffsrence of borderline statistical signifi-
cance in vascular resistance, It should be pointed out thit the hyper-
tensive group was composed mainly of patients with "mild" essential
hypcrtcn;ion. However there were three patients, A.L., W.J.S., and
W.E.S,, with "moderate" or "severe" essential hypertension, and in two
of these cases there was a highly elevated vascular resistance. Mean
age of the hypertensive group was 49 years, normotensives 47 years.

Mean upper extremity volume in hypertensives was 1689 cc,, normotensives
1530 cec. Mean brachizl arterial pressure in the hypertensives was 148
mm, Hg,, normotensives, 97 mm, Hg.

Anomalous bifurcation of brachial artery, Figure 21 illustrates
findings in subject R,H.T. Intermittent five minute infusions of indica-
tor were made into the "brachial artery" and blood was sampled simultane-
ously in the radial artery, cephalic vein, S;cilic vein, and contralateral
brachial artery. Isotope concentrations, indicated on the ordinate, in-
creased with time in all vessels, representing incrcas{g; :ccirculatinz
concentration, The concentrations in the two veins differed greatly,
indicating lack of mixing, It will be noted that isotope concentrations
in radial artery and cephalic vein were almost identical with isotope

concentrations in contralateral brachial artery, representing recircula-



TABLE 15

TOTAL RESTING UPPER EXTREMITY VASCULAR RESISTANCE IN HYPERTENSIVE ARD NORMOTENSIVE SUBJECTS

—

Hypextensives Normotensives
Subject Pa Mean Flow Mean Resist, || Subject Py Mean Flow Mean Resist.
mm Hg ml/100cc/min | mm Hg/ml =m Hg nl/100ce/min ma Ng/ml
100cc/min 100cc/min

A L.-2% 145 3.0 44,15 C.T.L. 100 6.7 13.58
T.K. 140 10.4 12,21 W.H, 85 6.7 12.24
W.J.8.2 165 9.0 17.22 J.L.G. 95 5.7 13,84
L.P. 135 7.4 17.03 L.C.H. 110 5.2 19.40
G._B.-l 140 6.9 18.2‘ H.V.u. 95 7.3 11092
W.E.S.* 150 S.1 27.45 C.G.R. 105 5.6 16.96
L.C.B. 135 5.0 15.88 W.AF. 80 5.0 14.80
F.F.. 130 10.1 11,68 JoJe 105 8.5 10,71
H.B. 190 901 19.23 Rocortco 100 508 17026
W.C.W. 100 5.4 17.22
L.S. “90 4,0 20,50
E.P. | 105 b4 20.68
E.L.F. " 90 14.3 5.80
LM, 95 8.5 9.88
M.P.J, 100 9.3 9,78

= £ s.B. | 148 7.3% .8®  20.34 F3.6eP| x¥s.E. 97 6.8+ 7P 14.30 ¥ 1,13P

#)oderate or severe hypertension,
bp (Flows): W.S8. (u # uz); P (Resist.): 0.1 - .05 (uy > uy).

S8
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ANOMALDUS RADIAL ARTERY
SUPPLYING CEPHALIC VEIN

Subject R.T.
10,000 T » R.A. o

v C.A.

* C.V. 0

0 B.V.

8000 | © 8.v °
)
o
q
» 6,000}
g
: ° :
G 4.000 o ; i s
0 y !
(/)] *
0 2000 F H
S !
o ELAPSED TIME (MINUTES)
1 A e i n i '
o 10 20 30 40 50 60 70

t ! t 1 1 t 1

RISA INFUSIONS

Fig, 21.-- Anomalous radial artery supplying cephalic vein

ting indicator. None of the locally infused isotope passed into the
radial artery and cephalic vein and all passed into the basilic vein.
Thus, the origin of this subject's radial artery was upstream to the
point of indicator infusion, and the radial artery was the sole source
of blood to the cephalic vein., Isotope had been infused into the ulnar
rather than the brachial artery, riguyc 22 illustrates findings in
subject W.D,, in whom most indicator passed into the cephalic vein, sug-
gesting that in this case indicator was infused into the radial artery,
rather than the brachial artery. However, radial arterial blood was
not sampled, 80 this assumption cannot be proven.

Similar findings occurred in several other subjects and are
presented in Table 7, The case of J.E.C. is particularly interesting
for here no indicator was infused into the radial arterial blood and yet

m.r.d, was not exceptionally high, indicating that a large amount of
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ANOMALOUS ULNAR ARTERY
SUPPLYING BASILIC VEIN?

Subject W.D.
14,0001 - .
* CV x )
O BV
12,0004 ©° CA
10,000
)
r 8000OF x *
b3
o
Y 6,000t
A o
5
* 4,000f o
5}
-] .
-] .
2,000} .
L]
? ELAPSED TIME (MINUTES)
R A . ) ) N
° 5 10 15 20 25 30 35
! ! 1 t 1
INFUSIONS
RISA  RISA RISA RISA RISA
+EPI, + EPI.

Fig, 22,-~ Anomalous ulnar artery supplying basilic vein,
mixing took place in the capillary-venous bed of the limb, Findings in
subjects O,H.,P. and F.L.Z, suggest that, as in subject R,H,T., indicator
may have been infugsed into the ulnar artery rather than the brachial

artery.

Use of the technique to study upper extremity vascular re-
sponses to vasoactive agents, Arterial distribution of vasoactive
agent during intra-brachial arterial infusions., In five subjects, in-
dicator concentrations were measured in the ipsilateral brachial artery
two centimeters downstream to the jet orifices through an arterial
needle with double luﬁen. These concentrations were compared to those
in the downstream venous samples drawn simultaneously. It was hoped
that the concentrations would be similar, and that brachial arterial
indicator concentration could be used to calculate flow. Table 16

presents data in these five subjects. It may be seen that indicator



TABLE 16

SIGNED RELATIVE DIFFERENCE IN PER CENT BETWEEN INDICATOR CONCENTRATION
IN IPSILATERAL BRACHIAL ARTERY THREE CENTIMETERS DOWNSTREAM TO
INJECTION ORIFICE AND MEAN OF PAIRED INDICATOR CONCENTRATIONS
IN BASILIC AND CEPHALIC VEINS DURING RESTING FLOW

Subject Signed r.d.% rede%, Total Calc,
IA vs, BV + CV BV vs. CV Flow, ml/min
2
H.n. ’ 17.3 3.5 14706
F,F, + 29,1 7.9 237.4
L.P. t+ 68,2 1.7 111.8
W.J.S. L 4 17.6 °.6 . 16103
LITQ - 7.6 8.2 150.4
Signed X t 24,9
x 28,0 5.6

concentration in the brachial arterial samples was quite different from
that in venous blood. In four of the five subjects brachial arterial com-
centration was greater, in one it was less. There is no grossly apparent
correlation between brachial arterial concentration and r.d. or total cal-
culated flow,

In nine subjects indicator concentration was measured in down-
stream radial arterial blood and compared to mean indicator concentration
in venous blood during resting flow and also during response to vasocactive
infusions. Table 17 presents this data, On the average, during resting
flow, concentration in the radial artery adjusted for recirculation con-
centration was five per cent lower fhan adjusted mean venous concentration,
During infusion of the vasodilating agent, magnesium sulfate, adjusted

concentration in the radial artery was 5.9 per cent higher on the average



TABLE 17

COMPARISON OF INDICATOR CONCENTRATION IN RADIAL ARTERIAL BLOOD WITH MEAN CONCENTRATION IN VENOUS
BLOOD DURING RESTING FLOW AND DURING RESPONSE TO INFUSIONS OF VASOACTIVE AGENTS.

I.A, Infusion of Isotonic NaCl I.A. Infusion 10% MgSO; or Hypotonic NaCl
Subject | Time After| Signed r.d.% | Total Agent Signed r.d.% Total
Beginning| Difference’Z |BV vs.|Calculated Difference’ BV vs. Calculated
Infusion RA vs. BViCV cv Flow RA vs.BV+CV | . CV Flow
. (min-) 2 ﬂlo/mino i 2 .lolmin!
AQL.-Z 5 + 17.4 1-0 47.2 * 5.3 16.7 84‘5
10 * 15.1 1. 9 47.6 H8304 - 3.5 7.0 96.4
15 + 20.3 2.3 51.6 . + 32.4 1.0 104,0
5 + 16,7 0.1 42,5 Hypotonic + 12,9 0.2 32,5
10 + 11.1 1.4 35.9 . RaCl - 3.4 0.5 29.4
15 + 13.8 0.1 34.8 - 95 1.9 26.4
J.Lccn 5 36.2 209 76.9 + 3.6 3.0 111.2
10 34.5 3.4 75,4 MgSOy, + 18.6 4.0 110.4
15 - 2.6 4.5 86.0 ) - 1,2 0.5 110.8
5 + 3.1 4.4 86.1 Hypotonic - 5.5 0.2 63.6
10 + 12.0 4.7 83.0 . NaCl1 + 0.2 5.4 54,0
15 + 23.5 4.1 82,0 + 16.5 6.2 53.2

68



TABLE 17 - Continued

06

C.G.R, 5 - 0.4 5.3 49.2 + 43.7 19.4 144.0
10 - 17.7 8.9 84.6 MgS0, + 40,1 17.1 143.6
15 + 0.3 2.3 106.9 .e . .o
5 + 16.8 10.9 79.2 Hypotonic + 36.5 4.5 64,7
10 + 12,2 5.7 75.9 NaCl + 28.7 6.0 50.2
15 + 6.7 1.9 63.0 +t 27,7 16.4 48.8
T.K, S - 11.8 1.0 141.2 - 34,0 17.2 252.4
10 - 4.1 10.9 152.0 HzSOa - 29.1 18.2 245.0
15 - 1.9 5.8 181.8 ¥ 2.9 13.0 274.1
5 - 18.6 18.6 218.6 Ry‘potonic - 4004 20.7 158.8
10 - 12,0 20,7 189.1 RaCl - 46,3 20.1 149.8
15 -176.4 13.5 188.0 - 46.0 17.9 141.4
w.0.D. & - 0.5 8.5 119.2 Hypotonic - 2.1 4,7 72,7
8 t 4.2 4.9 111.4 NaCl - 37.4 3.2 58.8
12 - 20.3 4.1 93.2 - 2504 6.6 6205
F.M.H. 5 .o oo .o + 3.9 5.7 116.0
10 [ X 3 'Y 3 Cy 3 148304 * 506 4.0 119.1
15 o0 oo s - 602 1.6 1280‘




TABLE 17 - Continued

5 10.4 3.2 113.8 Hypotonic - 79.4 8.8 97.3

10 - 27,1 3.8 110.5 NaCl - 19,8 6.9 98.4

15 - 21,6 5.6 108.6 - 45,1 2.6 93.8

C.T.L. 5 oo os oo + 9.1 4,3 112.0

8 + 8.6 204 123.3 Hypotonic + 2.4 5.2 151;4

11 - 3.1 9,0 115.4 NaCl + 4,2 5.5 148.0

14 + 1506 402 142‘9 " 8.3 11.6 11836

5 * 7.0 7.2 1%.9 [ N ] e > o

8 * 12.3 4.6 14306 LN J Ly ] LR

17 ¢+ 3.1 10.8 129.2 .o .o -
Signed x (overall) - 5,0 - 4.0
x (overall) 17.2 20.5
Signedé : (MgSOg) + 5.9
x (MgS0,4) 16.4
Signed x (Hypo.NaCl) - 9,7
23.0

x (uypé.uacx)

16



TABLE 17 - Continued

26

I.,A, Infusion of Isotonic NaCl
Subject Time After Si.gncd‘ Difference Z r.d. % Total Calculated
Beginning RA vs, BV+ CV BV vs. CV Flow ml,/min,
Infusion (min,) 2
w.C.W. 2 5 + 2.4 3.8 91.6
4 - 0.9 5.1 93.9
5 - 7.3 3-9 91.6
5 + 0.1 1.7 87.8
4 - 6.8 3.3 81.9
5 - 2.4 1.6 82.4
4 9.3 1.3 85.2
5 2,9 0.7 83,0
5 - 8.3 1.1 84.4
5 - 11.8 2,8 78.0




TABLE 17 - Continued

L.M.2 5 ~ 24,2 3.9 113.0
5 - 33.2 5.8 11902
|

4 6.2 3.0 121.7
5 8.7 5.4 122,2
- 4 + 6.1 4.3 125.0
5 - 9.3 6.8 131,.6
4 + 3.3 2.7 142.1
5 - 4.0 1.6 133.9
4 -~ 1&0 loo 136.‘
5 - 16,5 1.5 124.8
4 - 1,7 0.7 137.0
S -~ 10,5 1.6 137.6

sisn‘d ; - 700

x 8.0

‘Seven separate comsecgutive five minute infusions of isotonic sodium chloride solution. Blood

-samples drawn at four and five minutes, or: five minutes alone.

$6
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than adjusted mean concentration in the two veins. During infusion of
hypotonic sodium chloride solution, which decreases blood flow, adjust-
ed concentration in the radial artery was 9.7 per cent lower om the
average than adjusted mean concentration in the two veins, However, the
variation in the radial arterial concentrations was quite large, with
deviations in both directions, It 1s of interest to note data from sub-
jects L.M, and W,C.W., in whom a series of five minute infusions of
indicator was made during resting flow and samples taken at four and five
minutes. Although flow and r.d. were relatively constant, the concentra-
tion in the radial artery changed abruptly and greatly. In Table 17 the
difference between indicator concentration in radial artery and veins
may be compared to relative difference and to extremity blood flow.
Correlation coefficient in the former case is 0.28l, and in the latter
case is 0,003, Correlation coefficient between relative difference and
extremity blood flow is 0,0002,

Response to intrabrachial arterial infusion of angiotensin,
Tables 18 and 19 present upper extremity blood flow response measured at
four minutes to intrabrachial arterial infusions of angiotensin 0,025 and
0.05/;.3. per minute, respectively, Tﬁese observations were made in four-
teen technically satisfactory procedures in eleven subjects. There is a
significant decrease in blood flow at both dosage levels, In additiom,
there is a significant change in r.d. at both dosage levels. No gross
correlation between total limb blood flow and r.d., is apparent, Figure
23 presents this data in a graphic form. It may be seen that calculated
upper extremity blood flow decreased in all subjects, but that in gome

subjects, response to the larger dosage was less than that to the smaller
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TABLE 18

UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL

ARTERIAL INFUSION OF 0.025 ,u./min. ANGIOTENSIN

Blood Flow r.d.
(ml/100cc/min) (per cent)
Subject During Infusion: During Infusion:
Isotonic Angio- Isotonic Angilo-
NaCl tensin NaCl tensin
E,P. 2.7 2.2 2.7 2.8
JJ. 11.2 8.4 5.6 5.5
"lJ.s.a 8'8 7.4 4.0 7‘1
Lic.nﬁa 3.9 2!4 2.5 2.2
"QEIS.‘ 500 204 505 3‘4
G;Ee-la 60-9 303 002 607
L.pP.2 7.4 4,9 7.7 1.8
W.A.F, 4,5 2.9 1.0 3.0
x 6.3 4.3 3.6 4.1
d tsg 2,06 £ 0,35 2,511 0,89
P < .0005P .05 - ,02¢

8Hypertensive subjects

bAlternate hypothesis v > U

CAlternate hypothesis u; # u,
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TABLE 19

UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL
ARTERIAL INFUSION OF 0.05};(3/m1n. ANGIOTENSIN

Blood Flow r.d,
(m1/100cc/min) (per cent)
Subject During Infusion: During Infusion:
Isotonic Angio- Isotonic Angio-
NaCl tensin NaCl tensin
E.P. 2.5 2.2 3.2 2.1
JedJe 11.0 9,1 6,3 1.8
W.J.s.2 7.6 6.6 2.1 0.8
H.B,8 8.3 5.0 6.9 5.2 -
F.F.8 10.1 3.2 7.9 13.9
RICCF‘CO 608 216 701 004
x 1.7 4,8 5.6 4,0
dts3 2,93 £ 0,98 3.55 % 1,02
P .025 - ,01b .02 - ,01¢

8Hypertensive subjects

bAlternate hypothesis u; > ujy

Alternate hypothesis u, # u,
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UPPER EXTREMITY BLOOD FLOW
DURING ANGIOTENSIN INFUSION.

10, =.025 ¥ -ANGIO./ min

.08 v ANGIO./min.

»
. =
Q =10 ¥y ANGIO./min.

12 Subjects
15 Observations

FLOW
ml./min, /100cec..

1

CONTROL
FLOWS

ANGIOTENSIN
INFUSION LA,
(4 minutes)

Fig. 23.-- Upper extremity blood flow during angiotensin infusion.
dosage. This finding is probably an artefact due to incomplete recovery
from a previous angiotensin infusion.

Response to intrabrachial arterial infusion of epinephrine,
Tables 20, 21, and 22 present upper extremity blood flow response meas-
ured at four minutes to intrabrachial arterial infusions of epinephrine
0.025, 0.05, or 0.10 J+ 8- per minute, respectively., These measurements
vere made in fifteen technically satisfactory procedures in ten sub-
jects., No statistically significant change in upper extremity blood
flow was produced by infusion of 0.025 and 0,05 M 8. per minute, In-

fusion of 0.10 M 8. per minute epinephrine produced a statistically sig-
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TABLE 20

UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL
ARTERIAL INFUSION OF 0,025 4g/min. EPINEPHRINE

Blood Flow r.d,
(ml/100cc/min) (per cent)
Subject During Infusion: During Infusion:
Isotonic Epi- Isotonic Epi-
NaCl nephrine NaCl nephrine
L.S. 4.0 3.3 4,6 19.8
E.L.F, 14.3 8.9 11.1 12,2
JuJe 8.5 10.5 5.7 2.9
W.A.F, 5.0 4,5 4,1 1.6
w.J.s.* 8.8 10.4 0.4 7.1
L.C.B.* 5.0 5.0 1.4 0.2
W.E.8.2 5.1 5.0 10,4 7.8
E,P, 4.4 4.7 1.0 13.6
x 6.9 6.5 4.8 8.2
dtsg 1.32 ¥ 0,63 5.59 * 1.93
P .1 - ,05b .05 - ,02b

%ypertensive subjects

bAlternate hypothesis u, * uy
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TABLE 21

UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUIES TO INTRABRACHIAL
ARTERIAL INFUSION OF 0,05 M g/min, EPINEPHRINE

Blood Flow T.d,
(ml/100cc/min) (per cent)
During Infusion: During Infusion:
Subject
Isotonic Epi- Isotonic Epi-
NaCl nephrine NaCl nephrine

W.A.¥, 4,2 3.4 1.1 1.0
w.J.8.2 9.0 11,1 3.3 3.5
R.C.F.C. 5.8 9,8 6.7 3.2
x 6.3 8.1 3.7 2.6
d tag "2.30 ¥ 0,93 1271111
P 02 = olb 004 - oo3b

2Hypertensive subject

DAlternate hypothesis u 1 * u,
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TABLE 22

UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL
ARTERIAL INFUSION OF 0,10 ft;/-in. EPINEPHRINE

Blood Flow Tr.d.
(m1/100cc/min) (per cent)
During Infusion: During Infusion:
Subject
Igsotonice Epi- Isotonic Epi-
NaCl ‘ nephrine NaCl nephrine
L.S. 3.5 2,1 6.1 3.9
W.E,s.? 5.1 4,1 7.2 20,6
R.C,F,C. 6.4 9.0 8.0 4,4
H.B.,® 9.1 10.3 0.8 5.4
x 6.0 6.4 55 8.6
dtsg 1.55 ¥ 0.36 5.95 £ 2,53
P .05 - ,02b 01> -

8ypertensive subjects

PAlternate hypothesis u, ¥ u,
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nificant change in upper extremity blood flow. At all dosages, however,
there was great variation in both magnitude and direction of response.
Also only three observations were made at the 0,05 /A g. per minute
level. Infusions at 0.025‘f43. per minute produced a statistically
significant change in r.d., whereas, overall, no significant change in
r.d, was produced by the two 1§fusions of greater magnitude, However,
again there was prominent variation among individual observationmns.

Response t§ intrabrachial arterial infusions of ten per cent
magnesium sulfate and to hypbtonic sodium ¢hloride solution (150 mOs.
per liter), Infusions of these agents were made viph the specially con-
structed infusion pump. Figures 24 and 25 represent the experimental
procedure in two subjects, J.L.G., and T,K., Brackets around points rep-
resenting calculated flows signify r.d, and probably establish confi-
dence limits for calculated flows. It vill‘bc noted that in subject
J.L.G. limb resistance was in a steady state at time of beginning of
infusion of magnesium sulfate, that limb resistance achieved & new
steady state during infusion of magnesium sulfate, that the r.d.'s were
_ small, and that limb resistance had returned to initial lpvclc thirty
minutes following the end of the magnesium sulfate infusion and before
the beginning of the second vasoactive infusion, In contrast, in sub-
ject T.K., it will be noted that none of the above factors held, This
combination of factors suggests that flow, and therefore resistance,
calculations were accurate in J,L.G., but questionable in T,K, Other
subjects fell between these two extremes,

Table 23 presents means of three or four measurements of upper

extremity blood flow in eight subjects during fifteen minute intra-
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Fig. 24.-- Response to intrabrachial arterial infusions of ten
per cent magnesium sulfate and to hypotonic sodium chloride solution
in subject J,L.G.
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in subject T.K.



TABLE 23

UPPER EXTREMITY VASCULAR RESPONSE DURING A FIFTEEN MINUTE INTRABRACHIAL ARTERIAL INFUSION OF

TEN PER CENT MAGNESIUM SULPHATE®
Isotonic NaCl, 8 ml/min 10% Mg30;, 0.2 ml+ Isotonic NaCl 7.8 ml/min
Mean Calc, Blood Flow MeTede Mean Total | Mean Calc.Blood Flow | m,r.d. Mean Total
% Resistance . % Resistance
Subject Total ml/100cc/ BV vs, ma Hg/ml/ Total ml/100cc/ | BV vs, | mm Hg/ml/
ml/min min cv 100cc/min ml/min min cv 100cc/min
W.H. 124,7 6.7 1.5 11,81 135.1 7.3 1.5 11.40
A,L,-2b 48.8 3.0 1.7 43,87 95.0 5.7 8.2 22,01
JoL.Go 79.4 5.7 3.6 13,58 110,.8 7.9 2.5 9,62
H.W.M, 138.8 7.3 11.2 12,69 155.4 8.2 6.5 11,22
C.G.R. 80,2 5.6 5.5 18,51 143.8 10,1 18.2 9,63
C.T.L.C 137.2 7.2 6.8 15.87 128.8 6.8 5.1 16,72
L.C.H,® 92,8 5.2 9.0 18.79 143.8 8.0 11.0 12.77
T.K._b’c 158.3 10.4 5.9 13.“ 257.2 16.9 16.1 70 71
x 107.5 6.4 5.6 18.52 146.2 8.9 8.6(5.7%) 12.64

P (Resistance):

0.025 - ,019;

P(m.r.d.): 0,025 - 0,014

8Means of two to four observations during each fifteen minute infusion,
bhypertensive subject

0,28 to 0.40 ml., 10%Z MgS), per minute
dalternate hypothesis u; > up

€Mean of fifteen minute observations

€01
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brachial arterial infusions of ten per cent magnesium sulfate, 0.2,
0.28, or 0,4 ml. per minute, diluted in isotomic sodium chloride solu-
tion and infused at total volume rate of S.ml. per minute. Decrease in
mean total limb vascular resistance was observed in seven subjects dur-
ing these infusions. This decrease is statistically significant. Fig-
ure 26 represents change in mean vascular resistance during these in-
fusions., Figure 27 plots mean change in resistance against initial re-
sistance and shows a trend toward positive correlation, Hypertensive
subjects are identified by circled points on both figures.

With the exception of subject C.T.L., this infusion and its
isotonic sodium chloride solution control infusion followed a pause of
from five to thirty minutes after termination of the infusion of mag-
nesium sulfate solution, Despite this time interval it is probable that
limb vascular resistance had not completely returned to control levels
in some of these subjects. However, increase in mean total limb vas-
cular resistance was observed in 9 of 10 subjects during infusion of
hypotonic sodium chloride solution, 150 mos. per liter. at 8 ml. per
minute, as presented in Table 24, This increase is statistically sig-
nificant, Figure 28 represents change in mean resistance during these
infusions, and Figure 29 plots mean change in resistance against in-
itial resistance. Hypertensive subjects are identified as above,

Infusion of hypotonic sodium chloride solution was accompanied
by a significant increase in magnitude of m.r.d. Infusion of magnesium
sulfate also increased the magnitude of m.r.d. during the first ten

ninutes of infusion, By the fifteenth minute, however, m.r.d. had re-

turned to resting level.
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CHANGE IN TOTAL LIMB RESISTANCE DURING
L INTRA-ARTERIAL INFUSIONS OF 10% MgSO,
[o] 0.2ml/min and 0.4m!/min.
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TABLE 24

UPPER EXTREMITY VASCULAR RESPONSE DURING A FIFTEEN MINUTE INTRABRACHIAL ARTERIAL INFUSION OF
HYPOTONIC (150 mOs/L) SODIUM CHLORIDE SOLUTION®

Isotonic NaCl, 8 ml./min, 150 mOs/L NaCl, 8 ml,/min,
Mean Calc., Blood Flow m,r.d, Mean Total | Mean Calc.Blood Flow | m.r.d. Mean Total
% Resistance % Resistance
Subject Total ml,/100cc/ | BV vs. | wm Hg/ml/ Total ml./100cc/ | BV vs. == Hg/ml/
ml./min, min, cvY 100cc/min ml,/min, min, cv 100cc/min
W.H, 109.9 5.9 3.9 14.38 92,1 4,9 6.4 16.33
A.L.-2b 37.7 2.3 0.5 57.95 29.4 1.8 0.9 75.53
JeL.Ge 83.7 6.0 4.4 13,76 56.9 4,1 3.9 21,88
H.W.M. . 109.1 5.7 9.4 16,76 59.0 3.1 7.4 31.12
C.G.R, 72.7 5.1 6.2 19.82 54.6 3.8 9,0 26,50
C.T.L. 127.2 6.7 5.2 15,44 132,.5 7.0 6.6 15.54
L.C.H, 121.4 6.7 2,3 15.07 84,9 4,7 10.4 22,79
¥.0.D. 105.6 8.2 5.0 9,97 63.4 4.9 5.9 17.22
F.M.H.D 111.0 7.9 4.2 16.43 96.5 6.9 6.1 19.40
T.K.b 198.6 13.0 17.6 10,35 150.0 9.8 }9._6 - 13.86
x 107.7 6.8 5.9 18,99 81.9 5.1 7.6(8.89) 26.02
0.005 - 0.0005%; 0,01 - 0.005° '

P(Resistance):

P (ﬂorodo ) .

8Means of three or four observations during each fifteen minute infusion.
ypertensive subject

CAlternate hypothesis

dMean of fifteen minute observations

901
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CHANGE IN TOTAL LIMB RESISTANCE
DURING INTRA-ARTERIAL INFUSION
OF 150mOs /L, NoCl, 8ml/min.
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Fig. 28.-- Change in mean vascular resistance during infusions
of hypotonic sodium chloride solution,
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CHAPTER IV

DISCUSSION

Validity of the Technique

There is good evidence indicating that the constamnt infusion
indicator-dilution technique is able to measure accurately regional blood
flow. Cropp and Burton (15) demonstrated a very high degree of correla-
tion in vitro between actual and calculated pulsatile flow, using this
technique, Accuracy, however, depends on complete mixing of indicator
upstream to the sampling site. Mixing may be effected either by jet
injection of indicator or by a "mixing region." Although the capillary-
venous bed of the limb has dimensions quite different from those propos-
ed by Cropp and Burton for a "mixing region," there is evidence indica-
ting that it may function as such, This evidence includes the work of
Baker and O'Brien (3) using bolus injections of indicator into the isola-
ted forelimbs of dogs. Despite absence of any "mixing region" other than
the capillary-venous bed, these authors demonstrated a high level of accu~
racy in calculated flow over a wide range of limb blood flows., Indeed
these authors demonstrated that adding a mixer either at point of injec-
tion or at point of venous sampling did not improve accuracy. Thus com-
plete arterial mixing is not essential for accurate calculation of blood
flow in vivo, and satisfactory mixing must occur in the capillary and

venous beds of the limbs.
B 108
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The work of Andres et al., (2) also suggests that satisfactory
mixing may occur in the capillary-venous beds of the limb despite poor
arterial mixing, They demonstrated in man that m,.r.d. wvas essentially the
same vhether indicator was infused via jet injector at rates calculated
to produce tﬁrbulcnec and complete arterial mixing or via standard needle
at rates too low to produce significant arterial mixing.

The present work further tests the validity of calculated flows
in vivo, in the isolated forelimb of the dog. A high degree of accuracy
was found in technically satisfactory procedures., However total venous
outflow was sampled in thi dog limb, whereas only a portion of venous out-
flov may be sampled in man, Similarly, total inflow was labeled in the
dog limb, whereas undoubtedly a portion of the inflow to the upper ex-
tremity in man is not labeled, The experimental procedure could not
duplicate the situation in man in these important aspects,

Mean and range resting blood flow values in the present study
were slightly lower tham those reported with venous occlusion plethysmo-
graphy. This is of interest because most errors in the present technique,
such as leakage or loss of indicator, would tend to cause high calculated
flows, The comparison ouisclta, among other things, that during resting
flow, blood viscosity, and therefore resistance, is not greatly lowered
by the infusate in the present study. The reasonable agreement of values
derived from these two techniques increases confidence in both.lmthoda
of measurement of resting blood flow,

Theoretically the following conditions are necessary for accurate
indicator-dilution measursment of blood flow: (a) steady state, (b) non-

diffusible indicator, (c) supply and removal of indicator solely via
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blood flow, (d) constant and equal arterial and venous blood flow, (e)
constant concentration of indicator in arforial and mixed venous blood,
and (f) uniform cross-sectional distribution of indicator upstream to
sampling site. The findings of Andres et al. (2) and the present study
regarding constancy of blood flow support the assumption that near steady
state conditions exist during measurement of resting blood flow, and pos-
sibly after ten minutes during infusions of vasoactive agents. This is
evidence supporting the first assumption. The data of Baker and O'Brien
show that there is no trend for appreciable loss of albumin-bound indi-
cator from the blood stream, supporting the validity of the second and
third assumptions. The data of Cropp and Burton indicate that blood flow
need not necessarily be constant for accurate calculations, especially if
the constant infusion technique is used, satisfying the fifth assumption,
Finally, the similarity in most subjects of indicator concentrations in

paired venous blood samples is evidence supporting the final assumption,

Hemolysis and Mixing of Indicator

Hemolysis

Theoretically, complate brachial arterial mixing of indicator
cannot be achieved without production of local turbulence, Andres et al.
(2) calculated that infusion kinetic energies of at least 30,000 gm. cn.z.
sec,”2 are required to excesed the Reynolds number of brachial arterial
blood and produce local turbulence. Cropp and Burton (15) found in tubing
and flow representative of the brachial artery that an infusion kinetic
energy of 30,000 gm, e-.z, sec,”2 is necessary to achieve good cross-sec-

tional mixing three centimeters downstream from injection orifice, Infu-
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sion kinetic energies as low as 10,000 produce significant hemolysis,
according to Andres et al, (2), Therefore in most cases local turbulence
cannot be achieved in the brachial artery without production of signifi-
cant hemolysis. Does it follow then that improved arterial mixing cannot
be achieved without hemolysis? Can arterial mixing be significantly im-
proved by jet infugsions with kinetic energies below those producing tur-
bulence? Andres et al. (2) discontinued use of the jet injector and did
not investigate these questions., In the present study, there is good evi-
dence in vitro and in wvivo that r.d. and therafore arterial mixing are
improved by the jet injector in the absence of hemolysis.

Thus it is pocsiblq to improve arterial mixing with infusions
which do not produce turbulence, so the improved mixing must be attributed
to another mechanism, From the photographs of mixing in glass tubing, it
appears that indicator is mixed by being spread across the laminae of flow,
In other words rather than converting laminar flow into turbulent flow,
the injection system used in this present work appears to act by disper-

sing indicator into the various laminae of flow,

. Mixing

Mixing over the entire vascular bed. For accurate calculation
of blood flow there should be uniform cross-sectional distribution of indi-
cator upstream to the sampling site., This mixing may occur on either (or
both) arterial or venous sides of the limb vascular bed, Andres et al.(2)
accepted as evidence that mixing had occurred similar indicator concen-
trations in blood from the two sampled veins., This was represented as

r.d. of a low value. It is of interest to consider the significance of
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the r.d, theoretically and in light of the findings of Andres et al.
and the present work. A simplified approach would be to assume that the
two veins sampled drain two distinct circulations, in which there is no
mixing after bifurcation of brachial artery. Let us also assume that ome
circulation is solely supplied by the radial artery and the other solely
by the ulnar artery, Civen this situatiom, it may bs calculatsd that the
division of blood between the radial and ulnar arteries is a more impor-
tant influence on accuracy of calculated flow than is the degree of mix-
ing in the brachial artery, indicated by the magnitude of r.d. Indeed,
if brachial arterial blood were evenly divided between the radial and
ulnar arteries, flow would be accurately calculated even if there were
no mixing prior to bifurcation and r.d. were as great as 100 per cent,
If the division were forty and sixty per cent, flow would be calculated
to within 10 per cent of actual flow if there were only 50 per cent mix-
ing prior to bifurcation (r.d. < 49 per cent). Similarly for divisions
of 30%-70%, 20%-80%, 10%-90%, and 0%-100% flow would be accurately calcu-
lated to within 10% if there were at least 75%, 83%, 87%, and 90% mixing
respectively, Corresponding r.d,'s would be < 25%, 17%, 13%, and 10%
respectively. The relationship is logarithmic and suggests that even in
the human upper extremity, where the above assumptions do not hold, dis-
tribution of flow between the radial and ulnar arteries is probably as
important a determinant of the accuracy of calculated flow as is the
magnitude of r.d. It follows, then, that any vasoactive agent which
changes the distribution of brachial arterial blood may change the accura-
cy of calculated flow, even if the valus of r.d, remains constant. How-

ever, it seems unlikely that distribution of brachial arterial flow would
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be rendered more disproportionate than 30%-70%. Therefore it is prob-
able that if the value of r,d, remains equal to or less than 25 per cent,
calculated flow lies within ¥ 10 per cent of actual flow,

The degree of mixing of indicator upstream to site of venous
sampling is the major determinant of the magnitude of r.d. In this pre-
sent project r.d, always increased in magnitude when indicator was infu-
sed into the radial artery rather than the brachial artery., In additionm,
in the present study, use of the jet injector resulted in decrease in the
value of r.d, in both dogs and man over that value found using & standaxrd
needle. This result is in contrast to that of Andres et al.,who found no
change during use of the jet injector. However, the veins sampled in the
present study (cephalic and basilic) are different from those sampled in
the study of Andres et al. (cephalic and brachial), aad the study of
Andres et al, excluded the hand, whereas the present study includes the
hand, It is of imterest to note that Andres et al,, similar to the pre-
sent study, found that their jet injector d-crcaacd the magnitude of r.d.
if the hand was included in the circulation,

Andres et al. (2) concluded that an m.r.d. of twenty per cemt
or greater indic;tcd that the indicator concentrations in the two sampled
veins arose from different pepulations and discarded such data. However,
their statistical analysis is questionable, and in Dog 1J, of the present
study, r.d. exceeded twenty per cent and yet the calculated flows agreed
well with the actual flows. Rather than rejecting calculated flows if
the r.d. is above a certain arbitrary value, perhaps a more reasonable

approach would be to consider the r.d. as an index of confidence limits

for each calculated flow,
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The magnituds of r.d. significantly changes during some vaso-
active infusions., It might be expected that an increase in brachial ar-
terial blood flow velocity caused by vasodilation would decrease time
available for mixing of indicator with blood upstream to artery bifurca-
tion. This should increase the magnitude of r.d. On the other hand
vasoconstrictor agents showld decresece r.d.by increasing mixing time,
However, in the present study, hypotonic sodium chloride solution de-
creased blood flow, but the magnitude of m.r.d. increased. Epinephrine
0.025!u.g. per minute csused no significant change in blood flow but did
significantly change the magnitude of r.d, Finally, in Table 17, there
was no correlation between magnitude of blood flow and maganitude of r.d,
In view of these data, changes in brachial arterial blood flow velocity
within the limits observed probably do not significantly affect the
magnitude of r,.d.

Another variable which might affect the magnitude of r.d. during
vasoactive infusions would be a temporary state of instability in venous
indicator concentrations. If the two veins observed drained systems
with greatly different mean transit times, the new steady state of indi-
cator concentration would be achieved earlier in one vein than in the
other, It is of interest that as noted in Table 23, if only the fifteen
minute samples are considered during infusion of magnesium sulfate, there
is no significant change in r.d. This finding would be evidence that in
the case §f magnesiun sulfate infusion the change in r,.d, may represent
a temporarily instable state., The same finding is not present during
the hypotonic infusiom; however, it is possible that a steady state had

not been reached even at fifteen minutes during this particular infusion.
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Baltzan et al. (4) reported that a new steady state had usually been
achieved after the tenth minute during an infusion of epinephrine, but
this may not necessarily be true for other vasoactive agents. Indeed,
the data in the present work for both magnesium sulfate and hypotonic
sodium chloride solution suggest that in most subjects a really satis-
factory steady state had not even been reached at fifteen minutes, How-
ever, infusions of vasoactive agents for periods longer than fifteen
minutes is impractical for several reasons, First, spontaneous resistance
changes over that period of time would tend to obscure changes due to the
vasoactive agent. Second, systemic increments of the vasoactive agent
might become gignificant during an infusion of longer duratiomn,

Vasoactive agents may also change r.d. by in some way influenc-
ing the magnitude of mixing in the capillary-venous portions of the limb
bed, This might be effected by opening or closing arterio-venous shunts
or by diverting more or less blood into portions of the bed which have a
greater number of venous anastomoses., There is no data in the present
studf which would support or deny this possibility.

Choice of ;hc veins to be sampled is important. Andres et al,
(2) sampled one vein draining the deep circulation and one the guper-
ficial, regardless of location of the veins in the forearm. In contrast,
in the present study both veins sampled probably drain the superficial
circulation, but they are located on opposite sides of the arm, the
cephalic on the radial, and the basilic on the ulnar. The findings in
subject R,H,T. and others that the radial artery solely or mainly supplies
the cephalic vein suggests that the choice of veins in the present study

was correct, However, it would be of interest to sample simultaneously
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a third vein, draining the deep cixrculation.

Mixing on the arterial gide of the bed. Data in subject A,L.-2

presented in Table 14 of the present study indicates thet r.d., may be
less than twenty per cent even if there is negligible mixing on the arte-
rial side of the circulation, Thus the degree of mixing measured at the
venous sampling sites is only a qualitative index of the amount of arte-
rial mixing. Measurement of the degree of arterial mixing is necessary
to the conclusion that vasoactive agent is uniformly distributed to the
arteriolar bed, Sampling of brachial arterial blood is not helpful.
Direct sampling of radial arterial blood is a better index of arterial
mixing, but even here there are theoretical and practical problems,

These may be divided into factors tending to cause flow calculated from
radial arterial indicator concentrations to be erroneously high, factors
tending to cause it to be "erroneously" low, and those factors which
could cause errors in either direction. In the former category would be
the "distance-distortion error" of Cropp and Burton (15) which could
have a magnitude as great as 22,6 per cent, Also in this category would
be errors caused by rapid withdrawal of radial arterial blood (increas-
ing brachial arterial flow and decreasing indicator concemtration), In
the present experiments blood was rarely withdrawn from the radial artery
at rates faster than four ml. per minute, but sometimes there was signif-
icant bleeding from the indwelling needle before the stylus could be
reingerted, Although the total error would probably not increase brachial
arterial flow by more than six or seven ml, per minute, this could de-
crease radial arterial indicator concentration by as much as thirty three

per cent at low flow rates, One factor would tend to cause flow calcu-
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lated from radial arterial indicator concentrations to appear erroneous-
ly low, failure to adjust recirculation concentration for time intercept.
The equation proposed by Andres et al. (2) for calculation of blood flow
subtracts an increment from recirculation concentration to take into ac-
count circulation time through the limb. Actually, however, Andres et
2l, neglected this correcting factor, and also in the present study this
correction was not made, Baltzan et al. (4) point out that during rest-
ing flow mean forearm circulation time is approximately 2.3 minutes.
Correction for this time increment would decrease calculated resting blood
flow by tw6 to six per cent, However, in order to correct recirculation
concontfation for this factor 1t would be necessary to measurs steady
state mean circulation time during each infusion. In the case of vaso-
dilator infusions, where mean circulation time decreases, the corraction
factor would be smaller, but in cases of vasoconstrictor infusions, the
correction factor could be large, Neglect of this factor tends to cause
over-estimation of actual flow and might help to'explain why some flows
calculated on the basis of radial arterial concentrations of indicator
appeared erroneously low, especially if total blood flow was low.
Factors tending to cause errors in either direction would in-
clude poor arterial mixing of indicator and failure to establish a
steady state of venous indicator concentrations during vasoactive in-
fusions. In view of these considerations, Table 25 presents means of
measurements during resting flow from Table 17 and compares direction of
significant difference between radial arterial and venous indicator con-
centrations with magnitude of r.d.,, and index of mixing, and with mag-

nitude of total blood flow, an index of error due to failure to correct
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TABLE 25

COMPARISON OF DIFFERENCE IN INDICATOR CONCENTRATION BETWEEN RADIAL ARTERY
AND VEINS WITH TOTAL BLOOD FLOW AND WITH RELATIVE DIFFERENCE (r.d.)

Total Blood Flow ml./min,

Indicator Concentration RA Indicator Concentration RA

)!L‘%‘_C_V by 5% <1V_12'_°! by 5%

x £ s.E. 82,5 ¥ 20,9 9.3% 29,1

70,58

g -

r.d. % BV va, CV

Indicator Concentration RA Indicator Concentration RA

>!!i2_C_V_ by 5% (lv.%.g.v. by 5%

I+

x I S|Eo 2.4 i- 0‘5 4'1 0'6

P 20,058

2Alternate hypothesis ul:r‘= uye
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for time intercept, (The latter error should be greater at lower blood
flows.) There is no significant correlation with either variable. 1In
addition, as presented in Table 17, vasoconstriction was accompanied on
the average by decreased radial arterial indicator concentrations (ad-
justed) relative to mean venous concentration (adjusted), This result

is opposite to that to be expected from failure to adjust recirculationm
concentrations for time intercept. In conclusion, failure of radial
arterial and mean venous indicator concentrations to be similar remains
unexplained, and the evidence suggests that sampling of radial arterial
blood gives only a qualitative indication of degree of arterial mixing

of indicator. In addition, even in cases where there is a small differ-
ence between arterial and venous indicator concentrations such as subject
W.C.,W,, Table 17, this may be caused by fortuitous balancing of factors
tending to cause high or low radial arterial concentration., Perhaps,
then, the best evidence that arterial mixing is improved by the present
technique is presented in the photographs of indicator mixing in the glass

tubing.

Meagsurement of Resting Upper Extremity Vascular Resistance in Hypertension

Observation that no increase in extremity vascular resistance
is present in mild hypertension but that a significant increase is pro-
bably present in more severe hypertension confirms the f£indings of Brod

et al, (10), using venous occlusion plethysmography.

Use of the Technique for Measurement of Responses to Vasoactive

Use of this technique to determine vascular response to angio-

tensin confirms previous work indicating that this agent causes net
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vagoconstriction, Data in the case of epinephrine are not clear cut
and allow no conclusions, The data indicate that magnesium sulfate
causes net dilation and hypotonic sodium chloride solution net in-
crease in resistance of the upper extremity vascular bed in man. There
is a trend toward positive correlation between magnitude of response to

magnesium gulfate and initial vascular resistance level, as shown in

Figure 28,

Errors in the Technique

The major disadvantage of the technique used to measure blood
flow presented in this paper is its cumbersomeness. The technique re-
quires three arterial and at least two venous punctures. A waiting
'pefiod of at least thirty minutes following insertion of needles is
required to establish a steady state. Each pair of vasoactive and con-
trol infusions requires a period of thirty minutes. A pause of at least
thirty minutes is required after a vasoactive infusion, to reestablish
resting flows. Taken together, study of the effects of two vasoactive
infusions in one subject requires a period of from two and one-half to
thrfc hours. This is a long time for a subject to remain quietly on his

back, confortable and cooperative,

Loss of Indicator
Because indicator infusions are made through a stopcock tubing
arrangement at quite high pressures, there is always the possibility of
indicator leakage and loss. In order to detect and prevent such loss,
the system is closely observed during the procedure. Indicator may also

be lost due to shunting around the elbow. Evidence for this factor has
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been found in three subjects. For this reason the brachial arterial
puncture is made as far distal in the forearm as practical. Finally,
indicator may be lost if I!3l ig dissociated from albumin in the infu-
sate, The manufacturer states that RIHSA dissociates less than one per

cent before expiration date, so the magnitude of this loss is probably

small,

Hemolysis

Complete occlusion of one orifice of the jet injector would
cause the kinetic energy of infusion to rise to a level which might
cause hemolysis. Occluding of the orifices is prevented by using a fil-
ter in series with the needle, by maintaining a flow of heparinized
isotonic soldium chloride sclution during pauses, and by monitoring in-
fusion pressures (doubling of infusion pressure would indicate occlu-
sion of one orifice and a four fold increase in kinetic energy of infu-

sion)s The patency of the needle is carefully checked before and after

each procedure.

Viscosity Changes

Because the volume rate of the infusions is eight ml., per min-
ute, infusate may make up as much as thirty three per cent of Zotal
forelimb blood flow during infusion of vasoconstrictor agents, This
would result in a dilution of hematocrit by thirty three per cent and
a fall in viscosity and resistance, In subjects with hematocrit within
normal range, the change in resistance would be considerably less thaa
thirty three .per cent but still significant. In the case of agent:s

which cause vasodilation, viscosity changes would probably not be sig-
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nificant, It would be possible to correct calculated resistance changes
for this dilutional effect, but instead a new jet injector needle with
smaller orifices, which requires less than three ml, per minute infusion

rate and delivers infusate of similar kinetic emergies is being tested.

Adjustment of Recirculation Concentration for Time Intercept

(This error was discussed above,)

Establishmgnt‘ofléteady State Conditions

Baltzan et al. (4) point out that it is often necessary to wait
as much as sixty minutes after infusion of epinephrine to reestablish
control level qf resistance. In the present study, resistance approxi-
mated control levels after a pause of thirty minutes in most but not all
cases. Unfortunately, it is not known until affer ;ompletion of the
procedure, wheéher control levels of resistance hav; been reestablished.
A monitoring system would be ideal to establish the correct pause, and
such a system is being devised, However, it may be that infusion of

more than one vasoactive solution per subject will be impractical for

this reason,

Protocol for Study of Vasoconstrictor Agents
The above considerations suggest that experimental errors are
of greater magnitude during vasoconstriction than during vasodilationm,
Infusion rates of vasoconstrictor agents which lower total extremity
blood flow to less than forty ml. per minute would decrease hematocrit
by more than twenty per cent and therefore should be avoided because of

significant changes in blood viscosity, Mean transit time through the
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extremity vascular bed would increase to approximately five minutes if
vasoconstriction decreased extremity blood flow to one-half of its rest-
ing value, Approximately three mean transit times or fifteen minutes
would be required to establish the new steady state of venous indicator
concentration, and return to resting levels of vascular resistance would
also be slow, In addition, the error caused by failure to adjust re-
circulation concentration for time increment could be as great as twenty
per cent during vasoconstriction that reduced extremity blood flow to
one-half its resting value,

In contrast, during vasodilation, viscosity changes caused by
infusate would decrease. In addition, if flow doubled, the new steady
state would be achieved in as little as three minutes and the error
caused by failure to adjust recirculation concentration would decrease
to one to three per cent., In view of these points, if two agents are
to be studied in one subject, the vasodilator agent should be infused
first, In addition vasoconstrictor agents should not reduce total flow
to less than forty ml, per minute or one-half of resting value, and

these infusions should be maintained for at least fifteen minutes,



CHAPTIR V

SUMMARY AND CONCLUSIONS

The upper extremity vascular bed of man is easily accessible
for study of vascular physiology and pathophysiology. Measurement of
limb blood flow by a constant infusion indicator-dilution technique
similar to that suggested by Andres et-al, (2), provides an advantage
over other techniques: During study of regional responses to arterial
infusion of vasoactive agents, evidence of mixing of indicator .\l“.ltl
that vasoactive agent is also uniformly distributed througtht the limb
vascular bed. The present work explores the concept that an injection
system for brechial arterial infusions may be developed, which satis-
factorily mixes both indicator and vasoactive substances with brachial
arterial blood and does not create hemolysis.

A nev jet injector needle was developed and tested in vitro in
glass tubing and in vivo in the limbs of dogs and men, Constant infus-
ions of indicator and vasoactive agents were made into the brachial ar-
tery, and cephalic and basilic venous blood was repeatedly sampled
downstream for uasuémnt of indicator concentrations, The degree of
mixing was estimated by cowxparing concentrations of indicator in the
paired venous samples. The mean venous concentration adjusted for re-
circulation concentration was used in calculations of flow,

In vivo investigations in dog and man indicated that the dif-

124
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ferences between indicator concentrations in the paired venous samples
were reduced by the jet injector over values obtained using a standard
needle injector. In ten dogs, most calculated flows lay within ¥ 10 per
cent of actual flows over a wide range of actual flows., Jet infusion
did not change limb vascular resistance in seven dogs, indicating that
no significant hemolysis was produced. In man, intra-brachial arterial
infusion of angiotensin, magnesium sulfate solution, and hypotonic sodi-~
um chloride solution caused calculated limb blood flow to decrease, in-
crease, and decrease, respectively., Fifty subjects were studied with-
out significant morbidity.

Both in vitro and in vivo studies suggest that arterial mixing
is improved by the jet injector in the absence of hemolysis., Satisfac-
tory mixing of vasoactive agents at the arteriolar level is of great
importance in study of vasular responses. The mechanism of 1nproved_
mixing is probably improved dispersion of infusate in the brachial ar-
terial blood rather than creation of local turbulent flow, Comparison
of actual with calculated flows indicates that calculated flows are
quite accurate, In addition, the mean and range of resting flow meas-
urements agree well with those found by others using venous occlusion
plethysmography. New findings include evidence that the cephalic and
bagilic veins drain beds primarily perfused by radial and ulnar ar-
terial blood, respectively. The data indicate that magnesium sulfate
and hypotonic sodium chloride solution cause net dilation and increased
vascular resistance, respectively, in the upper extremity vascular bed
of man, It is concluded that this technique is of value in study of

the peripheral circulation in man,
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