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ABSTRACT

An investigation has been made of the diaspersion of the radio-
asctively labelled conatituents of blood during flow. In leminar flow
down a long straight tube the non-cellular components are dispersed
by laminar convection and indicator diffusion., It has been found that
the clearance curves for labelled protein in whole blood are similar
to those of plasma, except that the red blood cells speed the clearance
of protein in the tail region of the curve, This is attributed to
sweeping of the tube wall by the red blood cells., The dispersion
characteristics of labelled red blood cells suspended in saline and
plasma have provided information on velocity profile changes during
flow,

A theoretical analyeis of the dispersion has been made from the
standpoint of the indicator dilution theory and the results suggest
that previous formulations may be subatantially in error. New formulae
have been proposed to calculate the mean transit time and volume of
the system. The validity of the analysis has been tested experimentally
in the straight tube system and in a model vascular bed.

The implications of this work to the study of the mammalian circu-

lation are discussed,
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CHAPTER I

INTRODUCTION

Historical development of the indicator dilution theory and method

The mammalian circulation is an highly complex system composed
of many functionally and structurally different components. Its
purpose is the maintenance of the functionsal integrity of the tissues
and organs., Different organs and tissues have different requirements
and the vascular and organ architecture and ultrastructure varies
accordingly. In order that the needs of particular tissues and the
possibly conflicting needs of the whole body be maintained, a complex
regulatory system compriaing centrally directed vasoactive nerves
(vasoconstrictor and vacodilator) and local regulating mechanisms
(metabolites, kinins, scrotonin), co-ordinates physiological function-
ing.

It is not surprising then, that a vast array of methods have
been developed to study the many different aspects of the circulation.
One such method involves the injection of a marker substance, or indi-
cator, into ome part of the circulation and its subsequent monitoring
from another point. The advantage of the method are that it requires
minimal interference with the normal circulatory dynamics, flow may be
measured in areas that are otherwise inaccessible and information may

be obtained about different regions of the circulation by the choice



of suitable indicators.

Hering (1) is credited (2)(3) with the original application of
the method, when he injected potassium ferrocyanide into a vein and
collected it at timed intervals in a contralateral vein. He measured
the time for the ferrocyanide to first appear after injection by using
the Prussian blue reaction., He called this time the circulation tims,
This is now known as the appearance time and is representative only of
the fastest moving indicator particles through the circulation. Hering
was attempting to measure the Yvelocity'! of flowing blood but as
Zierler (3) has pointed out, he did not appreciate that different
elements of blood may take very different pathways, with different
distances and times of traversal.

Stewart (4) also used the appearance time when measuring the
circulation times of blood through the lungs, kidney and other organs,
He injected a known amount of sodium chloride solution (1.5% - 2.5%)
as an indicator and detected changes in electrical conductivity at the
outflow of the organs, His detector consisted of clay and zinc sulphate
electrodes in the arm of a Wheatstone bridge. A buzzer sounded when
indicator was detected and reached a constant pi;ch at a concentration
plateau, In his investigations on the factors affecting the circulation
times he consideraed that the volume of blood in the part of the circula-
tion under study directly determined the circulation time, provided the
flow rate was constant., The mean pulmonary circulation time i.e. the

mean time of the sum of the component parts of the pulmonary circulation



10

represented the time in which the whole of the blood in the lungs
passed from the pulmonary artery to the pulmonary veins, If V is

the volume of the pulmonary circulation, S the average output of the
right ventricle in ml and r the number of beats of the heart per sec.,

then an expression for the mean pulmonary circulation time Tc was

ire
given by

T =

a X
cire - ®

Bla

vhere F is the flow rate, or cerdiac output.

In a later paper, concerned érimarily with the determination of
cardiac output, Steward (5) considered the possibility that the circue~
lation time he was measuring was not rcpresentative of the elements
of blood moving with the méén.velocity of flow, If the initially
appearing indicator traversed the circulation in the centre of the
streamlines it would underestimate the true circulation time, The
flow rate then calculated from the above expression would cverestimate
the true fldw rate, To tegt this he conducted a series of experiments
in straight and branching glass tubes, and artificial capillary systems
with water and cell suspensions. He found that large errors were
obtained in wide bore tubes but with a many branched capillary system
(a glass tube filled with beads), approxnimately correct answers for
flow were 6btained. Further testing in the vascular system itself
revealed that little additiomal dispersion occurred of injected saline

to that produced by the injection, He concluded that the 'part of



injected substance that moves fastest does not outstrip the main
body, nor does the part that moves slowest lag behind it', He did,
however, obnerve a 'certain thinning out! of indicator at the beginning
and end, as shown by the increase and decrease in the sound of the
telephone buzzer. The main purpose of this paper, however, was to
develop a method to measure blood flow,; or cardiac output, Injection
was achieved by running sodium chloride solution from a burette,
through a catheter, to the superior vena cava or heart, The amount
injected after a knowvm time interval was recorded, By dividing the
rate of injection by the plateau éoncentration observed at outflow,
a measure of tﬁe dilution of indicator by the flow and therefore flow
itself was obtained, This method is now known as the continuous
infusion method, He also used a sudden injection method where the
indicator was introduced into the circulation instantaneously.
Dividing the quantity of 1ndic§tor injected by the product of the
mean concentration and time of collection, enabled flow to be estimated,
‘The method was further improved and popularised by Hamilton and
co-workers more than two decades latef. They recognised that the
appearance time could not give ; meaningful measure of mean velocity
of flow of blood (6). 1Instead they considered the circulation time as
that time which divides the area under the concentration curve in half,
This is the median time, They subsequently recognised their mistake
and redefined it as the weighted mean of the concentration time graph

(7) i.e, mean transit tine, t, given by t= égsg-gf. By suddenly
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injectiug an easily detectable indicator, phenol-tetra iodophthalein
sodium, and analysing scrial samples taken every second, it was
apparent that the circulatory system did produce dispersion above
that caused by the time course of the injection. A 'secondary rise'
due to recirculating indicator also observed, is still the largest
technical problem encountered when using the method, They proposed
exponential extrapolation (8) in order to complete the downslope of
the curve, the extrapolation beginning where the curve becomes linear

on & semi-log plot of concentration against time, The flow was then

calculated from the equation F = -6-9-—3‘%&- s Where Cav is the average
av

value of the outflow concentration, q is the quantity of injected
indicator and t d is the duration of the extrapolated primary cugve.
In its more familiar fom, F = -\-rﬁ-aa-t- , this cquation is now known
ap the Stewart-Hamilton equation for flow rate.

Folliowing the development work of Stewart and Hamilton was a
period of consolidation where the method was compared with other
methods., Many improvements wore made and different applications
devised, The many different aspects of the method congidered at
this time have been reviewed by Dow (2). Only brief reference will
be made to them here, more attention being paid to the work considered
most relevant to the present thesis. Conflicting results were some-
timee obtained when comparing the method with the Pick method but it
was felt that this reflected the inhercnt technical difficulties in
both methods. Different indicators (dye and radioactive) and detectors

were tested, Notable, was the development by Macintyre and co-workers
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(9), of the first successful continuous sampling method for the
determination of the arterial comcentration of radioactive albumin,
The method was used to ztudy the cardiovascular effects of pregnancy
(10), changes im blood volume (11), mitral stenosis (12) and myocardial
infarcation (13}, as well as the flow through various organs, In order
to relate changes in the outflow curves to particular cardiovaccularx
problems, some authors turnod to a consideration of the basic nature
of the dilution curves. Different models, including laninar flow
pyatems (14), a combinotion of mixing chambers (15) and tubes packed
with glass beads (16), were used to produce ginilar curves to the
interarterial curves. Information was thus derived about possible
mechanisms producing dispersion, This interest produced theorctical
curves to vhich the arterial curves could be compared, and different
extrapolation procedures to remove the effects of indicator recircu-
latiom.

Implicit in the theoretical outflow cuvves produced in this
way, were underlying assumptions about the nature of the flow system
in the models., No assumptions, however, are made about the detailled
nature of the flow in the very successiul stochastlic approach first
developed by Stephengon (17), and later used by Meder and Zierler (18),
and Zierler (3). The concentration outflow curve is used to obcain
the frequency function of transit times through the circuletion. This
frequency function is directly proportionel to the concentration out=
put curve, Provided that certain distribution and mixing criteria

are satisfied, flow and mean trensit time (and therefore volume) may
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be obtained directly from this curve. Meier and Zierler (18) provided

a4 mathematical rationale for the method and helped clear up a reappear=
ing controveray regarding the volume actually being measured. Stephenson
(17) and Zierler (3) also produced an eclegant, if somewhat formidable,

method of convolution ané deconvolution to remove indicator recirculation.

Extravascular measurements
The basic indicator dilution theory of Stewart and Hamilton has
had to be extended to asccommodate experiments with indicators that
exchange with extravascular compartments or spaces (19)(20)(21). In-
formation can now be obtained regarding extravascular volumes of
distribution and the rates of capillary exchange, or capillary perme-
ability. It was Hamilton 4dd Remington (22) who firat, briefly, investi-
gated indicator loss through the capillaries because it was a possible
gource of error in the flow determination. They found that indicators
able to diffuse from thé circulation had lower outflow curves and smaller
recoveries than those contained wholly within for the duration of the
experiment., Methods aré now being developed that anticipate indicator
loss from, and sometimes complete return to, the capillaries.
In order to quantify the extravascular volumes of golutes, a
method of analyais based on the determination of the mean transit
times was developed by Chinard and co~workers (21). An indicator
that does not leave the circulation is a reference indicator (usually
labelled albumin) and iz used to determine the intravascular blood

volume of the particular area of vascular bed under examination, The
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mean transit time of a diffusible indicator gives a measure of the
combined blood and extravascular volumes of distribution. By sub=
traction the extravascular volume may be obtained, The method is
only valid for solutes that are uniformly distributed between the
vascular and extravascular compartments, and all of the indicator
must return to the circulation in the course of the experiment,
Corrections have to be applied for indicator uptake by the red cells
and plaaﬁa binding of 1ndica£ors. |

Another method, again using the simultaneous injection of a
reference and diffusible 1nd1cn£or (en idea originally conceived by-
Chinard (23)), was developed by Lilienfield and co-workers (24) and
Anthonisen and Crome (25). They calculated the extrava#cular volume
of water in the lung of man at a point at which there was ﬁo fractional
loss or gain of a diffusible indicator from the circulation. The
volume of distribution of diffusible indicator in the lungs, V, at
the time of equilibration was then given by Vv = Q/ce ¢ vhere Q is
the total amount of indicator lost and c, the concentration of indi-
cator in the capillaries at equilibrium time,

The use of two indicatoras, ome reference and one diffusible,
also overcame one of the problems of quantifying the rate of loss of
indicator across the capillary membrane i.e. the capillary permeability,
In traversing the vascular bed a diffusible indicaﬁor is eimultaneously
being diluted and exchanged 8crcss the capillary wall, The degree of

dilution at any time ic given by the concentration of the reference



16

indicator, A measure of indicator loss through the capillaries

is then obtained from the difference in concentration curves of

diffusible and reference indicators. In an expression for the

permeability of capillaries, Crone (26) used the extraction fraction,

E, or fractional loss of indicator, 1If . and ¢4 are the concentra-

tions of reference and diffusible indicators at a given time, then
% ~ %4

Eﬂ—-———-—

“r

Only indicators that do not completely leave the circulation in one
transit of the capillaries may be used, as, implicit in the method,
is the equivalence of the outflow curves of reference indicator and
that fraction of diffusible indicator completely remaining in the
circulation. The calculation has to be performed on the early part
of the dilytion curves because of possible indicator back diffusion
into the circulation,

Chinard (23) also developed a vather crude graphical method
of calculating the rate of exchange of water across the pulmonary
capillaries. T-1824 labclled albumin, Ka*2, inulin and urea were
used as reference indicators and by comparing the curves obtained
with those of nzo and TZO' the fraction of DZO and TZO lost was

determined, Calculation of the exchange rate in this way revealed

a magnitude of water exchange approaching the cardiac output,

The intravascular separation of different components of blood

Hamilton and co-vorkers (27) were also the first to demonstrate

that it was possible for different constituents of blood to have a
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different history of traversal while being completely contained within
the circulation, They observed a difference in the outflow curves of
T-1824 albumin and red cells vhile investigating the causes of the
high cardiac output values they had obtained using the indicator
dilucion method in dogs. When radivactively labelled red cells and
T-1824 albumin were injected simultancously into the circulation, the
peaka of the outflou curves for red cells were slightly ahead of the
plasma curve, It was concluded that in some vessels the velocity of
the red cells was faster than that of the plasma. Preis and co-workers
(28), following up this investigation in the microcirculation of man,
found that the arrival times for cells and plasma were the same but
that the red cell curve was afterwards displaced ahead of the plasma
curve, The results ware found to be consistent with a model where
plasma flows in a laminar manner in the microcirculation, and the red
cells travel with a larger mean velocity by moving towards the centre
of the streamlines, The fastest plasma and red cells would travel
together in the centre streamlines and arrive simultaneously. There-
after, the red cells would be cleared before the plasma, This concept
of axial streaming was originally postulated by PahrBeus (29) to explain
the reduction of haematocrit observed when blood flowed through narrow
tubes, The inward motion of red cells would produce a difference in
nean velocity and a reduction of the dynamic haematocrit, Other radio-
active studies have shown that the red cells travel slightly faster
than plasma in traversing the heart and lungs (30), the kidney (31)

and the liver (32).
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However, there are other possible explanations of the differences
in the curves, or at least, other possible contributory factors. A
difference has been observed in dilution spaces of simultaneously in-

Jectead 131

I - fibrinogen and albumin bound T~1824 in splenectomized
dogs, indicating a possible small extra-vascular volume for albumin(3z),
Albumin has a lower MW. than the red cells, and this could lead to
differences in transit times caused by intravascular diffusion of
albumin (34). A mechanism proposed by Pappenheimer & Kinter (94)

for the kidney, draws upon the intravascular separation of cells and
plasma by plasma skimming, When blood traverses the microcirculation,
branches in the vessels can "skim off' more plasma than cells, leaving
a reduced concentration of cells in the side branches, and a higher
concentration in the other vessels. The packed ved cells are then
believed to take a shortex path length than the plasma.

It wvas in order to elucidate the mechanisms governing the disg-
persion of labelled constituents of whole blood through the mammalian
microcirculation that Groom (35) decided to study the passage of radio-
active tracers through an isolated cat gastrocnemius muscle. He conw-
sidered that quantitative evaluation of the relative effects of axial
streaming, plasma skimming and different extravascular volumes on
concentration against time outflow curves is hampered in vivo by

recirculation and anatomical considerations, The indicator di{lution
curves require some form of extrapolationm, which is usually arbitrarily
assumed to be exponential in character, in order to complete the final

part of the curve that is obscured by indicator recirculation, A useful
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measure of the dispersion of the outflow curves was the mean transit
time of the curves. While the form of the extrapolation used did
not appear to affect the calculation of flow to a great extent, the
mean transit time was determined by measuring the first moment of
the curve and this was thought to depend critically on the form of
extrapolation used. It was assumed that the phase separation took
place in the microcirculation and the "dead space' of the large
vessels in series with the microcriculation as well as the sampling
techniques, could magk the differences in outflow curves and mean
transit time,

While attempting to reduce the number of variables and so isolate
the critical parameters involved in the phase. separation, Groom, in
fact, produced more variables for consideration. He proposed that by
altering the flow rate and haematocrit in his experiment, & distinction
could have been drawn between the effects of red cell aggregation or
streaming effects, and extravascular diffusive exchange, His results
did not allow any firm conclusion to be drawn on this, but they illus-
trated a hitherto undocumented phenomenon viz,.,, the faster clearance
of plasma than cells, and a ratio of mean transit times of plasma tocells

of less than unity, This unexpected phenomenon was to a large
extent dependent on haematocrit but the exact role of cell concentration
was unclear,

Working parallel to Groom, Thomas et al. (36) made an artificial
microcirculatory bed from a parallel arrangement of 200p polystyrenc

tubes, Here they studked the dispersion of radicactive inorganic ions
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131I). a labelled protein (1311 - gerum

(phosphorous, 329. and lodide,

albumin), and labelled red cells (32P). They found that differencea

in the dispersion of the inorganic ions and the protein could be

accounted for by mechanisms first proposed by Taylor (37). He had

demonstrated that the dispersion of diffusing solutes in a fiuid

flowing under laminar flow (in a straight tube) was due to the com~

bined effects of molecular diffusion and laminar convection. Differ~

ences in the shape of curves couid be obtained by altering the diffusion

coefficients of the indicator. The differences in the outflow curves

of labelled albdmin qnd cells could not, however, be explained in these

terms, although the authors did discuss the possibility of the red cells

wodifying the diffusion coefficients of albumin by following irregular

paths during flow., The term 'shear-induced collision diffusion' was

used to describe the effective diffusion coefficient of albumin because

the micro-rheological properties of blood were known to be shear dependent,
Taylor's work is germinal to the present thesis and it is necessary

to review in some detail the results he, and workers following up his

initial work, obtained.

The dispersion of solutes in leminar flow through a straight tube

Taylor considered theorectically the two extreme cases of indicator
dispersion (a) when the velocity profile alone was responsible for the
dispersion (subsequently to be known as Taylor A) and (b) when the
diffusion of the indicator dominated the dispersion, the velocity profile
playing only a small role (to be known as Taylor B), Three types of

input were considered (i) infinitesimally emall bolus (11) continuous
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infusion/oxr washout) (iii)} a finite size bolus, All three began at
t = 0 and the dispersion war calculated at time, &, later at various
distances, x, from the input site.

The effect of molecular diffusion on dispersion was investigated
by considering an equation vwhich combined terms for parabolic convec~
tion and Fick (molecular)diffusion, I1£f D is the molecular diffusion
coefficient, v the dist@nce from the centre line of the tube, u, the
maximumm velocity of flow, a the radius of the tube and ¢ the concentra-
tion of the solﬁce. then the equation for solute disporsion was given
by o

(e et Tg e ) - £ o B3
By neglecting axisl (as opposed to radial) diffusion aend using the
appropriate boundarj conditions, theoretical solutions in the form of
error functions were obisined for the mean cross section concentration
in Taylor B, An analytical requirement for Taylor B to apply was obe

2

L >, -—%—-—-— » where L is the length of section
u, 3 D

considered, It was found that with diffusion dominating the indicator

tained and given by

would be dispersed relative to a plane moving with the mean velocity
of flow with an effective diffusion coefficient given by K, where

192p °

The analytical golutions were tested using 8 1% potarvium perman-

Ke

ganate solution in digtilled water. 1In order to examine laminar disper-
sion the golution was flowed for a short time at a fast rate go that

diffusive effects did not bave time to occur, Slow flow rates and long
experiment times were used to examine diffusive effects, Good agreement

wae obtained with the theory for all the ¢ases studied, It was found
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that diffusion reduced the dispersion produced by the velocity profile.
For imput (1ii) (the finite size bolus), with the velocity profile
alone causing dispersion, when the concentration was monitored as a
function of distance along the tube at a fixed time, the distribution
wvas symmetrical about a point. This point corresponded to the distance
moved by the place, moving with the mean velocity of flow, that began
at the mid~point of the bolus, The curves were characterised by
initial and £inal portions of squal and oppecaite sign slopes and a
plateau of uniform concentration, The effect of indicator diffusion
was to changz the amount of longitudinal dispersion and the height of
the curves, Increasing the amount of diffusion resulted in narrower
and higher curves, the curves always being symmetrically distributed.
Taylor considercd that because differant amounts of diffusion produced
different curves, the experimental procedure might provide a method

for measuring diffusion coefficients,

Aris {38), using a method of moments, removed the restrictions
imposed on some of the parameters by Taylor's analysis and produced
solutions for the gemeral case of flow with arbitrary éross-section.
flow profile and variation of diffusion coefficient. Ananthakrishnan
et al, (39) presented a completed mathematical analysis of a step
input that included the cffects of axial diffusion. They obtained
an analytical criterion for radial diffusion to dominate (Teylor B
situation) that agreed with Taylor's, in that % 7 0.8, vhere t is
the time of flow. Rich and Goodman (40) were directly concerned with

the physiclogical importance of Taylor's analysis and derived an
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expression for mean volume concentration of indicator at the outflow

of a tube as a function of time., The solutions were tested by washing

indicator out of a long straight section with unlabelled solution,

Using Taylor's condition for diffusion to dominate, they estimated

that diffusive forces should play an important role in indicator dias=-
persion when blood flows through the memmalian capillaries and arterioles
of diameter 20-3Cp,

Bate and co~workerz (41)(42) presented solutions for Taylor A,
Teylor B and the region in between where dispersion was produced by
both convection and diffusion. Mean cross-sectional concentration
as & function of distance and time was examined when indicator was
washed out of a straight section. The theoretical and experimental
solutions were plgttad with dimensionless parameters X = E;;; for
distance and T = !;i for time, where x, and ¢t  are the sampling
distances and times respectively, and G is tho mean velocity. The

curvea were then found to be characterised by the parameters Ato

2 2 0
at u
”‘%E; and Axo = D=, respectively, The theoretical solutions were

tested using iodide fon (13lr) in 2N KCl solution. In a later paper

(43) the significance of these results to the interpretation of
multiple indicator injection studies was considered, Solutions to
Taylor's differential equation were obtained for bolus injection and
were confirmed experimentally. When the curves were plqtted ag a
function of T again the shape of the curve was found to depend on the
dimensionleas parameter A, i.c. the relationship between tube radius,

molecular diffusion coefficient, mean flow velocity and the poaition
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of the monitoring sita, for a particular injection to monitoring length
ratio. Most of their gtudies were performed with xllxz = 0,893, where
%1 and x, are the distances from leading and trailing edges. of t:he}
bolus to the monitoring site. Because of the curve shape dependence
on the dimensionless parameter 1:; was possible t:o a.im\ulaté t:he' effects
of different indicators (wit;h_diffétent diffusion co.effic_ients') by
altering the flow rate of one solution with one indicator; Flowing
very fast produced an outflow curve co:responding to an indicator
with a very high molecular weight and' low diffusion coeffici.ent. The
curve began at sbout T = 0.5, showing that the labglléd solute
travelled along the centre st;:em}.ines at twice the méan velocity,
rose to.e relatively low peak and was cleared very ,la:l:e. The indicator
did not have emough time to diffuse out of the streamlines in which it
began and, in consequence, some remained by the tuﬁe wall, At very
slow flow rates diffusion dominated the diﬁpersion. The bﬁlua of
indicator moved dovmstream effectively as a bolus, end produced a
curve that began relatively late, rose to a high peak and was cleared
carly. At iatermediate flow conditions curves were obtained that pro-
gressed from the laminar case to the well mixed case, |

1t was concluded, that in multiple indicator work it would be
possible to obtain different curvn‘a‘ of indicators completely contained
within the circulation if t.heb diffusion coefficients of the indicators
vere di.ffeient. of particular' interest was the posaibiiit:y;hat: Groom's
resuﬂ:a in the gastrocnemius muscle for red cells and plasma could be

explained by the difference in the diffusion coefficients of red cells
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and plasma., The red cells, being much larger, could be expected
to behave with a near zero diffusion coefficient and be finally
cleared after the proteins.

A preliminary examination (44) revealed that the different
flows, representing diffcrent indicators, not only gave different
shaped curves but, when subjected to indicater dilution analysis,
provided different results for the measurement of the dilution
paramaters, When the flow was glow and diffusion dominated the
dispersion, good agreement was obt.ained with the directly determined
values of flow, mean transit time and volume., As the flow rate was
increased, the errors in all three parameters became progreassively
larger, All the exporiments ware performed with the experimental
tube placed in a groove cut in a detecting crystal. When a small
mixing device was placed just before the detector to mix the flow
streaw across that section of the tube, the error in flow was largely
reduced, The errors in mean transit time and volume were reduced
but they were still significant, The ressons for these changes in
dilution parametars were not altogether clear, although it was
weasoned that the flow measurements werce influenced by the manner
in wbieh indicator was distributed across the tube at the detecting
point.

The work of Bate and co-workers in a siraight tube was seen
to de potentially important to indicator dilution studies ia vivo.
The results for flow and volume, when using the method in vivo,

depend on the measurement of the aree and firat moment of the
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concentration outflow curves, It was implied that variations of these
parameters were possible in a leminar flow situation purely by indicator
diffusion across the streamlines, and by different sampling techniques,
Further, different shaped curves were obtained when differing amounts

of diffusion were permitted. This could affect the calculations of
capillaéy exchange and extravascular volunes that depend on curve

shape, mentioned earlier, However, these results were of a preliminary
nature. Only one indicator was used and that was in inorganic solutionm.
Also, the effects of altering the flow system with a mixer had not been
thoroughly investigated,

The work in the present thesis was begun in order to provide a
theoretical basis for these results and to investigate further the
influence of the indicator distribution on results obtained when using
the indicator dilution theory and wmethod, It was necessary also to
investigate the digpersion of the different components of plasma,
blood and red cell suspensions down a straight tube aad through a
model vascular bed. It was felt that not only could the relevance
of this work to ecirculatory studies then be better assessed, but in-
formation could also be obtained on the way in which interacting particue
late suspensions, such as blood, behave vhen flowing., There has been,
in recent years, a proliferation of work on the presasure/flow (or
viscometric) relationships of whole blood and red cell suspensions
in vivo and in vitro. It seemed desirable to relate these studies to
the dispersion of the constituents in flow, With this in mind, the

investigation of dispersion in the present thesis was performed with
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pressure and flow being simulteneously measured in some of the
experiments in order to be able to calculate the viscosity of solu-

tions or suspengionsa,
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CHAPTER 2

————en

THEGRY

Consider a liquid undergoing flow in the laminar regime dowm
a long uniform and impermeable tube, It is wished to determine the
flow parameters from the concentratfon against time outflow curves
of an injected indicator., The indicator may be subject to a variety
of states of mixing due to interlaminae diffusion and by formed elewmenta,
1f any, in the liquid. An equation to cover all situations is too com=
plex for a genaral solution and so the approach will be to consider the
extreme situations of a well mixed system and a purely laminar system

with no lateral mixing.,

Well mixed flow
Consider a bolus of laballed solution injected into a tube and

contained between two planes as represented in Fig. 2.1. It is assumed
that during flow the bolus is efficiently mixed all the way down the
tube to the observation point at 0 , The mixing may be due to turbulence
or to indicator diffusion dominating the dispersion in a manner described
by Taylor (37). What 18 required is to determine the flow rate and vessel
volume from the recorded changes in indicator concentration with time when
monitoring at O « By definition the flow, F, is given by

F = 787 U ,.eeeescsvesavasscesces (1)
where a is the vadius of the tube and u the mean velocity., Also,

q = ma? ¢, (x; = x;)

where q is the total quantity of indicator injected, c, is the initial
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concentration of indicator, and x, and x, are the distances of
trailing and leading edges of the bolus to the sempling point, re-
spectively, The rate at which injected indicator flows past the

monitoring point at O 1is given by

%% = P c(t)

where c(t) is the concentration of indicator at at time t.
So,

dg = F c(t) dt  ceeeceesvosvescesnse (2)

and q = JwF c{t) dt  cevecscsecsssssscee (3)

F = W ([ E X R R BN EREEENENRNNNRHN] (4)
ra? co(x2 - x
““‘;;(%%T{;Ll ssevsessessvescoe (4‘)

vhere t; is the arrival time of the leading edge of the bolus and

Therefore,

t; is that of the trailing edge. Equation (4) is the well known
formula for indicator dilution theory (3). It is assumed here that
there is no spreading of the edges of the bolus as they move down the
tube and the outflow characteristics appear as in fig. 2.2, So from
equation (4a)

F = =walu

as in equation (1). As the denominator &n equation (4) can be deter-
mined by calculating the area under the outflow curve and the numera-

tor, the quantity of indicator injected, is known, the flow rate may

be quickly calculated,
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The mean transit time of an indicator has been defined in
several ways but the definition adopted here is the one commonly

accepted for indicator dilution work (3) and is given by

nltl + nzt. + n3t3 +

t = —— ——— seeesseesessssnsee (5)

n1+n2+n3+

vhere n, is the mumber of particles (in the fluid dynamic sense) of
indicator arriving at tl' and so on., For the purposes here, & con-

tinuous rather than discrete distribution will give
: - Jr c§t§ ¢ dt
| Fe(t) dt
J tele) dt
—F{ﬁ CessBsOEGNIOROIGROORDS (6)

which for the well mixed system becomes
e (t, - t}‘)(tl +ty) } (t, +¢,) n

t =

The volume of the system can be calculated from the formula (3)

v = FE IEXFEEEREEER N NR N BN (8)
xl 22
using t:1 = = and t, = 'i.i-
(xl + xz) ?
= 2 - na
v na? u —— -5 (%, +x3) oeeee (9)

It should be noted that the volume meagured is that from the mid point
of the bolus to the mid point of the detector.

A new definition of mean transit time considered later, is given
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el
4

t) dt
tQ' dt

[ E R AN R A E EEN NN NN RRY ¥ (10)

With the well mixed system equation (10) becomes

114
2 dt
- JE (¢, - t,)
tn - “-—“l-~' - -—3—_—-&— s0sccsncsene (11)
€2 a4t L, &2
\tl t tl

If the bolus ia much smaller than the distance from the bolus to the

sampling point i{.e. (t:z - tl) LL t,s putting At = (t:2 - cl). then

- A ¢ £1
t - - [ EE R NN NENE] (12)
n ot _ (at)f 1 -2t
t 2t 2t
1 1
Expanding the denominator and ignoring high ordere of -i%-s'- » equation
1
{(12) becomes
= . (g, +t,)
n 2

the same as equation (7). Using

vn - F tﬂ sesseNEIIOGCOICEOIRROGTLIS (8‘)

the correct answer for volume can be obtained, It is clear, them, that
use of either equation (6) or equation {10) for mean transit time with
equation (4) for flow gives the correct value for volume providéd the

bolue 18 small.

System with & parabolic velocity profile

The way in which an indicator i1s distributed through & laminar
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flow system has been treated in several ways. In general, these
studies have been concerned with how catheters that are used to inject
and ssmple indicators modify the shape of the concentration against
time outflow curves from vascular beds, It has been shown that the
shape of the catheter outflow curve depends on the type of injection
uged and on the sampling method used (14)(16). The bolus injection
method will be considered here becsuse it is felt that this method is
the most important as far as circulation studies are concerned. The
two sampling methods considered by Sheppard et al. (16) will also be
used., They first pointed out the important difference between mean
concentration and mean flux of indicator at outflow of a tube contain~
ing & liquid under laminar flow. By transillumination or by external
monitoring of the indicator, the mean concentration of ind{cator taken
across the tube is recorded. When the outflow is collected into a
series of sampling containers, the velocity and concentration of indie-
cator determines the rate at which indicator is delivered to the con-
tainers; the mean flux of indicator is then recorded. Mean flux eampling
results in a higher peak and faster clearance of the outflow curve than
mean concentration sampling. These two types of sampling were called
mean cross sectional concentration and mean flow proportional concentra-
tion by Gonzalexz-Fernandez (45). The analysis used here follows the
mathematical form and method of this paper. An alternative derivation
of the results is given elsewhere (46).

Consider & bolua of indicator dispersed by the parabolic velocity

in a manner illustrated in Fig. 2.3. Conaider also, a surface s that
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Fig. 2.3: Distribution of bolus during laminar flow.
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has an area dA, & point distance r from its centre, 8 concentration

e(z,t) of indicator and a local liquid velocity v(r,t) through the

surface, The tube radius is a, The mean cross sectional concentration,

¢, 12 then given by

(L) = :{[“c(r'tm crevecssescacsness  (13)
8

dA

and {f dA = 2=nydy
' 8

E(t) ‘5'2 } 4 C(tgt)dr ss0esecoscesensee (14)

o

The mean flow proportional conccntration,zﬁ, is given by

) \fﬁLc(r,t) v(r,t)da J\‘ e(r,t) v(r,t)da

\fa v(r,t)dA F(t)

és(t)

a
- -2—1-‘- j\ b 3 C(r,t) V(r) df sesceece (15)
F o

Assuming the flow is laminar the velocity profile will be

parabolic and is given by

vie) = Zp @l-r)for0<r<e) . (16)

so that

Mean croas sectional concentration sampling

The mean cross sectional concentration at x = 0 is given by
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] sesescssssesssencnassns fOr O g t $t1
n r1
- 2 .
e(t) = o2 I r c (r,t) dr ... for tlg t étz
A I‘-'l
3-, r c{r,t) dr .... for t [t
a Je 7
2
xlna4 L xzxa“ %
' - SN 2 -
wvhere tl - [a OFE » Ty - [‘ 2FL } ’
X2

v(o) 18 the velocity at r = O, see equation (16).

Therefore,
o S22 20080000000000000H foro Stgtl

2Ft

- xlm‘ .
C(t) - co - cesessssessss LOT tl S t gtz

mz
Co (xz - xl) QRT ‘“cotrerese for t2—.<t

where c, is the original concentration of indicator. The area under
the outflow curve then becomes

OO
c(t)dt = 2 (1 - :l) dt + (e, - £S5 (a7
c ) t % 2" 1%t
t t
1 2
ty o)
= c, E: - tl 1nt] " + (tz - tl){lnt]t
1 2
= O
so that substituting into the Stewart-Hamilton equation for flow,
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(4), a zero value for flow is obtained. The mean transit time defined
by equation (6) will be infinity, ss multiplication of equation (17)
by t does nothing to prevent it going to infinity. This situation
arises physically because the indicator contained in laminae near
to the wall is cleared very slowly, the laminar adjacent to the wall
never being cleared, and no allowance is made for the difference in
clearance of indicator in the sempling formula, Volume and flow cannot
be calculated then, using these formulae,

Instead, if the dlternative equation, equation 10, for mean transit

time i3 used, volume can still be calculated,

n n tseessesevsssesens (18)

q j c(t)dt
-T'é(c)dt ) J‘%ﬁldt

Now, using equation (17),

X o
- 2 t
[-"-‘it“u-co (I-FL)%E+¢°J\ (t, - t) 3%
™ Jt t
1 2
(" "1]t"" 1]
» ¢cq | log t + == + e, (t,=-t) | <
- e, o 2T L,
v- c, (log t, - log tli
e, + At
- c, log 1 T = log 1+ J%_E
1 1
(¢, - t
2 1

1
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Substituting for t and £,

5!‘2 e = < (x2 - xl)
t xl

so that using equation (8a)
z -
:9 ra (152 x£) x

€y (xz - "‘1)

v =
n

2
vV, ® ma' x

0f course, the actual volume when measured by the bolue method is

given by ~
(x, + x,)
1 2
2
g = e, 2

but provided that the bolus length is small compared with the sampling
distance, the error incurred is small, To summarise, although flow
and Enew are in error because of theJ\ ¢(t)dt term, when they are
multiplied to calculate the volume, approximately the right answer

is obtained because the troublesome temé cancel out. Dividing c(t)
by t has the effect of changing a diverging integral to a converging

one,

Mean flow proportional concentration sampling

At!'ﬂ. | 0 esesssenssansssenss LOT 0< tétl
'\tl
o) - Co 2rr V(x)dr seeees for t, St \<tz
¥
v 0
!
Jo 2nr v(x)dr.eo... for t Lt
F
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0 csesasvsesssanssess fOr O S t é tl

o xz‘n’a“

C(t) = co 1 - “zct essseen for t]. gt\<t2
con‘a‘ .
Z;;::“ (xi - xl) aoses fOr t1<~t

The area under the flow sampled curve 1s given by

tz t. 2 o0
1
jf(t)dt - J a--Ly, e J (ff - e &

£ 2 ty oD
= €+ = -c (t} -] 1
% t ¢ o £ .
1 2
s 2 Co(tl - tz)
¢ _xa?
o
= v (xy -x)

so that P = which 1is the Stoewart-Hamilton equation,
ce(t)dt

For the volume measurement, again, ft?(t)dt%ﬁo (as first
indicated by Gonzalez-Fernandeg (453. This is because the 1/, term

when integrated becomes log t, which — > as t > oo . Instead, con-

sider the formula w
c{t)dt
n E&(t)

. dt

S

t
% 2 e
&e) 4, 1.4 L
J\—t—l dt e, J (t - -t-g) dt + <, J\ (t} - :{) s dt
5 t

- co (108 tz - 108 tl)
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80 that
' _ <, (21:2 - 2t1)
<, (log t, - log tl)

108 tzltl

20 2Bt

t

ty + t

log —L-E—é-— log(l -+ %1_5
1

A g
2!:1 (1+—2-£';)

9

e 2t1+ A_t
-ttt

! 5 na?

2 F

Using this in equation (8a), provides the correct answer for volume,

To sumnarise, the theoretical analysis shows that in the case of
well mixed flow along the section, flow and volume can be calculated
using the well known equations of Stewart and Hamilton., Volume may
also be calculated using a newly defined mean transit time, For the
parabolic flow system with bolus injection the resulta depend on the
method of sampling. When using mean cross-gectional concentration
sampling the Stewart-Hemilton formulae for flow and volume do not
give correct estimates of those parameters., However, volume may
still be calculated if the new mean transit time is used in conjunction
with the Stewart-Hamilton formula for flow, With mean flow proportional

concentration sampling the correct answer for flow will be obtained but
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again, the new mean transit time has to be used in order to calculate

the true volume,

Practical considerations
The two extreme dispersion situations have been analysed from

the standpoint of the indicator dilution theory and the results presented
in a readily exeminable form, However, in the experimental investigation
that follows the flow regime will be such that, ususlly, neither of these
two extreme situations applies. When there are no formed elements present
in the solutions, indicator diffusion alone will contribute to mixing
(at Reynold's mumber much less than 1000), The contribution of indicator
diffusion to wmixing can be assessed, in part, using the criterion of
Ananthakrishnan et al. (39), Their analytical requirement for diffusion
to completely dominate the dispersion, the Taylor B situation, is given
T > 0.8, vhere T = %‘é (see Introduction). This applied to flow after
a fixed time but may be used when monitoring as a function of time by
considering the value of 7 for the indicator first arriving at the
detector (44), If’) > 0,8 for these indicator particles it can be
assumned that diffusion has dominated the dispersion.

The value of the diffusion coefficient of fodide in 2N KCl, at
25°C, has been discussed by Bate et al, (43). They found that theoretical
dispersion curvas gave the best fit to their eiperimenul results when a
value of D equal to 2,39 x 10°% cat sec"l‘ was uged, Using this value and
agsuming that the arrival time of indicator i{s determined by twice the

mean velocity of flow (clearly an gpproximation when diffusion removes
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indicator from the centre streamlines) flow rates of less than 0.9
x 102 nl/sec are required for diffusion to dominate the dispersion.
Because of the approximstion regarding arrival times this value for
flow rate will tend to be too large by about 20%. Nevertheless, it
will gserve as a simple guide to show where diffusion dominated disper-
sion is to be expected with the low molecular weight indicators that
are to be considered,

Experimental results using a high molecular weight indicator,
human serum albumin, will also ba presented. An accurate value of the
diffusion coefficient in these experiments is not known. However,

l'fm

Bate (41) has arrived at a value of spproximately 10'6 cm® sec
a consideration of diffusion data for proteins in aqueous golutions
and a review of the theoretical concepts of indicator diffusion. The

cxitical flow rate for diffusion dominance with serum albumin is there-

fore approximately 0,3 x 10"3 ml/sec.
z -
From the dimensionless controlling parameter, %x-'-" » Bate et
[

al, (43), it can be seen that with increasing flow rate the contribution

of diffusion to dispersion will decrease, However, there is not a single

analytical criterion for assessing when the effect of diffusion is negli-

gible and this will not be attempted. It is clear, though, that fast

flow rates may be obtained at which the disgpersion will be predominantly

produced by the velocity profile, diffusion playing only a small role.
The previous considerations can only be applied a priori to

dispersion in inorganic golutions, though it may be safely assumed that

dispersion in plasma will also be produced by the same mechanisms, With
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whole blood it must be expected that the presence of the red and white
cells will modify the diepersive mechanisms in some unknown manner,
Because of the higher concentrations of red cells (5 x loslm‘ c.f.
5 x 10%/mm for white cells) and their known effects on the viscometric
properties of blood, they are likely to have the largest influence on
the concentration against time outflow curves., In order to assess the
relative effects of diffusion, velocity profile and red cells, some

of the experiments of Bate et al. with 131

I in 2N KCl were firat re-
peated, and extended, The dispersion of solutes in plasms and in whole
blood were then examined, Finally, the red cells themselves were labelled
to determine which faé.tota are involved in their dispersion.

For each solution or suspension, experiments were performed over
& wide range of flow rates and the indicator dilution parameters derived
from the outflow dispersion curves, i.e, the conc«m‘tration against time
curves, The equations calculated in the previous two sections that
applied to both well mixed and parabolic flow systems can be expected
to spply over the whole flow range and be invariant to the degree of
mixing produced either by diffusion, or red cell induced mixing. Such
equations are those for F, 'En and V vhen mean flow proportional sampling,
and v, when mean cross sectional sampling i{s used,

The remaining equations give correct answers for the well mixed
case, where diffusion dominates the dispersion, but tend to infinity
when the flow is completely dominated by a parabolic velocity profile.

These equations are thoge for t and V for mean flow proportional sampling

and ¥, t, t, and V for mean cross sectional sswpling. It {s likely,
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therefore, that at slow flows, where diffusion dominates the dispersion,
these parameters will give values within the experimental error. As
the flow rate is increased and the velocity profile becomes more dominant,

larger and larger percentage errors in these parameters are to be expected,
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CHAPTER 3

APPARATUS, METHODS & MATERIALS

Straight tube system

In order to investigate the theoretical predictions, an
apparatus simulating a bolus injection system has been developed,.
A diagram of the apparatus ie shown in Fig. 3.1. and a photograph
in plam1l, 1t is basically similar to that used by Bate (41) but
the method of pressure regulation has been adapted for increased
accuracy. In all of the straight tube experiments the bolus length
wvas 12,2 cms and the length from the leading edge of the bolus to the
nid point of the sampling crystal was 101.8 cms. The ratio of lengths
from the leading and trailing edges of the bolus to the crystal was

therefore 0.893, the same as that used by Bate et al, (43).

Reservoir

The reservoir was made of perspex and was cylindrical with a
volume of approximately 300 ml, There was a hole near the base into
which the experimental tube was inserted, and an O-ring and detachable
perspex disc were used to ensure a leakeproof fit, An Qering was also
used to make an air-tight fit between the top of the reservoir and the
l1id. A hole was drilled through the 1lid and & tight fitting bung with
a8 long 1 mm bore glass tube inserted (see Fig. 3.1). This kept &
reduced pressure above the liquid and 80 enabled a constant pressure

head to be maintained throughout the course of an experiment. A
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Plate 1:

Photograph of the Straight Tube System,
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magnetic stirrer was used in the reservoir to prevent red cell sedi-

mentation.

Experimental tube
The tube through which the dispersion of indicators was studied

was & 120 cm high precision bore tube (bore 2.50 mm), The manufacturers
specified not greater than 1% variation in bore and this was confirmed
by measuring the variation in length of a mercury thread with a travel-
ling microscope at different points in the tube. At the downstream end
of the tube a perspex block (fig. 3.2) was used to join the tube to the
service and controlling glass tap system. The tube ends were ground
flat and held in a light tight seal with O-rings and perspex discs.

The latter section containing the glass taps was not of uniform bore

but this was only of consequence to the viscometric data (see later)

as all other measurements were concerned with dispersion in the straight

tube section.

Tail pattern taps

The tail pattern taps used for introducing the radiocactive solu-
tions as a bolus injection are {llustrated in f£ig., 3.3. Essentially
they consisted of a spring loaded close fitting, teflon centre in a
perspex block. A small amount of grease was applied for smooth operation,
The holes through the taps were drilled to correspond as closely as
possible to the bore of the experimental tube, In one position liquid

could be injected from the underneath of one tap, into the region

between the taps, and ocut of the bottom of the other tap. By turning
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the taps through right angles, the bolus was ready for delivery into
the flow stream. The tubes on each side of the taps were held flush
against the perspex, in line with the 2.50 mm holes, with O-rings and

perspex plates,

Pressure regulation and determination

For the viscometric determinations it was required to accurately
meagure and control the driving pre#ture across the appsratus, The
height of the reservoir alone was insufficient to supply the range
of pressures and flows required, and so a negative pressure was
applied by varying the height of a 2,5 mm bore, 2 metres long, catheter
attached to the outflow end of the apparatus, The effective pressure
difference in cms of solution could then be measured directly with a
metre rule. Knowing the specific gravity (determined with a hydrometer)
the effective hydrostatic pressure could be calculated. This method
provided a convenient and relatively accurate method of measuring and
controlling the pressure, the accuracy being determined by the accuracy

to which the rule could be read.

Direct flow rate, Q, and volume, V,, determination

An accurate measurement for the flow rate, Q, through the system
was obtained for each experiment by collecting the liquid displaced
in a pre-weighed conical flask or beaker., The volume flow rate was
then given by dividing the weight difference by the product of the

gpecific gravity and duration of the experiment., The duration of the

experiment was determined from the recorder charts, the chart speed
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being known and an event recorder signalling the beginning and end

of the expaeriment. The actual‘volume. Vgs that the indicator dilution
method measures is that between the mid-points of bolus and detecting
crystal (see theory). The distance between the mid palﬁto could be
measured to less than 14 error with a metre rule, and by multiplying
by the cross sectional area the volume could be accurately determined,
For all of the straight tube experiments in this thesis this volume

was 5,30 mlo

Viscometric determinations

The straight tube system was not of uniform bore throughout its
length, This precluded the direct calculation of viscosity from
Poiseuilles equation, The approach used was therefore to first calibrate
the apparatus by determining the (physiologically normal) saline pressure
to flow ratio, R;. Similar ratios for plasma, Rp. and red cell suspen-
sions, Rb’ were then determined over a raunge of flow rates., The relative

viscosities, r, of plasma and red cell suspensions were then given by

the ratios %2 and B2 respectively.
] Rg

Model vascular bed system

The particular model used was a glass cylinder packed with different
diameter glass beads, see fig. 3.4, The two ends of a 25 ml glass pipette
were cut off at approximately 6 cms from the centre bulb, The entrance
on one side of the bulb was then heated and narrowed such that a 3 mm
glass bead could not pass out of that side, 3 mm beads were then poured

into the bulb from the open side so that approximately 1/3 of the volume
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was occupled. 1,5 mm beads were then poured on top of these so that
2/3 of the bulb was full. The remaining volume was then filled with
3 mm beads and the end narrowed to contain all the beads within the
bulb. Subsequently, the bulb filled with glass beads will be referred

to as the model bed section., This section was then joined to the bolus

injection taps at one side and the experimental tube at the other with
(see Plate 2)
perspex blocks and O-ringe, as previously described, The bore of the
pipette tube did not exactly mate with that of the high precision glass
tube, but this was considered inconsequential for the present experiments,.
Inconsistencies at these joints could only minimize the effects that were
to be examined by inducing mixing across the tube section at the joints,
The length of precision bore tube at the detection end of the apparatus
was 82.2 cms (measured to the mid point of the detecting crystal), Thie
represents the longest length that could conveniently be used.

By adding the volume of the high precision tube sectione to that
of the glass bead filled bulb, the volume of the whole model could be
found. The volume of the tube sections were obtained by multiplying
the lengths used by the croas sectional area and was calculated to be
4,33 ml. The volume of the bulb was found by weighing the volume of
water required to completely fill it. This was done five times and
the mean volume so found was 9.09 = 0,18 (¥ §,D.). The total volume
of the model system was therefore calculated as 13.4 ml,

All experiments with the model vascular bed were done without a

mixer before the detector.
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Detection, counting & recording apparatus

Fig. 3.5 i3 a diagram illustrating the geometry of the Nal
scintillation crystal that was used to monitor the radiation within
the experimental tube., The diameter of the crystal was 4.45 oms
and the depth 2.4 cms, There was a rectangular chammel 0.9 cms
wide and 1.7 cms deep for accurate and reproducible positioning of
the experimental tube., The crystal was surrounded by 2.2 cm thick
lead shielding to increase fts gsensitivity to radiation from within
the tube,

The scintillation crystal was attached to an EMI photomultiplier
(IDL 663A), the output of which was fed to & pulse discriminating and
counting apparatus, fig. 3.6, Moat of the experiments were performed
with a Nuclear Enterprises stabilised EHT supply (NE 5307), non-
overloading linear pulse amplifier (NE 5202), single channel differ-
ential pulse height gelector (NE 5102) and ratemeter (NE 5401). 1In
some experiments, however, the crystal and photomultiplier used were
connacted to & J & P Bngineering rate meter unit (MS 310). All re-
cording was done with a Leeds Northrup high speed potentiometric pen
recorder (Speedomax G) which had a response time of 0.25 secs for 90%

of the full scale deflaction,

Calibration of monitoring apparatus

The calibration of the apparatus was performed using & pulse
generator and the digital counting system in the apparatus, and by

measurenent of different dilutions of radiocasctive solutions in the

experimental tube. The J & P Engineering ratemeter unit was found



56

scinbi”;tl—. n

cou.n"?;s

4+ Y pen recorden
V‘c\ r:yz catlode

folleoay!

A2 PN
EH.T ’

s Fl LN r‘ah-\ckf
l(r ‘3

Y

H hka(\"zor

A 4

~

N

(;:T:“: oll.H-Q"'C'\I._.':.(
ls«ild' {MLH LA\UH‘
amplifier  gelecks

Fig. 3.6: Block diagram of counting apparatus,



5/

to be linear on all ranges used and already accurately calibrated.
However, the Nuclear Enterprises system, while being linear within
each range, required the use of conversion factors when switching
from range to range. For 3K —» 1K c/s the factor was 2,9; from
10K — 3K it was 11,9, All the measurements were made within these
ranges, which represented a convenient balance between the opposing

needs of radiological safety and statistical precision,

Sampling systems

When the experimental tube was positioned in the detecting
crystal the sampling system was equivalent to mean cross-sectional
concentration sampling (see Theory). It was also desired to have a
sampling system that monitored mean flow proportional concentration
sampling. The usual method of doing this is to collect the outflow
as serial samples in cups on a rotating drum, This method was con-
sidered unsuitable for the present apparatus and instead a mixer was
inserted just before the detecting crystal to mix the indicator
across the cross section of the tube at detection, That these two
methods give the same results can be seen by inspection of the theory
and reference (46), Basically, the rotating drum method mixes the
samples after collection and the mixg;7it§%etection. The type of
mixer adopted comsisted of an approximately 1.5 cm spiral of plastic

tubing that was positioned in the tube with the spiral extending

along the line of the flow. Other types of mixer were tried, such

as split tube mixing chambers, but these were found unsuitable because
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they either did not mix properly or they interfered with the flow

system too drastically.

Temperature control

The temperature of the solutions was alvays determined by the
room temperature, which was controlled using an electric convector.
It was found that in this way the temperature could be maintained at
: 1°c. of the desired temperature throughout the course of the experi~
ments. The experiments using potassium chloride solution were carried

out at 25°C. and all the others batween 18°C. and 21°cC.

Experimental procedure

After washing the apparatus with suitable detergents and distilled
water (with red cell suspensions and plasma, normal saline was also
used), a final wash was performed with the liquid under exsmination.
An initial concentration reading was then taken of the radioactively
labelled solution in the experimental tube, The apparatus was again
washed out with the solution. The resgervoir was then f£illed up and
solution drawun through the whole apparatus, care being taken to elimi-
nate bubbles. After the solution had been flowing for several minutes
the flow was stopped and the section of apparatus between the tail
pattern taps was evacuated, Radioactively labelled solution was then
introduced into this section with care again being taken to eliminate
bubbles., The tail pattern taps were then turned through 45° so that
a bolus of radioactive solution was trapped between the taps. The

recorder was gwitched on, an appropriste time constant gelected, the
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tail pattern taps opened and flow begun by opening the on/off glass
tap. Simultaneously, an event marker on the recorder was activated

to signal the beginning of the experiment, The solution was collected
for the duration of the experiment in a pre-weighted beaker. At the
completion of the experiment flow was stopped, an event recorded on
the chart paper, the collected liquid was weighed, and the recorded
traces were replotted on graph paper in & mamner described later,

and analysed,

Calculation of flow rate (F), mean transit times (t, Egzﬁtnd vessel

volumes (V, V) using the indicator dilution theory
A smooth curve was then drawn by eye through the output dispersion

curves on the pen recorder chart. The curves were then replotted as
indicator concentration divided by the bolus concentration, c/co. against
a dimensionless time parameter, T = %5 (alternatively, T = %f). % is

the midpoint sampling distance. This method of plotting has been used
by Sheppard (16) and Bate et al. (43) and facilitates direct comparison
of the dispersion of indicators at different flow rates.

The Stewart-Hamilton equation for flow rate is given by F = jj*g-;: R
¢

where the symbols are explained in the Introduction. Dividing numerator

and denominator on the right-hand side of the equation by ¢, gives

F= : » Where b is the volume of bolug used, As b is known,
J\?—dt c/
all that is required to calculate flow is the area under the "c  against

T curve and the appropriate T -5t conversion factor.

Areas and mean transit times were obtained by planimetry (W.H. Stanley
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& Co. Ltd), the mean transit times being obtained and always expressed
in a dimensionless form in terme of T. When the dispersion curves

with extremely long tails were measured the planimeter did not give
reproducible results for mean transit time, An alternative method was
to replot the curves as ¢ , % T against T and to divide the ares so
obtained by the area under.the c/eo against T curves. The newly defined
mean transit time was determined by replotting as c/col'!‘ against T and

dividing the area of the c/co against T curve by the area so obtained,

Solutions, suspensions and indicators
zodide (*3l1) in kel solution

Radioactive sodium iodide, *31

I, in weak thiocsulphate solution was
obtained from the Radiochemical Centre, Amersham, and was used in a 2N
solution of potassium chloride which had 1 mg/ml potassium iodide added
as a carrier. The KCl solution was made up in distilled water, and to
approximately 60 ml (which was to be used as a bolus solution) not more
than 0.3 ml of radiocactive solution was added, giving & radioactive con-

centration 1p8i/ml, Thie was the same solution that was used by Bate (4l),

Blood, plasma and red cell suspensions
Whole blood was collected in an abattoir from freshly slaughtered

pigs. Usually, approximately 1 litre was collected in a plastic bucket
and gtored in a plastic bbttle. The anti~coagulant used was heparin

(6 iu/ml blood) and provided the blood was stored at 4°%¢c. until use
(not longer than 30 hours) no precipitstion of fibrin was obtained. In

the experiments with the model vascular bed the blood was defibrinated
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upon collection by atirring with glass rods and discarding the clot
obtained,

Plasma was obtained by centrifuging the heparinised whole blood
at 1000g for 45 mins and withdrawing the supernatent., Where different
haematocrits of whole blood were required, the packed cells so obtained
were added in the required quantities back to the plasma, Haematocrits
ware a&lways determinad by measuring the packed cell haematocrit on a
Havksley microhaematocrit centrifuge (12,000g for 5 mins),

For some labelled red cell experiments, suspensions of washed
red cells in physiological saline were required. Whole blood was spun
for 45 mins at 1000g and the supernatent discarded. The packed cells
were then washed 3 times with twice thé total red cell volume using
saline, spinning each time for 45 mins at 1000g. The cells were then
resuspanded in the required amount of saline to give the haematocrit
desired. Whenever rad cell suspensions or whole blood were used, the
cells were visually observed with a microscope for signs of crenation

before and after each experiment,

Plasma indicators

86Rb Ccl (Radiochemical Centre) was used as a low molecular weight
indicator (m.w. 86) in plasma and whole blecod. The bolus solutions
were prepared by adding not more than 0.l ml of the radio-active solu~-
tion (initial activity 1 m Ci/ml) to approximately 10 ml of solution
or suspension,

Before using this with whole blood, consideration was given to
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the poasibility of red cell Rb uptake, Rubidium 18 in the eame group
og ) thc Periodic Table of elements as potassium, which is concemtrated
fntracellularly by the Na/K punp. Love & Burch (47) have shown that
the uptake of “Rb in red cells ia the same as potassium, Information
on wca;:a was obtained from preliminary experiments performed with &
view to uaing an as & red cell label, A modified Krebs Ringer, usaed
by Grahame -Smith & Everest (48) for facilitated Skb uptake studies,
was prepared as fellows: 0,9% NaCl 1 litrea 1.22% caclz 15ml; 3.82%
Me 804. 7 Bz
+ 20 ml N HuC}, diluted to 1 litra) 210 ul: 100 mg of glucose vas added

0 10 ml; 0,1 M phosphate buffer p'l 7.4 (17.8g Na, PO, ,128,0

to each 100 ml of this solution befors use, Whole blood was then centri-
fuged at 1000g for 10 min;at 5%¢. and plasmma and the top layer of cells
discarded, Ice cold Krebs R\Zﬁgei wun_then used to wash to cells 2 times,
The supernatent was discarded at cach stage. Approximately an equal
volume of Krebs Ringer was added to the packed cells and the suspenaion
incubated for 45 mins at 36°C. The 86&!: ¢l solution was then added in
the desired concentration (sufficient to produce a final concentration
of 10p Ci/ml of blood) and the suspension incubated for up to & hours,
Samples were removed during incubation and the packed cell

haematocrit determined, The % uptake of the cella was calculated by
determining the total activity in 3 ml of the suspension and the activity
in 1 ml of Plasua using & well counter., Plasma was separated by centri-

fugation for 10 mins at 1000g. The table below contains typical results
of the % uptake of aﬁab into a red cell gsuspension of 367 haematocrit,
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Time after addition of

861 (minutes) 30 70 120 180
% uptake by red cells 17 40 55 67

The uptake after 40 mins was therefore 20-25% in Krebs Ringer solutiom,
at the concentration of 86“ solution used, |

In the event, it was decided not to use CBb as a red cell label.
However, these studies showed that under the most favourable mc%batlon
conditions, uptake after 40 mins would not greatly exceed ZO‘X; Tudhope
& Wilson (49) have rapoi‘:ad an 8%p uptake of 15% after 1 hour's incuba-
tion at 37°C. in whole blood, The indicator dilution experiments in thie
thesis were performed at 20°C. in whole blood and the “kb suspension
used immediately aftar preparation. The bolus concentration was massured
upon completion of the experiments, Uptake at this stage was of no con-
sequence as the amount of 86nb/untt volume in the samples was all that
was required. In this way the longest time the red cells were in con-
tact with Rb was 45 minutes and wmost experiments were completed within
20 minutes. Theraefore, it was considered unlikely that 86Rb uptake
would greatly affect the results when using whole blood,

- 13 11 (Radiochemical

Human serum albumin labelled with 1311. HBA
Centre), vas used as a high molecular weight (67,000) indicator in plasma
and whole blood. Mo adverse resction with pig's plasma or blood could
be observed visually when HSA vae added, No more than 0.3 ml of the

HSA - 1311 solution (initial activity usually 1 mC/ml, in saline) was
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added to approximately 60 ml of solution or suspension to prepare the
bolus solution. The labelled protein was stored at 4°C. and used within

two weeks of delivery.

Sodium fodohippurate (131

1) was also used as a plasma label, It
is a relatively low molecular weight (m.w, 309) indicator that is known
to loosely bind to the plasma proteina, mainly serum albumin. Maher

& Tauxe (50), in a study of the renal clearance of various substances
in man, have reported around 70% plasma binding., Thiz vas determined
using dialysis through cellophane bags and ultrafiltration through
membranes that pass up to 10,000 m.w. molecules. Uptake by red cells
is also a possibility, although because of the time course of the
present experiments it is thought that this {s unlikely to be a large

influence at this time, The dispersion curves of fodohippurate (1311)

might therefore be expected to be more like the curves for HSA - 1311

1311 in KC1 or sﬁkbin blood, Sodium iodohippurate

in whole blood than
(1311) was obtsined from the Radiochemical Centre as a sterile aqueous
gsolution containing 1% benzyl alcohol and was stored at 4°¢. Final
concentrations in the bolus did not exceed 20 pg/ml of blood and had

a radioactive concentration of about 1n Ci/ml,

Red cell labelling

It was decided to use 51

Cr as a red cell label because this was

convenient to use and readily available &s Naz 51(::04 solution (5p Ci/ml

of saline) from the Radiochemical Centre, Sodium chromate contains
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hexavalent chromium ions which resadily enter the vred cell (51). The
ions are there converted to the tttvalent'state and bind to the globin
part of the haemoglobin molecule. The lebelling procedure followed

that given by Mollison (52), A citrate phosphate buffer was prepared

as follows: 3g trisodium citrate (monohydric), 0.015g sodium dihydrogen
phosphate, and 0.2g of dextrose were made up to 100 ml with distilled
water, The solution initfally has a pH of 7.4, but the chromium uptake
at this pH is not very satisfactory (52). The solution was heated for
40 mins at 110°C. in a sealed bottle until caramelisation was spparent.
This indicated a pH 6.9 where better uptake is achieved. 100 mls of
whole blood were then centrifuged, the white cells discarded and the
plasma kept for possible red cell resuspension later, The cells were
then washed two times in twice the total red cell volume with the buffer,

and resuspended in a few mls of buffer, Up to % mC of Na, 31

cro, solution
was then added and the red cells incubated for 20 mine at 36°C. 4n a water
bath., The suspension was then centrifuged and the supernatent discarded,
The packed red cells were then washed twice with saline as described
above, and twice more with either saline or plasma, depending on which
was to be the final suspending solution. The red cells were then sus~
pended in saline or plasma and were ready for use., Using this method

approximately 95% of the 51

Cr was taken up by the cells during the
incubation period.
In the interpretation of the experimental results (see Discussion)

it is necessary to know whether appreciable quantities of 510: were eluted
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from the red cells during the course of the experiments. It is well
known that 51(:: elutes from the red cells at a rate of approximately

1% per day in vivo, and that the elution rate is affected by the
technique of labelling (52), Mollison & Veall (53) have also demonstra-
ted an additional loss of 5% within the firat 24 hrs after injection of
labelled cells into the circulation which can be accounted for either by
a small fraction of the Cr being loosely bound to the cells or by damage
to the red cells during labelling (52).

It was considered that not only could Cr elute from the labelled
red cells prior to use, but also it could be waghed out of the cells
during flow down the tube system by the unlabelled suspension. To
cover both eventualities the outflow from a series of experiments
performed on 7/11/73 (reported in table 4.13a and fig. 4.14) was pooled
and tested, A ssmple from the bolus solution was also tested at comple~

510: from the red cells was

tion of the experiments. The % elution of
determined in a similar manner to the % uptake of sakb into the cells,

3 ml of the suspension was taken and 2 ml of plasma removed after centri-
fugation, Both plasma and cells, and plasma samples were counted in a
well counter. Counting was over 3 seconds using & convenient pulse

height gate width on the ascaler. The following results were obtained

for the pooled outflow determination.

mean s.D. go. of 3 sec,
Background 5.33 2,38 15
2 ml of plasma 6.09 1.87 11
3 ml of cells & plasma 1027 24.5 8
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Similar results were obtained with red cells suspended in saline,
labelled red cells left overnight at 4°c., before use, and the bolus

solutions left for 4 hrs., It can be seen by inspection, that there

51

is little, if any, ~ Cr in the plagma of the sample, almost all of it

being attached to the red cell, It was concluded that elution of 516:

51

could be ignored in the interpretation of the " Cr labelled red cell

studies in the straight tube system,

Red cell flexibility megsuyements
It has been demonstrated by Sirs (54) and Rampling & Sirs (55)

that the initial rate of packing of red cells in a centrifugal field
of 200g provides an unequivocal and quantitative measure of the erythro-
cyte flexibility. This method of flexibility measurement arose from the
consideration that at physiological haematocrits red blood cells are in
contact with each other. Rigid red cells at such concentrations are
unable to pack into a small enough volume to give a meaningful measure
of cell concentration and the rate of packing is extremely slow, With
more flexible cells, a smaller packed cell volume and faster rate of
packing are obtained, Red blood cell flexibility may be changed by
alteration of the red cell membrane or the haemoglobin contained within
the membrane. The present study will only be concerned with alterations
in membrane flexibility caused by vepeated washing and suspension in
physiologically normmal saline,

The rate of packing was measured in a microhaematocrit centrifuge

(Hawksley) using the method of Sirs (54). A microhaematocrit tube was
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filled with the blood ssmple and one end heat sealed. This was spun
for 2 minutes on & centrifuge operated at 80 volts, instead of the
usual 240 volts, This is equivalent to a centrifugal field of 200g.
The apparent cell concentration was detemmined with a microhaematocrit
reader. This process was repeated several times until the rate of
change of haematocrit decreased. The operating voltage was then
increased to 100 volts and the sample spun for a further two minutes.
Finally, spinning at 240 volts for two minutes produced the packed cell
haematocrit of the sample, A faster initial packing rate indicated

more flexible red cells, 1f the haematocrits were spproximately equal,
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CHAPTER 4

RESULTS -~ STRAIGHT TUBE SYSTEM

1311 in IN KCl solution

In table 4,1 are the results obtained uging the indicator dilution
formulae for flow rate, mean transit times and volumes, with fodide in
2N KCl solution, The experiments were performed with mean cross section-
al sampling, i.e. without a mixer, and at a temperature of 25°C. The
reasults were obtained over a five month pertied and {llustrate the re-
producibility of the method., In the first column is the true flow rate,
Q, as directly measured, in unite of l.()"'2 ml /sec. Flow rate increases
from the bottom to the top of the table. The ratioc of true flow rate
to calculated flow rate, Q/F (column two) generally increases with
increasing flow rate. The calculated flow rate is therefore increasingly
overcatimating the area under the dispergion curves. Q/P is unity at
slow flows and rises to & maximum 1,24,

In the 3xd column the mean transit times derived from the dispersion
curves are expressed in texms of T (clearly, a/x = Q/Va). v“/Q is the
mean transit time obtained for well mixed flow (see Theory) and m/‘lﬁl
can be thought of as the ratfo of observed mean transit time to the
'well mixed mean transit time'. The results show a progressive incresse
in mean transit time ratio with flow rate, Again, at slow flow rates
the value of quve iz unity, but it rises higher than Q/F to 1.72 at the

fagtest flow., The newly defined mean transit time, 'én, 1g also expressed
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Q = 10t t £.Q v v,
ml/secc % '{rf 't'%_ v _v_!l Date
a a a
29.0 1.13 1.72 1.18 1.52 1.04 | 4/1/73
22,7 1.21 1.70 1.26 1.41 1.04 411173
15.8 1.19 1.55 1.17 1.30 0.98 4f1773
15.8 1.22 1.48 1.22 1.21 1.00 | 2/10/72
15.5 1.21 1.61 1.26 1.33 1.04 /1773
8.30 1.17 1.38 1,17 1.18 1.00 6/9/72
7.99 1.2 | 1.42 1.26 1.15 1.02 6/9/72
7.27 1.21 1.31 1.13 1,08 0.93 7/9/72
7 24 1.20 1.32 1.15 1.10 0.96 | 7/9/72
6.60 1.18 1.26 1.12 1.07 0.95 24/8/72
4,89 1.13 1.26 1.17 1.12 1.04 | 23/8/72
4,46 1.14 1.22 1.14 1.07 1.00 | 24/8/72
3.24 1.02 1.14 1.08 1.12 1.06 | 24/8/72
1.90 1,02 1.08 1.04 1.06 1.02 2418172
1.07 1.05 1.08 1.05 1.03 1.00 23/8/72
0.54 1.05 1.03 0.99 0.98 0.94 | 23/8/72
0.54 0.98 1.01 1.0 1.03 1.03 23/8/72
0.28 1.02 1.00 0.98 0.98 0.96 | 23/8/72

Table 4,.1:

Regults obtained with iodide in 2N KClwithout a mixer, at
25°C, For explanation of symbols and pesults, see text,
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in terms of T, and shows the same erratic rise with flow rate as does
Up.

The ratio of calculated volume, V, to actual (or measured) volumg,
va. is listed in the fifth column. This is calculated from the GVmi‘fen‘]‘
of colums two and three. There is a rise in v/v, from unity to 1.52
with incressing flow rate, This corresponds to @ maximum overestimate
in vessel volume 50%. In contrast to the previous ratios, v“/?a is
invariant to flow rate and is always close to wmity (mean 1.00 ¥ 0.04
$.D,). It appears that the errors obtained using the dilution formulae
for F and t, cancel when V,, their product, is calculated.

The behaviour of these parameters is consistent with the theoretical
treatment given earlier. At the slowest flow rates diffusion dominates
the dispersion and the bolus of indicator is transported along the tube
effectively well mixed across the cross section., The theoretical section
in chapter 2 predicts that in these circumstances all of the calculated
ratios should be unity., With i{ncreasing flow rate the area under the
concentration against time dispersion curves, Q/F, t Q/vé, En Q/Va and
v/va are expected to incresase because of the decreasing influence of
indicator diffusion. This has been clearly illustrated in table 4.1.
The theoretical development also predicts the invariance of vn/vgwith
flow rate, and this has algo been demonstrated.

The changes in shape of the dispersion curves, seen in Fig. 4.1,
reflect the changing influence of diffusion on the dispersion of the

indicator. There are four curves at different flow rates taken from
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Fig. 4.1:

131

Dispersion curves of I in 2N KCl, without a mixer,
The obsarved concentration (c¢) is divided by the bolus
concencratéon (co) and plotted against dimensionless
time (T = 3E), These curves are taken from table 4.1.
F%aw tatesx(IO’z nml/sec). a) 0.54 b) 3.24 c) 8,30
d) 29.0,
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table 4,1. The slovest flow, 0.54 x 10™ ml/sec, vhere diffusion
smooths out the dispersing action of the parabolic profile, the
indicator arrives late, rises to & high peak and is cleared relatively
early. Use of the indicator dilution equations for F, t, t,, V and

V,, glves correct sanswers. As the flow rate increases ( b) ¢) in fig.
4.1) the curves become more dispersed along the T axis, starting soomer
and being cleared relatively later., For the fastest flow rate, 29.0

x !.0"2 ml/sec, the velocity profile is dominating the dispersion.
Indicator arrives at about T 0.5 and 18 finally cleared at T 3,0.
The increases in VP, E Q/v.. En le. and v/v‘ mirror the changing
shape of the curves,

Table 4,2 summerises the results obtained with the same solution
and indicator, '2'f in 2N KCl, but a mizer hes been used prior to detec~
tion, changing the mean cross-sectional sampling to mean flow proportional.
Q/F is now invariant to flow and equal to unity (1.00 : 0.05, mean ¥ S.D.).
The mean transit time and volume ratios t 3/V, and V/v, again increase
from unity with increasing flow rate, The newly defined mean transit
time and volume, En Q/va and v“lv‘ are invariant to flow, and are unity
(1.03 ¥ 0.05, 1.03 ¥ 0.06, mean ¥ 5.D.). Again, these resulte are con-
sistent with the theoretical development because mean flow proportionsal
sampling should produce dispersion curves with constant (correct) areas
and correct values of t,; and V.

Fig. 4.2 again 1llustrates the changing shape of the dispersion

curves with flow rate. The basic trends are similar to those in fig. 4.1,
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Q x 10?

'} §.9 Q L Vn Date
ml/sec F v‘ 5&;‘ v a v;
25,0 1.11 1.22 1.05 1.10 0.95 1/6/73
23.4 1.10 1.28 1.09 1.16 0.99 1/6/73
23.2 1.02 1.26 0.96 1.24 0.94 4f1/73
17.9 1.00 1.24 1.05 1.24 1.05 27/9172
16.2 1.09 1.32 1.10 1.2 1.0l 1/6/73
14.9 0.99 1.34 1.14 1.35 1.15 1/6/73
12,1 1.02 1.14 1.00 1.12 0.98 413773
10.1 1,06 1.30 1.11 1.23 1.05 1/6/73
10.1 0.99 1.26 1.08 1.27 1.09 1/6/73
8.81 0.98 1.20 1.03 1.22 1.05 27/9/72
8.09 0.98 1.08 0.98 1.10 1.00 | 4/1/73
8.04 0.99 1.25 1.08 1.26 . 1.09 1/6/73
5.05 0.98 1.15 1.06 1.17 1.08 2779772
3.70 0.93 1.12 1.05 1.20 1.13 27/9/72
3.37 0.94 1.11 1.03 1.18 1.10 | 27/9/72
2.30 0.97 1.07 1.01 1.10 1.04 | 2/10/72
1.49 1.03 1.05 1.01 1.02 0.98 2/10/72
1.27 0.94 1.04 1.0L 1.11 1.07 2/10/72
0.82 1.01 1.02 0.99 1.01 0.98 2/10/72
0.57 0.94 1.00 0.99 1.06 1.05 | 26/10/72
0.53 0.94 1.00 0.97 1.06 1.03 26/10/72
0.44 1.02 1.01 0.97 0.99 0.95 2/10/72

Table 4.2: lodide in 2V KCl with mixer, at 25°C,
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Fig. 4.2: Dispersion curves of Iodide (1311) in 2N KCl, with a
mixer, taken from table 4.2. Flow rates (102 ml/sec).
a) 0082 b) 3037 C) 8.81 d) 23.2.
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but at fast flow rates, 23.2 x 10"2 ml/sec, the concentration peak

i3 higher and the curves clearsd somewhat earlier than without a mixer,
This produces the smaller errors associated with the mean transit times
and volumesg, relative to those without a nixer,

Béab in plasma and whole blood

Teble 4.3 are the results obtained for S%Rb in plasma, without
a mixer, at 22°C. The values obtained from the indicator dilution

parameters are very similar to those obtained with 13

I in 2N KC1,
without & mixer. However, a navrrower flow range has been considered
and the ratios do not approach unity at slow flows (except '“/v.). The
dispersion curves, fig. 4.3, illustrate the restricted range of flows
concidcréd. There is no significant difference in arrival times and
the slowest, at 2.39 x 10'2 ml/sec, does not rise to a high peak,
Neverthelegs, the decreasing influence of diffusfon is apparent in
the tail region of the curves, the slowest being cleared quicker than
the fastest,

The results obtained for the plasma indicator 86Rb in whole blood
of haematocrits 40% and 437 are summarised in table 4.4. A mixer vas

131 63b in

not used. The same pattern emerges as with 1 in 2N RCl and 8
plasma, without a mixer, Up, T Y Vq and v/va all increase from around
unity at very slow flows, 0.33 x 10"2 ml/sec, to & maximum at the fastest
flows, although there appears to be a decrsase in U after 16.7 x 10'2
ml/sec, Vn/va. again gshows no aystematic change with flow rate. The

concentration against time dispersion curves, fig. 4.4, also show a
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Q x 102 t t, Q ¥V Vn
ml/sec % "-Vf- E%E" Va Va
23.0 1.34 1.78 1.36 1.33 1.01
22.8 1.37 1.68 1.32 1.23 0.96
18.6 1.34 1.66 1.27 1.24 0.95
8.79 1.30 1.44 1.27 1.11 0.98
5,22 1.35 1.34 1.26 0.99 0.93
2.39 1.17 1.22 1.16 1.04 0,99

Table 4,3: Béanl in plasma without a wmixer, 22°C.
All reaulte obtained on 12/6/73.

%
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Fig. 4.,3: Dispersion curves of 86Rb in plasma without a wmixer,
taken from table 4,3. Flow rates (102 ml/sec).
a) 2,39 b) 8.79 ¢) 23.0.



Q x 10? Q £q tnQ v, Vo Date

nl/sec F Va Va Va ﬁ:
25.2 1.25 1.76 1.36 1.41 1.09 11/4/73
24,8 1.27 1.76 1.31 1.39 1.03 11/4/73
17.4 1.30 1.62 1.31 1.25 1.01 11/4/73
16.7 1.38 1.44 1.38 1.04 1.00 5/4/73
9.08 1.37 1,46 1.26 1.07 0.92 11/4/73
B8.65 1.17 1.44 1.16 1.23 0.99 5/4/73
3.60 1.13 1.25 1.12 1.11 0.99 5/4/73
3.48 1.08 1,23 1.10 1.14 1.02 11/4/73
1,30 1,01 1.03 0.98 1,02 0.97 11/4/73
1.15 1.15 1.19 1.15 1.03 1,00 5/4/13
0.33 1,03 1,07 1.06 1.04 1.03 11/4/73

Table: 4.4:

030

0.20+

Q.10

O

O

Pig, 4.4:

861 as a plasma label in vhble blood without a mixer.
On 11/4/73 the haematocrit was 43% and temp, 19.5°C.
The haematocrit was 40% and temp. 20°C. om 5/4/73.

1.O

Diaspersion curves of
taken from table 4.4,
b) 1.30 C) 3.48 d) 25.2.

2.0

5.0 T

86hb in whole blood without a mixer,
Flow rates (10™2 ml/sec).

a) 0,33
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Q x 10 g | O v vy

ml/sec g’ A Vg Vo Va
21,2 1.11 1,56 1.31 1.41 1.18
21.2 1.15 1,60 1,18 1.39 1.03
20.1 1.17 1.54 1,19 1.32 1.02
15.6 1.19 1.42 1.20 1.19 1.01
8.51 1.07 1.29 1.06 1.21 0.99
4,02 1.05 1,15 1.02 1.10 0.97
1.41 1.05 1.06 1.01 1.01 0.96
0,80 1.02 1,06 1,03 1.04 1,01

Table 4.5: Banb in whole blood with a mixer, All experiments
performed 10/4/73, temp, 189C., haematocrit 43%,

C/C .

¢]

0.3

1

00:2 o

Pig, 4.3: Disperaion curves of aakb in whole blood with a mixer,
taken from table 4.5, Flow rates (10°2 ml/sec).
a) 0,08, b) 4.02 ¢) 21.2,
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qualitative similarity to those of figs 4.1 and 4.3,

The effects of changing the mode of sampling on 86nb in whole
blood curves by using a mixer can be geen in table 4.,5. The results
for Q/r, 'in Ql\ra and v“lvg wera expected to equal unity and be flow
invariant, as were those of 131 4n %C1 (able 4.2). However, Uy
and 'in Q/W&, espacially, show definite increases with flow rate.
Fig., 4.5 illustrates the dispersion curves., The changes in curve
shape with flow rate and the increased peak height at faast flows,
seen in fig, 4.2, are clearly visible,

sA = 231 10 blood end plasma

Tables 4.6a, b & ¢, are the results obtained, without a mixer,

with the high molecular weight indicator, HSA = 13

I, in whole blood.
The theoratical prediction of larger values of U/F, £, U/v, and V/v,
than with the lower moleeular weight indicators is borne out, although
the extemgion of the flow range will also increase these terms, Table
4.6a 1llustrates the reproducibility of the results., The aix flow rates
in units of 10"2 ml/sec, are approximately the same (51.0 ps 1.44, mean

I 5.0.). The means and 5.D's of Q/F. t lea. ty lea and '/va are 1.86

T 0.7, 3.85 T 0.8, 1.84 ¥ 0,07, 2.09 ¥ 0.16. "0/v, 1s again invariant
to flow rate and equal to unity (1.00 ¥ 0.08, mean ¥ s.0.). Table 4.6b
and ¢ show the variation of these terms over a wide range of flow rates.
The shape of the dispersion curves, fig. 4.6, illustrates the reason
the indicator dilution parameters are larger than with the previous

cases. They all correspond to the region of little mixing in the



Q x 102 Q 0 | a0 v Va

ml/sec F Va v, Vg Vs
52.6 1.86 4,09 1.85 2.20 0.99
52.4 2.17 3.93 1.95 1.81 0.90
51.3 1.89 3.93 1.76 2.08 0.93
50.6 1.68 3.83 1.85 2,28 1.10
50.5 1.78 3.81 1.77 2.14 0.99
48.7 1.74 3.54 1.86 2.03 1,07

Table 4.6a: HSA - I'°L as a plasma label in whole blood without

a mixer. All results from 24/10/73, haematocrit 45/,
temperature 21°C,

Q x 10t Q t tnQ v v

ml/sec F 'V_:L Va Va VE
38.4 1.69 3.33 1.82 1.97 1.08
32.1 1.57 3.31 1.50 2.11 0.96
31.8 1.75 3.30 1.76 1.89 1.00
23.5 1.42 2.82 1.53 1.99 1.08
18.2 1.55 2.77 1.62 1.79 1.05
14.0 1.47 2,75 1.57 1.87 1.07
10.5 1.48 2.62 1.55 1.77 1.05
/5.50 1.36 2.27 1.42 1.67 1.04
2.54 1.05 1.64 1.05 1.56 1.00

Table &.6b: HSA =~ 1131 as a plasma label in vhole blood without
a mixer, Results from 26/10/73, haematocrit 48/,
temperature 19°C.
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Qxlo*| g EQ | %o L Va

nl/sec ¥ A Va A A
27.8 1.35 3.02 1,43 2.24 1.06
18.2 1.53 2,55 1.44 1.67 0.94
14.1 1.60 2440 1.49 1.50 0.93
12,2 1.47 2,42 1.47 1.65 1.00
3.50 1.63 2,01 1,51 1.23 0,93
3,50 1.13 1.72 1.10 1,52 0,97

Table 4.6c: HSA - 1311 as a plasma lgbel in whole blood without

a mixer, Results from 26/1/73, haematocrit 42%,
temperature 19°C.

s

O.15¢

O.I0

005k

\*__. 1 ] 1 —

.
OO 2 4 6 8 1O 2 T

FPig, 4.6: Dispersion curves of HSA - 1311 in vhole blood without

a mixer, taken from taeble 4.,6b., Flow ratas a) 2.54
b) 32.1. (10"% ml/sec).
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previous diagrams. The velocity profile is dominating the dispersiom,
resulting in @& very late clearance of indicator at most flow rates.
With the sloweat flow rate illustrated, 2.54 x 10"2 ul/sec, the velocity
profile is still the dominant dispersive mechanism, though the change
in curve height and earlier clearance of indicator demonstrates the
presence of other factors.

The influence of & mixer before the detector on the HSA - 1311
in blood curves is shown in tables 4.7a and b and fig. 4.7. In table
4.78 it can be geen that the flow rate calculation, F, is approximately
correct bacause Y/F is invariant to flow rate, v"/\r,i does not give
a very satisfactory estimate of volume (it reflects the errxors in t)
but it is always better than V/v.. Table 4.7b contains results where
a good estimate of Y/F was not obtained, but Y%/V, was only \» 7% in
error,

Table 4.8 sumarises the results with HSA -~ 131

I in plasma, without
a mixer, Because of the smaller volumes of plasma uged the results are
from geveral different plasma samples. The trends are very aimilar to

131

those of HSA =~ I in whole blood. Fig., 4.8 iliustrates the changing

2 ml/

dispersion curve shape with flow rate. At fast flows, 32.3 x 10
sec, the curve is dispersed along the T axis, but as flow is reduced
the indicator is cleared progressively earlier. These changes are
again reflected in the values of the dilution parameters. Large errors
in F, ty and V are obtained at fast flow rates and the errors reduce

with decreasing flows, The mixer resulta are again somewhat equivocal
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Q x 10 Q e | taQ v Va

nl/gsec F Vo ‘v;“ v, v,
26.9 0.96 2.42 1.23 2.52 1.28
25.3 1.06 2.37 1.46 2.24 1.38
19.9 1.05 2.18 1.20 2.08 1.14
10.2 1.06 1.88 1.15 1.77 1.08
5.33 1.05 1.75 1.18 1.67 1.12
2.21 1.03 1.52 1.21 1.48 1.17

131

Table 4.7a: HSA -~ 1 as a plasma label in whole blood with a
mixer. Results from 13/3/73, haematocrit 42.57(
temperature 18°C.

Q x 10 Q tQ £ Q v Vn

rl/sec F V, Va V. Va

10.8 1.07 1.65 0.99 1.54 0.93

10.2 1.07 1.37 0.99 1.28 0.93

10.1 1.14 1.68 1.06 1.47 0.93

7.16 1.21 1.47 1.10 1.21 0.91
131 a9 a plasma label in whole blood with a

Table 4.7b; HSA - 1
mixer., Results from 23/1/73, haematocrit 46.5
temperature 19°C.
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Fig., 4.,7: Dispersion curves of HSA =~ 1311 in vhole blood with a

mixer, haematocrit 42,5%, taken from table 4.7a. Flow
rates (10~2 ml/sec), a) 10.2 b) 26.9.
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Q x 102 Q tQ thQ v_ Va Date
ml/sec F Va Nz Va Va
42.2 1.68 3.86 1,56 2.30 0,93 15/1/73
32.3 2,07 4,17 1.84 2,01 0.89 9/1/73
25,0 1.92 3.51 1,46 1.83 0.82 7/5/73
21.2 1.78 3.30 1.63 1.85 0.92 9/1/73
15.3 1.94 3.13 1.58 1.61 0.82 9/1/713
9.60 1.82 3.26 1.69 1.79 0.93 9/1/73
8.26 1.64 3.15 1.63 1.92 0.99 16/5/73
4,70 1.61 2447 1.50 1.53 0,93 16/5/73
3.58 1.82 2.66 1.59 1.46 0,87 9/1/73
0.74 1.32 1.49 1.25 1.13 0.95 16/5/73
1 o )
Table 4,8: HSA - 1311 in plasma, no mixzer, temperature 21°c. for all
: results.,

C
3

O.15
Q.10

0.05

131

Fig. %.8: Dispersion curves of HSA = I in pla withont & mixer,
taken from table 4,8, Flow rates (10™° ml/sec). 2a) 0,74
b) 4.70 «¢) 32.3.
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Q x 10t Q .-’.3.9. En Q y Vo

ml/sec F Va "Vs"" Va Vg
23.7 1.17 1.72 0.98 1.47 0.84
16.7 1.13 2.00 1.12 1.77 0.99
12.1 1.09 1.94 1.15 1.78 1.06
5.76 1.09 1.63 0.99 1.50 0.91
4.54 1.09 1.66 1.12 1.52 1.03

Table 4.98: HSA - 1131 in a plasma with a mixer, temperature 22%.
' All results from 15/1/73. :

Qx1ot| g e | Eo v Yo

nl/aec F A %’E‘ Va A
15.0 1.17 2.60 1.30 2.22 1.11
14.1 1.11 2.49 1.25 2.24 1.13
12.8 1.17 2,53 1.22 2.16 1.04
12.1 1.13 2.48 1.24 2.19 1.10

Table 4.9b: HSA - 1131 in plasma with a mixer, temperature 21°%.
: Results from 22/5/73.
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Fig. 4.9: Dispersion curves of HSA ~ 131y 4n plasma with a mixer,

taken from toble 4.9a, Flow rate 23.7 x 10'2 ml/sac.
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Q x 10° Q £EQ tg Q v Ya Haemat ,
wl/sec F v, V, Va Va %
17.2 1.59 3.53 1.68 2,22 1,06 Y
15,2 1.54 3.12 1.52 2,03 0.99 12
16.2 1.47 2.90 1,55 1.97 1.05 23,5
16.6 1.40 2.16 1.27 1.54 0.91 51.5

Table 4,10: Vari.at{. 1 of mean transit time with haematocrit of
HSA - I in whole blood at approximately constant
flow, Results from 13/6/73, temperature 21°C,

%

o |

O.10}

005

131

Fig, 4.10: vVariation of HSA = I dispersion cugves with haematocrit
taken from table 4,10, _a) 16.6 x 10" “ ml/sec, haematocrit
51,5% and b) 15.2 x 1072 ml/sec, haematocrit 12%,
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In tables 4.9a and b the flow calculation, F, is still subject to
errors, albeit much less than without the mixer., Similarly, the new

volume, V

n? calculations are variable but give a much better result

than V,

1311 in whole blood

Jodohippurate
Table 4.11 and fig. 4.11 are the results of iodohippurate as a
label in whole blood of haematocrit 41%, without a mixer. The behaviour

of F, t, En. V and V,,, is similar to when using HSA - 131

I in whole blood,
without a mixer, There is the same incresse in QI!. t len. t Q/vg and
v/?a with flow rate, and the constancy of V,/V,a. The presence of the
mixer, table 4.12 and fig. 4.12, reduces the errors in U/F, t, Q/v;.

while not eliminating them.

Comparison of high and low molecular weight indicators

The resulta of mean cross sectional sampling (no mixer) are diffi-
cult to compare in the tabular form and the lack of identical flow rates
prevents close comparison of the dispersion curves, In order to facili-
tate detailed comparison of the results the mean transit times, expressed
in terms of t Q/va, have been plotted against flow rate, Q, in fig. 4.13.
The mean transit time was used because it appeared to be the most sensi~
tive term to the changes in shape of the dispersion curves. Furthermore,
it 18 not dependent on possible errors in bolus concentration determination,
as are flow and volume,

In Fig, 4.13 all of the mean transit time curves increase with
increasing flow rate, There is a fast rate of increase fnitially, which

becomes more gradual. The mean transit times of the low molecular welight



Q x 102 Q t t, Q ' Vo

ml/sec F VfL E%:' Va Va
25.9 1,51 2,54 1.45 1.68 0.96
21.1 1.49 2,61 1.54 1.75 1.03
10.3 1.36 2.13 1.35 1,57 0.99
441 1.15 1.72 1.19 1.50 1.03
0.73 1,00 1,27 1.16 1.27 1.16

Table 4.11: Iodohippurate (1311) as a plasma label in whole o
blood without a3 mixer. Results from 21/3/73, 21 C.,
haematocrit 41%.

C.Io

005

@]

O 2 4 6 .8 T

| 131
Fig. 46.11: Dispersion curves of Iodohippurate ("°"I) in whole bloocd
taken from table 4.,11. Flovw rates (102 ml/sec), a) 0.73
b) 25.9.



9?2

ex10f] g | Eo | QO L Vg

ml/sac - F Vo | v, Va Va
26,6 1,320 1..8 1.25 1.45 0.96
11.0 1,13 1.90 1.23 1.68 1.09
5.09 1.05 1,51 1.10 1.44 1.05
1 074 0.95 1027 ’ 1 .08 1 034 1 .1‘!‘

131
Table 4,12: Iodohippurate ("7 1) as a plasma label in whole

blood with a mixer, Results from 19/3/73, haematocrit
41,5, temperature 21°C,

C/C

Q.5

o0

OOsk

Fig. 4,12: Dispersion curves of Iodohippurate (1311) in whole blood,
taken from table 4,12, Flow rates a) 1.74 x 1072
b) 26.6 x 10 (ml/sec).
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Fign 4,13

[ 2 3 4 QxlOml/su:

Dimensionless mean transit time against flow rate

for different solutes in biggd. plasma and 2N KCl

(without_a mixer),.@ HSA - I in plasma (table 4,8); O

HSA - 1311 {n yhole blood, haematocrit 45% (table 4.68);
A8GRD in plasma (table 4.3); N\8 in whole blood,

haematocrit 40% (table 4.4); X131 in 2N KCl (table 4.1).



94

131; ¢ 28 kc1, %8y 19 plasma, %%eb 1n whole blood, all

indicator,
fall on the same line. There were small differences in the temperature
at which the experiments were performed but these do not appear te have

influenced the results. The mean transit times of HSA - 1311 in plasma

1311 in blood, The presence

are consistently larger than those of HSA -
of the red cells increases the clearance of the high and not the low
molecular weight indicators. In order to obtain more information on
this increased clearance due to the cells, an investigation was carried

out on the effect of red cell concentration on mean transit time, Flows

131 (n

were held approximately constant while the dispersion of HSA -
differing haematocrit red cell suspensions was observed. Table 4.10
shows that adding any concentration of cells decreases the values QIF.
t Q/V,, tn Q/V, and v/Va. That the cells are producing an increase
clearance of indicator is shown in fig. 4.10. In fact, at 0, 12 and
23.5% haematocrits (not all shown) the curve height did not alter sig-
nificantly, the only changes being in the tail region of the curves,
At 51,5% haematocrit there is a change in the height of the curve as

well a8 an increased clearance in the tail,

516: labelled red cells in whole blood (without a mixer)

The results of using 510: as a red cell label in whole blood

are given in table 4.13a, b and ¢, and fig. 4.14. During some of these
labelled cell experiments the relative viecosity, r, was simultaneously
measured, as described in the Methods. The results for F, t, £, V and

Vh ghow the same pattern of behaviour as the other indicators, there
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Q x 10? Q E t,Q v \/

ml/sec F ﬁfL Va Va V: h ¥
87.9 2.44 5.33 2.30 2,18 0.94 5.23
51.5 1.78 4,18 1.87 2.35 1.05 5.82
24,0 1.79 3.51 1.81 1.96 1.01 7.09
9.10 1.48 2.95 1.50 1.99 1.01 10.5
1.98 1.23 1.64 1.34 1.33 1.09 20.7

Table 4,13a: 510: labelled red cells in whole blood, haematocrit 43?@

temperature 19°C. Results from 7/11/73.

Q x 10% Q £Q £ Q v i}

ml/sec F Va v, Va Va
29.8 2.00 3.55 1.67 1.78 0.84
26,8 1.75 3.23 1.61 1.85 0.92
22.8 1.59 2,64 1.40 1.66 0.88
20.8 1.74 3.11 1.47 1.79 0.84
15.3 1.66 2.69 1.45 1.62 0.87
10.0 1.71 2.77 1.50 1.62 - 0.88
5.17 1.53 2,13 1.37 1.39 0.90

Table 4.13b: 510t labelled red cells in whole blood, haematocrit 4525

temperature 20°C. Results from 15/9/73.



Q x 10f Q t . Q v vy

ml/sec ¥ 'x'r‘f' f%; Va V. \1 F
92,2 2.12 4,55 1.87 2,15 0.88 5.28
76,2 2.29 5.46 2.16 2.38 0.94 5.23
43,3 1.84 3.83 1.66 2.08 0.90 5.09
23.4 1.74 3.20 1.64 1.84 0.94 7.38
15.3 1.86 3.60 1.62 1.94 0.87 -

1y 1abelled ved cells in whole blood, haematocrit 46,
temperature 199C., Results from 2/11/73.

Table 4.13c:

T

Qlo

(@)
Q
&

8 |.O 12T

51cr 1gbelled red cells in whole blood, haematocrit 43%,
taken from table 4.13a. Flow rates (10™% ml/sec).

8) 1.98 b) 87.9.

Fig. 4.14;




97

131; (1 whole blood

being the greatest correspondence to the HSA =~
results. Errors in F and t of the order of 150% and 430% respectively,
are obgerved at the fastest flow rate. The value of 3ll the terms are
lower at slow flow rates, but the decrease is not always progressive.
The curves are dispersed Qidaly along the T axis at fast flow rate,
arriving at T - 0.5, At slow flow rates the clearance {s faster in
the tail region And there is a change in the height of the curves,

The relative viscosity, h r, of the blood decreases with increasing

flow rate and approaches a limiting value of \’\ r N5.3.

SICr labellad cells in saline gwir.hout a mixer)

In order to be able to assess the influence of red cell - rad cell
and red cell - protein interactions, the dispersion of labelled red
cells in saline at 2 normal haematocrit, 46%, was studied. The results
are presented in tables 4.l4a and & and fig. 4.15. The gross behaviour

1317 {n vhole blood and >lcr

of ¥, T, En.Vanan. is the ssme as HSA ~
labelled cells in whole blood. Large errors are apparent in flows, mean
transit times and volume. The newly defined volume, V., again mostly
glves a good estimate of vessel volume, slthough in table 4.14b the

two fastest flow rates have associated errors \»20% in V, . This is
still small compared with the 130% ervor associated with V., The
relative viscosity of the suspensions, vhile decreasing with increasing
flow rate, is lower at all flow rates than that of whole blood. Com-
paring fige 4.14 and 4,15 it can be seen that the heights of the curves

for cells in saline are lower than whole blocod curves. The dispersion
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Q x 102 g iq t,Q v Vo ‘1 r
nl/sec F v, Vi Va “}:
94,8 2.07 4.86 2.08 2.35 1.00 3,02
77.9 1.86 4,59 1.92 2.47 1.03 3,04
63.7 1.86 5.23 1.82 2,81 0.98 3.49
37.7 1.53 5.14 1.50 3.36 0.98 3.42
14,5 1.47 2,78 1.50 1.89 1.02 4,29
13.7 1.41 2.71 1.52 1.92 1.08 4,96
3.39 1.20 2.03 1.26 1.69 1.05 7.84
Table 4.l4a: 516: labelled washed red cells in saline. Haematocrit

46%,

tanperature 21°¢C. 3/10/73.
Q x 10 Q 9 tQ L Yo \7 r
ml/sec F Va Vi Va Va
84.7 1.81 4,21 2.13 2.33 1.18 3.38
48.7 1.91 4,52 1.80 2.37 1.24 3.65
31.3 1.91 4,39 1.92 2.30 1.01 4,11
14.7 1.23 2.84 1.36 2.31 1.11 5.60
2.74 1.00 2.13 1.15 2.13 1.15 9.73
51

Table 4;14b:

Cr labelled washed red calls in saline.
temperature 21°C. 24/10/73.

Haematocrit 467,
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Fig. 4.15: “lCr labelled washed red cells in galine, hsematocrit 46%,
from table 4.14a. Flow rates (10 ml/sec). a) 3.39

b) 94.8.
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curve height was, in general, lower for cells in saline than whole
blood but the difference was not always so striking as fige 4.l4 and
4.15 suggest,

51

Comparison of ~ Cr labelled red blood cell results

51

The results for ~ Cr labelled cells are compared again by plotting
dimensionless mean transit time against flow rate, The variations of
t Q/Va are shown in fig. 4.16. The results in tables 4.13b and 4,l3c
have not baen plotted. They can be seen by inspection broadly to follow

the graph of o1

Cr in whole blood, even though there is a large amoumt

of scatter in the table 4.,13b transit times. The pattern of all three
variations illustrated is the same, With increasing flow rate there

ie a large initial rise in t Q/Vn followed by a slower rise and a possible
levelling out of the curve at t “/V, around 4 —>5. There appears to be
no significant difference between the mean transit time variation of

516: labelled cells in the cell smepension in saline or in whole blood,

Viscometric raesulta

Fig. 4.17 shows the variations of relative viscosity,\7 r, with
flow rate, ¢, for a red cell suspension in saline, whole blood and
plasra. The results for cells in saline and whole blood have been
taken from the previous tables (4.l4a & 4.13a). The curve for whole
blood is always above that of the suspended cells. At very slow flowa,
less than 1,0 x 10-2 ml/sec, the whole blood viscosity increases faster
than the cell suspension. The plasma viscosity is constant over most

of the flow rate range, but there is a definite small increase below
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Fig. 4.16:

Dimensionless mean transit time against flow rate for
5l¢cr 1abelled red cells. O washed cells in saline,
haematocrit 46% (table 4.14a); A washed cells in
saline, haematoerit 46% (ctable 4.14b); @ labelled
cells in whole blood, haematocrit 43% (table 4.13a).
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Fig. 4.17: Relative viscosity, ) r, against flow rate, Q. O whole
blood, haematocrit 43% (table 4.,13a); @ washed red
cells in saline, haematocrit 46% (table 4.14a); X plasma.
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Q=2,0x 1072

ml/sec.
It will be of interest in the Discuassion to consider the viscosity
in terms of the shear rate at the wall of the atraight tube section,
D,. The wall shear rate, D, is defined as the velocity gradient
D u
5~ at the wall. From Poiseuilles equation D, = %%3 see for example

2

reference (56). D, at flow rates of 1.0 x 10 = and 10,0 x 10! w1/sec

are 6.52 and 652 sec.,, respectively.

Flexibility changes in the red blood cells
The rate of packing of red blood cells under & 200g centrifugal

force has been shown to be a convenient quantitative messure of red
blood call flexibility, as discussed in the Methods, The rate of
packing of red cells in three different situations was measured. The
viscosity of the red cell suspensions and the whole blood were measured
after the bolus solution had been incubated in the buffer used for red
cell labelling. It seemed desirable to examine any effecte incubation
had on the flexibility of the red cella, and to measure any flexibility
changes when the cells are gsuspended in saline, Fig. 4.18 shows the
rate of packing of incubated cells in plasma, whole blood and incubated
cells washed and suspended in saline., All threa curves were obtained
sinultanecusly, The voltages used on the centrifuge and the spinning
times used are marked on the figure, The f£inal point after centrifu-
gation for 2 minutes at 240 volts represent the packed cell haematocrit

of the suspension. The rates of packing of whole blood and incubated
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Fig. 4.18: Rate of packing of O whole blood, haematocrit 38.5%;
@ washed and incubated cells resuspended in plasma,
haematocrit 38.5%; X washed snd incubated cells in

saline, haemstocrit 38%.
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cells in plasma are identical and significantly faster than the Incubated
and washed cells suspended in saline. They are therefore more flexible

than the washed cells in saline.



RESULTS - MODEL VASCULAR BED

131y 4» 2v kel solution

All the experiments using the model vascular bed were performed
without & mixer before the detector i.e, mean cross sectional concen-
tration sampling was used, The results were expressed in the same
form ae those of the straight tube eystem. The actual volume, Vg,
of the s}-tm was, of course, larger and this led to larger mean
transit times. Use of the ratios, however, permits comparison of
different indlicators and comparison of the two flow systems.

In table 5.1 the indicator dilution results are listed agein
as a function of flow rate, Q. Q/I’ increases to a maximum of 1.14
and then decreases to unity at very fast flows, 139 x 10'2 ml/sec.

The dimensionless mean transit time, © le‘, shows & progressive in-
crease rising to 1.36 and is lower at the same flow rates than in the
straight tube system, En Q/V‘ shows a rise from around 1.0, although
there 18 a lot of scatter. En Q/V‘l is alvays less than ¢t Q/\7 « Neither
gives a good measure of volume at all flow rates. Fig. 5.1 1llustrates
the dispersion curves, plotted c,co against T. At very slow flows,

1.66 x 1072

ml/sec, the curve is centred about T = 1, is symmetrical
and has a high peak. With increasing flow rate the peak height falls
and the curves become more dispersed along the T axis., The main changes

in the shape of the curve are in the peak height and gradient and position
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Q x 10° e 9 | @ L Va
ml/sec F A Va A V;
139 1.01 1.36 1.19 1.35 1.18
86.6 1.04 1.32 1.23 1.27 1.19
74.5 1.04 1.24 1.04 1.20 0.95
52.8 1.12 1.28 1.22 1.15 1.09
- 24 -4 1 ,14 1 .20 1 009 1 005 0.96
8.53 1.14 1.10 1.09 0.97 0.96
3.40 1.19 1,03 1.05 0.87 0.88
1.66 1.06 1.00 0.97 0.94 0.92

Table 5.1: Iodide in2NKCl in model vascular bed. Temperature
18°C. All results 12/12/73. ,‘

Fig. 5.1: 1lodide in 2N KCl in model v
Flow rates (10~

006

OL4r

Q02

table 5.1.

b) 8.53 ¢) 86.6,

3

T

scular bed, taken from

ml/sec).

a) 1.66
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of the downslope. The curves are not dispersed along the T axis

a8 much as during flow through the straight tube system,

8% b 1n whole blood

Tables 5.2a & b are the raesults obtained on two occasions for
86gb 1n whole blood. Unfortunately, an error was made in the bolus
concentration, c,, datermination in table 5,2a and only the values
of dimensionless mean transit time are presented, These show a flow
dependence again,

In table 5.2b the results, again, do not progressively increase.

EQNu values vary with flow rate, rising from around unity to 1.4 —1.5.
t, QIV‘ values are lower than © Q/v, except at the slowest flow rate, |
9.04 x 10‘2 ml/saec. Neither volume ratios are constaent and umity,
but V, gives a better estimate of volume, in general,

Fig. 5.2 shows the dispersion curves of 86&!: in the model bed,
in whole blood, They are similar in type to those in fig. 5.1, but
flow was not slow enough to obtain a well mixed curvae, With increasing
flow rate is a lowe:ing of peak height and increased dispersion along
the T axis. The dispersion is again less than that in a straight tube,

H8A - 1311 in whole blood
131

Tables 5.3a, b & ¢ are the results obtained with HSA - I in
whole blood in the model bed, In tables 5.3a & b the values of Q/!‘
tend to be less than unity and shows an increase followed by a decrease

with increasing flow rate. The values of t Q/v‘ in all three tables
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Qx10® | g £Q  [EgQ ¥ Ya
ml/sec F v, Va Vs Va
84 .5 - 1 039 - - -~
69 .8 - 1.36 - - -
54.1 - 1.33 - - -
27.0 - 1.38 - - -
16.1 » 1.34 - - -
6 010 - 1 .06 - -~ -

Table S5.2a: 86&!: in whole blood in model vascular bed. o
Results from 15/1/74, heematocrit 397 temperature 20°C.
Error in ¢, measurament,

Q x 10 Q tQ tQ ¥ Vo

ml/gec F Va Vo v, A
6l1.8 1.08 1.40 1.24 1.30 1.15
48.5 0.97 1.35 1.21 1.40 1.25
42.8 1.12 1.50 1.38 1.34 1.23
33.7 0.95 1.42 1.32 1.50 1.39
19 07 0095 1.31 1130 1.38 1037
9.04 0.88 1.03 1.10 1.17 1.25

fable 5.2b: 8§Rb in whole blood in model vaecular bed. o
Results from 13/1/74, haematocrit QBZ)twperature 197¢.
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: BGRb in vhole blood, haematoecrit 43%, in model bed.
Results taken from table 5.2b. Flow rates (10™“ ml/sec).
a) 9.04 b) 19.7 C) 61.3'



Qx10"| ¢ tQ tnQ v Va

ml/sec F Va Va Va Ve

86.2 0.79 1.43 1.35 1.81 1.71
64.2 0.84 1,58 1.36 1.88 1.62
45.0 0.95 1,63 1.36 1.72 1.43
27.6 1.04 1.90 1.62 1.83 1.56
17.2 0.93 1.65 1.43 1.77 1.54
2.94 0.84 1.18 1.20 1.40 1.43

Table 5.3a: HSA - 1131 in whole blood, in the model vascular

bed. Results from 22/2/74, haematocrit lﬂ.%J
temperature 20°C.

Results from 21/2/74, haematocrit 47y, temperature

zooc L

Qx 1ot} @ £9 tnQ v_ Vo
ml/sec F Vo Ve Vo Va
64.9 0.87 1.50 1.22 1.72 1.40
50.5 1.06 2.00 1.39 1.89 1.31
42.3 0.99 1.84 1.42 1.86 1.43
31.6 0.99 1.75 1.43 1.77 1.44
17.2 0.94 1.51 1.35 1.61 1.4k
Table 5.3b; HSA - I'°! in whole blood, in model vascular bed.
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show an increase with flow rate, followed by a decrease, t QNa

is 1larger than in tables 5.2 for all flow rates, 'én Q/Va also
shows an increase followed by a decrease. Large errors in V are
obtained and increase to \~80%, V, does not accurately measure the
vesgsel volume, but nauallf gives a better estimate than V,

Pig. 5.3 illustrates the changing shape of the dispersion curves
with flow rate. At the slowest flow rate, 2,94 x 1.()"'z ml/sec, there
is significant dispersion along the T axis, At a flow rate of 27.6
x 1.0"z the curve is maximally dispersed., At a faster flow rate, 86,2
® 1()"2 ml/sec, the tail of the curve is cleared somevhat earlier., It
18 this change that produces the reduction in t Q/V‘ at faster flow
rates.,

131

Comparison of 86Rb and HSA ~ I dispersion

The dimensionless mesn transit time, t lea, is plotted against
131

flow rate, Q, in fig. 5.4 for 86Rb and HSA - I in whole blood. 1t

131

is immed{ately clear that the HSA - I mean transit times are always

larger than the Bskb for & given flow rate. Only at very slow and

131

very fast flow rates do the Bskb and HSA -~ 1 lines approach each

other. . The 86Rb curves show an initial fast rise, followed by a
levelling off to & value of t /v , lover than that seen in the straight

311

tube experi{menta. The HSA -~ 1 points increase faster than the eﬁkb,

reach a8 higher peak and then decrease, approaching the 86Rb lines. The
13]’1 in 2§ KCl mean transit times (not plotted) fall on a smooth line
Just below the 86Rb line, 2s can be seen by inspection of table 5,1 and

f’.g. 5.4.



Q x 10% g tQ thQ v Va

nl/sec A Va A Va
97.3 1.01 1.38 1.13 1.36 1.12
59.4 1.45 1.63 1.27 1.12 0.88
26.1 1.31 1.61 1.30 1.23 0.99
15.3 1.29 1.68 1.35 1.30 1.05
4.75 1.16 1.32 1.36 1.14 1.17

Table 5.3¢c: HSA - 1131 in wvhole blood in model vascular bed.

From 20/12/73, haematocrit 447 temperature 21°C.

C/C ‘ . -

O006H

004

0.0

O

o) I 2 3 4 5 T

Fig. 5.3: HSA - 1131 in whole blood, haematocrit 41% in the model
vascular bed. Results taken from table 5.3a. Flow
rates (102 ml/sec). a) 2.94 b) 27.6 c) 86.2.




Fig. 5.4:

8 Qxio mlifsec

Dimensionless mean transit time against flow rate of
solutes in whole blood through the model bed., ‘8581:.
haematocrit 43% (from table 5,.2b); /\ 86Rb, haematocrit
39% (table 5.2a); @ nsA - 1131 haematocrit 41% (table
5.3a); O HgA - 1131 paematocrit 47% (table 5.3b);

X_ HSA ~ I'3!, haematocrit 44% (table 5.3c¢).
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CHAPTER 6

DISCUSSION

Straight tube system - no mixzey

The results of 131

I in 2N KCl, using mean cross sectional sampling,
are in general agreement with the work of Bate et al. (43) and confim
the predicted trende derived in the theoretical analyeis (chapter 2).
The dispersion of indicator is determined by indicator diffusion and

the parabolic velocity profile during flow. The shape changes in the
disperaion curves, fig. 4.1, and the changes in indicator dilutiom
results, table 4.1, are consistent with the dispersion being countrolled
u al
Bx *
analytical requirement T > 0.8 of Ananthakrishnan et al. (39) to apply,

At flow rates below that for the

by the dimensionless parameter

diffusion dominates the dispersion and all of the indicator dilution
parameters give estimates within the experimental errors. The critical
flow rate, whare 7 = 0.8, has been estimated to be 0.9 x 10'2 ml/sec,
forthe present experimmﬁal conditions. With increasing flow rate above
this there i{s an increase in the errors associated with the use of F,
t, t, and V. This is predicted from the theoretical equations and agrees
with the preliminary results of Bate & Sirs (44).

Accurate fitting of the results to the theoretical curves of Bate
et al, was not attempted because it is appsrent that both sets of results
are in broad agreement and in the ensuing investigation detailed comparison

of curve shape was congidered impracticable and unnecessary. Results were



generally compared using the dimensionless mean transit times of
different solutes. The mean transit times, obtained experimentally
for 1311 in 2N KCl by Bate & Sirs (44) show good agreement with the
present results, Hmver. they only considered a small range of flow
rates as they were mainly concerned with changes around the Taylor B
condition.

131

The behaviour of 86“_ and HSA - I in plasma are similar to

131I. in 2K KCl, as might be expected. The shape changes in the dis-
persion curves, figs 4.3 asnd 4.8, indicate that the same mechanisms
produce dispersion. Only a narrow range of flow rates was studied
uging esnb and the requirement that T Y 0.8 for effactive mixing

by diffusion was not met, Also, the behaviour of HEA =~ 1311 was neces-
sarily somewhat differeat because of its much larger molecular weight
and, therefore, much smaller diffusion ccefficient. The output curves
were much more dispersed along the T axis and & much slower flow zate,
0.3 x 10"'3 ml/gec at T w 0.8, was calculated for diffusion dominance,
Again this requirement was not realised experimentally. Both indicators
produced ind{cator dilution results, tables 4, and 4.8, that were con-
sistent with the theoretical development. The 86Rb results showed the
same trends as 1311 in 24 KCl. The HSA =~ 1311 results were consistent
with an indicator having a wuch higher molecular weight, as the errors

were much larger in the appropriate parameters th#n with the low molecu-

lar weight indicators, V, was also generally invariant to flow rate,



as expected,

The digpersion of “xb 1n wvhole blood produced similar results
to the other low moleculxza';:\indicators. The shape changes in fig. 4.4
and the dilution rasults in table 4.4 demonstrate again the trends
expected using the diffusion and convection model of indicator disper~
sion., In order to facilitate direct cowparison of all the combinations
of indicator and golutions the dimensionless mean transit time was used
ag 2 measure of indicator dispersion. The results are sumnarised in
fig. 4.13., Using the accepted formulae from indicator dilution theory,
all of the points in fig. 4.13 would be expected to fall on the line

-t-vg- = 1.,0. Inatead, the mean transit times for all combinations show
a
a progressive increase with flow rate, The initisl increase in each
curve with flow rate is greater than subsequent increases., The mean

transit times of 1311 is 2N RCl, sﬁnb in plasma and Sﬁm’ in whole blood

all fall on the same curve, vhich s that drawn for 1°.T in 2§ KCl.
Apparently, then, the presence of the red cells makes little difference
to the dispersion of low molecular weight indicators.

The results for HSA - 1311 in whole blood and plasma demonstrate
the decreased influence of indicator diffusion on the dispersion at
all flow rates, Both sets of results give much higher values of mean
tranait times than the low molecular weight indicators. Comparing HSA
in whole blood and SORb in whole blood it is clear that at any given
flow rate there is 8 considerable difference in mean transit times,

except at almost zero flow rates where the two curves converge., There
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{8 also & significant difference betwaen HSA in blood and HSA in
plasma, the former baing cleared earlier at a given flow rate than

the latter, There are two possible explanations for the increased
clearance of protein by the red cells, The first is due to the red
cells having a finite velocity at the tube wall because of the imability
of the red cells to approach closer than half the red cell thickness.
This produces a reduced red cell concentration near to the wall and
has been discussed at length by other workers (57)(58) with reference
to the Fahrasus-Lindquist effect, The plasma has a (theoretical) zero
forvard velocity at the wall. The red cells will therefore sweep the
protein from the surface causing ean increased clearance relative to
plasma solution., This mechanism dooa not affect the low molecular
weight indicatorxs because they are able to diffuse from the wall as
ghown by the shorter tail regions of the dispersion curves. It is
only when indicators have dispersion curves with extremely long taile,
indicating little diffusion from the stagnant layer at the wall, that
the presence of the red cells alters the clearance characteristics.
The second explanation ia that the presence of the red cells alters
the velocity profile of the plasma, possibly increasing the velocity
gradient near the wall, The flow of blood #t low shear ratea is known
to be non-Newtonian and it i{s therefore expected to have a non-parabolic
velocity profile. These two explanations are not necessarily mutually
exclusive as an increased velocity gradient near to the wall could

cause an increased sweeping by the red cells, Further {nformat{on on



the increased clearance vwas obtained by comparing the dispersion curves
and mean transit times of various red cell concentrations at the same

flow rate. The results summarised in table 4.10 and fig. 4.10 showg

that even at haematocrits less than 25% there ia an increased clearance
relative to plasma, The decreased mean transit times at these hasmato-
crits is mainly caused by changes fin the tail region of the outflow
dispersion curves (not shown in f£ig. 4.10). It is well known that at
these low haematocrits, where the red cells are not in contact, red cell
suspensions behave as & Newtonian fluid at the shear ratee used in these
experiments (59)., It {s unlikely, therefore, that the increased clearance
here is due to velocity profile changes. At higher haematocrits (51.5%),
however, there is a further increase in clearance of the tail region of
the curve and, also, ﬁhe peak height is increased., The change in peak
height suggests a change in indicator concentration in the fastest stream-
lines and is probably due to an altered velocity profile.

The velocity profile induced clearance should be largest at the
lowest shear rates where the flow is furthest saway from the Newtonian
regime. The viscosity changes of plasma and whole blood in the tube
system are illustrated in fig. 4.17 and it is clear that over the £low
range conaidered in fig. 4.13 the flow rates fall in the non-Newtonian

1 nl/sec

region, However, at the fastest flow rates of around 4 x 10
blood flow was almost Newtonian, The expected increase in clearance at
low shear rates becauge of velocity profile chauges is difficult to

assess becauge of the concomitant increasing contribution of indicator
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diffusion, as seen with plasma. However, at the fastest flow rates
the plasma and whole blood mean transit time curves do not appear

to converge, which suggests that wall sweeping and not profile

changes contributes most to the clearance in these studies. Indeed,
unpublished observations following up this work (60) suggest that
there is still an increased clearance of BSA in blood relative to
plasma at flow vates gf 9 x lbl:l"'1 ml/sec, a flow rate well within the
Newtonian region. To sumarise, it is felt that wall sweeping by the
red cells and an altered velocity psofile can both contribute to the
‘increased clearance of HSA in whole blood relative to plasma, The
present evidence suggests that wall sweeping makes the largest contri-
" bution especially at high shear rates.

It 1s also clear from a comparison of (a) the outflow curve shape

1311 and (b) the low molecular weight.

snd dilution parameters of HSA -
indicators in the Taylor B region, that although the red cells are
causing some indicator mixing at the tube wall the behaviour of the
protein in blood flow is characterised by a lack of effective mixing

in the bulk of the flow, The HSA outflow curvas are widely dispersed
along the T axis and there are substantial errors in the flow parsmeters.
The red cells, therefore, do mot cause substantial mixing of indicator
in the laminar flow regime by shear induced motion i.e. rolling and
tumbling, as seen in dilute suspensions by light microscopy (61).

The iodohippurate results, fig. 4.11 and table 4.11 demonstrate

the effects of protein binding on the dispersion curves of low molecular
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weight solutes, The curves and dilutfon results show more similarity

1311 than 863b in whole blood, Indeed, comparing the mean

to HSA ~
transit times in table 4,11 with fig. 4.13, it is clear that the dig-
persion of jodohippurate is almost fidentical to HSA. Mahe & Tauxe (50)
have reported that iodohippurate is around 70% protein bound in man,
The results suggest it is likely that 1arge‘ amounts are also bound

in the pig's plasma,

With mixer

The preceding discussion was concerned with the dispersion of
indicators in inorganic solution, plasma and vhole blood when monitored
with mean cross sectional concentration sampling., The inclusion of &
mixer prior to the detecting crystal made only emall differences to the
general changes in shape of the dispersion curves. In all cases the
influences of diffusion and velocity profile were still clearly discern-
ible. However, with fast flow rates an increase in peak height relative
to mean cross gectional concentration sampling was observable, and at
moat £low rates there was a slightly earlier final clearance of indicator.
These changes were due to the re-distribution of indicator across the
c¢ross section and subsequent removal at the mean flow rate from the
detector. Sheppard et al. (16) were the first to report these effects.

The theoretical development predicts that the inclusion of the
mixer would effect two main changes in the indicator dilution results,

The flow and the newly defined mean trsnsit time ratios, Up ana t:“Q/‘Ja,
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would be expected to be unity at all flow rates. Therefore, their
product, vh/v;. should also be invariant to flow rate equal unity.

This constancy in all three ratios is rarely demonstrated, The usual
pattern is that either Q/r or Ele/V’. are close to unity, but rarely
both, Sometimes, as in table 4,9b, neichét approaches unity. However,
the presence of the mixer always reduces the errors in all of the
parameters, except V,,, relative to the results without a mixer. Va
was always accurately estimated without a mixer and the unreliability
of the mixer can be attributed to the wiry crude mixer used and the
difficulty of mixing the liquids instantaneously across the tube cross-
section. Therefore, although the mixer results are not always exactly

consistent with the theoretical development, they broadly demonetrate

its validity.

Model vascular bed

There are several important objections that can be raised against
the application of the straight tube results to the interpretation to
in vivo data. The dispersion curves obtained for HSA in whole blood
have extremely long tail regions because of limited indicator diffusion,
and small changes in this region produce large changes in the magnitude
of the mean transit time., However, curves obtained in vivo do not seem
to be dispersed to such an extent. It is possible that the tail regions
of the curves are influéncing the dilution results by an amount that is

disproportionate to its influence in vivo, Also, only one type of input
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function, the bolus or step input, was used in the theory and experi~
ments, It has been shown that different input functions can give
different results for flow (14)(45). Further, in & complex vascular
bed there is branching and curving of vessels, changing of haematocrit,
loss of fluid through the capillary wells and changing of the nature
of tha flow regime,

In order to meat some of these argwuuents, some of the experiments
have been repeated in the model vascular bed. This particular model
is far from an ideal representation of a vascular system, but it does
have some similarities and as such, has often been used before (5)(16).
The nature of the indicator input function into the straight tube section
after the model bed is clearly not of a simple bolus form, The multiple
pathvays indicator must traverse imitates, to some degree, the dispersion
of indicators through the microcirculation. Because the smallest glass
bead dismeter was 1.5 mm, the 'capiilaries' were not, however, of the
same order of magnitude of capillaries in the microcirculation.

With these consi{derations in mind the dispersion of 1311 in
2N KCl was examined at different flow rates. In the interpretation
of the results it is not poseible to draw only upon indicator diffusion
and laminary convection as the dispersive mechenisms. The splitting
up of the flow through the multiple pathways will influence in some
unknown way the dispersion curves at the outflow. However, because
there are still large regions fn which fully developed laminar flow
may develop, it is likely that the curve ghape will change with in-

creasing flow rate because of diffusion and convection effects.
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The changing shape of the dispersion with flow rate is seen
in fig, 5.1. A much wider range of flow rates compared with fig. 4.l
were studied, but notwithstanding this it 1s clesr that the curves
are far less dispereed along the T axis than the corresponding straight
tube experiments. At the slowest flow rate, 1.66 x 1072 wml/sec, the
outflow curve is symmetrically distributed about the point T = 1.0.
Indicator moves along the laminar sections as & bolus, as previously
described for the straight tube system, diffusion dominating the dis-
pexsion. With increasing flow rates the peak height is reduced and
curve becomes more dispersed along the T axis. It is assumed that
during the traversal of the model bed saction the indicator is always
completely mixed at all flow rates, either by diffusion or by the
splitting and recombination of the flow stream, and that the changes
in the dispersion curves are produced in the straight sections adjoin-
ing the model bed. This gecems a reasonable assunption to make but it
has not been experimentally tested in any way. Zierler (62) has dis-
cussed the indicator traversal of the microcirculation in the same terms.
The dispersion along the T axis with increasing flow rate is thought to
be due to the decreasing influence of indicator diffusion and the in-
creasing influence of laminar convection, in & mannar similar to that
described in the atraight tube system,

The indicator dilution results from the 131

I in 2K KCl dispersion
curves &re praesented in table 5,1, The magnitude of the errora incurred

in all of the ratios are reduced by the presence of the model bed gection,
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except those associated with V,. This can be seen by comparison
with the straight tube results in table 4,1. The temm EQIV. shows
the progressive increase that might be expected from an exemination
of fig. 5.1 and this increase fs reflected in the values of '/¥,.
At fast flow rates errors of up to 30% are obtained in volume calcu-
lation using the existing indicator dilutiom formulae., REven though
vn/va does not approach unity, at fast flow ratea it always gives as
good as, or better estimate of volume than V,

Fig. 5.2 shows the dispersion curves of "ORb in whole blood.

The behaviour of the curves is broadly similar to that shown in fig.
S.1. At slow flow rates a near symmetrical curve is obtained and with
increasing flow rates the curves become more dispersed along the T

axis, Diffusion is again dominating the dispersion in the long straight
section at slow flow rates. With increasing flow rates the influence
of laminar convection becomes larger causing increased dispersion in

the tail region of the curve,

The dilution results for sékb in whole blood, in tables 5.2a and
5.2b, show again the reduced errors associated with the flow parameters
relative to the straight tube system experimemts, except for Vh/v « The
shape changes in the curves and the dilution parameters are still largely
controlled by the tail region of the curves, The results indicate that

86 131

the dispersion of = Rb in whole blood is similar to that of 1in

2N RC1l, in this model bed,

The HSA - 1311 whole blood results behave at slow flow rates as
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might be predicted from the straight tube system results. Higher
errors in mean trangit times and volumes are obtained, tables 5.3a,
5.3b and 5.3c, than for 86Rb or 1311. The results for flow in tables
5.3a and 5.3b are gimilar to the 868!: results, underestimating slightly
the true flow rate, In table 5.3c, however, Q/r is much greater than
1.0, except at the fastest flow rate, vﬂlv‘ follows the reverse pattern.
In Tables 5.3a and 5.3b it 1s much larger than 1.0 and in table 5.3¢c
it fluctuates around unity, The reasons for these inconsistencies are
not clear. Flow and volume measurements were clearly umreliable, there
being an unidentified source of error, It is possible that there was
some movement of the beads in the bed near to the exit of the buld, so
that the way in which indicator was introduced into the straight tube
section alteraed with time, Alternatively, the haematocxit of the blood
could have had a large influence in the dispersion of indicator through
the model bed, Because the source of variability was not discovered,
these experiments must be regarded, to some extent, as preliminary.
However, it should be noted that V, generally gave a& better estimate
of volumas than V, as might be expected from the theoretical development.
EQNa was more predictable than these last two terms, as can be
seen in fig. 5.4. The range of errors for each indicator was, though,
still larger than in the straight tube system. Despite this variability
several points may be safely made about the behaviour of the different

131

ind{cators. a) Both HS5A =~ 1 and 86&!: curvas Initially increase with

flow rate and level out at about 4 x 10“1 ml/sec. At slow flow rates
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the influence of diffusion is, therefore, clearly visible. The
velocity profile begins to dominate dispersion along the straight
sections above 4 x 10~ 1 ml/sec, and produces maximum errors in t.

131

b) The HSA - 1 curve is above that of sﬁnb at sny given flow rate,

demonstrating the greater influence of diffusion on the low molecular
weight indicator. c¢) The HSA - 1311 curves all rise to a maximuem and
then decrease to approach the 86&!: curves, Evidently at flow rates
greater than 5§ x 10’1 ml/sec there is another mechanism that is causing
wixing of the indicator, This is also clearly illustrated in fig. 5.3.
This series of dispersion curves is maximally dispersed at Q = 27.6 x
1()"2 nl/sec, At faster flow rates the tail of the curve is cleared
earlier resulting in & decrease in the dimensionless mean transit time.
If it is asaumed that the dispersion characteristics of the model bed
section do not appreciably alter in this flow region, then the mechanism
producing this reduction in transit time must work in the straight tube
gsection, It is possible that eddies are formed at the junction of the
glass bulb and straight tube gection because of the discontinuity there,
These might extend some way down the tube causing lateral mixing of the
protein, particularly near to the tube wall. The 86“ curves would not
be affected by this mixing because of the {ndicator diffusion from the
walls., Alternatively, it is possible that with increasing flow rate
the volume of distribution of HSA through the model bed section may

decrease. At fast flow rates the indicator may preferentially pass

down the centre of the bulb,
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d) There are small differences betwaen the mean transit times of

1311 in 2N KC1 and sﬁhb in vhole blood as can be geen by comparing

1311 dietri~

the mean transit times in table 5,1 with fig. 5.4, The
bution of transit times (not plotted) falls slightly under the Bﬁhb
curve., Further investigation would be required to explain this differ-
ence, but it may be related to the way in vhich the indicators are dis-
persed through the model bed sections, It would be harder to mix the
cell suspensions than the inorganic solution because of their higher
viscosity, and the input functions to the straight tube section nay
therefore differ.

These experiments with the model vascular bed system clearly
demonstrate that many of the results obtained from the analysis of
indicator dispersion in laminar flow have further applicability than
the simple straight tube system, The influences of laminar convection
and indicator diffusion are still clearly visible in a system where
straight tubing comprises 32% of the total volume, The results from
the theoretical analysis of dispersion in a straight tube cannot a
priort be applied directly to wore complicated systems. However, it
is anticipated that situstions will occur when conducting in vivo
studies, where knowledge of these considerations may be beneficial in
the {nterpretation of vresults. A diacussion of the possible implica-

tions of the model of laminar and diffusive dispersion to the use of

catheters and to in vivo dispersion will follow,
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Implications of dispersiom model to catheter ssmpling & injection
gysteme

The distortion by catheters of in vivo indicator dilution curves
has been considered by many authors. Sheppard et al. (16), Rossi &
Povers (14) and Gonralez-Fernandez (45) have approached the problem
theoretically by considering the effects of the parabolic profile on
concentration against time outflow curves. The dispersive influence
of the velocity profile has been examined for different indicator imput
functions and for different sampling techniques. There have alac been
many empirical studies (63)(64)(65), because of the problems of applying
the theories of indicator dispersion in simple flow aystems to blood in
complex vascular networks. These empirical studies have been concerned
with defining the system of sampling, or injection, that least distorts
the shape of the indicator dilution curves. Sherman et al, (63) have
assigned a 'figure of merit' to catheters, because of its ease of appli-
cability, They found that in sampling systems the smearing effect of
the parabolic profile iz least when the volume of the catheter divided
by twice the flow rate through it is small compared with changes in
indicator introduced at the input of the catheter. Milnor & Jose (65)
have produced empirical second-degree polynomial expressions for arrival
time, mean transit time, build up time etc. and are in agreement with the
vork of Sherman et 31; (63), in that the ratio V/F should be as small as
experimentally feasible for minimal distortion. The general belief in

thege studies has been that while it is i{mportant to obtain an understanding
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of the distorting effects of catheters on indicator dflution curve

shepe, the effect on the dilution parsmeters is completely predictable.
Applying the method of convolution of distribution functions Zierler

(3) has predicted that the mean transit times, given by V/F, of catheters
and vascular bed are additive, The area under the outflow curve from
the catheter should also yield the same area as that under the in vivo
curve even though the curve shape will be changed, Yet Rossi & Power
(14) and Gonzalez~Fernandex (45) have demonstrated theoretically and
experimentally that results for flow and mean transit time, obtained
wvith liquid flow down & straight tube, depend on the nature of the
indicator input function and the sempling syatém used, The present
work has confirmed and extended these preliminary findings. When

using the theory of indicator dilution as presented by Zierler (3),

the mean transit time of a catheter is given by the actual volume

(mean cross-sectional avea times length) divided by the known flow
through it {,e, the sampling or injection rate, In the present experi-~
ments £ 18 the experimentally determined mean transit time for the first
noment of the outflow curve., Therefore, if the theory (as presented by

2ierler) is correct, % must equal unity at all flow rates. This is

obviously not the case, In figs. 4.13 and 5.4 the results of many
experiments using bolus injection and mean cross-sectional concentration

sampling are presented in a dimensionless form., HNot one point lies on

the line 'éq.lva = 1, Discrepancies in t;Q/‘Va of up to 300% for HSA - 1311

in plasma and to 200% for HSA - 1311 in blood, {llustrate the magnitude
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of the errors that may be incurred with indiscriminate use of conven=
tional formulae. The effect of indicator diffusion is to reduce these
errors, as shown by the 86% curve in fig. 4.13, However, the large
separation of mean transit times of different indicators with different
moleculsr weights then becomes a possibility. Inspection of the tables
in Chepters 4 & 5 show that errers of up to 100% may also arise in the
flow measurement during streamlined flow,

It is not only diffusion that can reduce errvors in the flow para-
meters. Any process that induces lateral mixing of indicator will
result in more accurate determinations. The same procedures that reduce
cathetar distortion of curve shape will algso reduce the indicator dilu-
tion errors becsuse the mechanisms producing distortion and errors are
the same, Using small bore catheters and fast sampling is not alvays
possible however, and several workers have questioned all but severe
catheter curving as an efficient mixing mechanism (66)(67), It has
been suggested that the yolling and tumbling of red cells in velocity
gradients (36) may mix indicstor., However, the only red cell induced
mixing observed {n the present study was in the region of the vessel
wall and this was only a small part of the total dispersion. It is
unlikely, therefora, that this plays & large part in mixing in tubes
the size of catheters and therefore reduces thease errors.

The present work suggestes that for correct use of sampling cstheters,
mean flow proportional concentration sampling must be used at the catheter

outflow. Relisgble estimates of flow rate will then be obtained, Use of
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mean cross sectional concentration sampling may result in larger curve
areas and therefore smaller flow rate estimates than that of the circue
latory syatem. The errors likely to be incurred in the determination

of the circulatory mean transgit time are lerger. By subtracting the
'well mixed mean transit time', gg'. from the mean transit time obtained
from the first moment of the catheter outflow curve, the dispersion
produced by the catheter may be drastically underestimated., An over-
estimate of the circulatory mean transit time may therefore be made,

If mean flow proportional concentration sampling is used the *well mixed
mesn traneit time' is equivalent to t;, as predicted in Chapter 2 and,
in general, the error in mean transit time will not be so large as that
obtained with mean crdss sectional concentration sampling.

It has been demonstrated that there is only one situation where
the conventional formulae completely apply, and it can be assumed that
the mean transit times are additive., This is when the indicator is
completely mixed across the tube cross section at all points &long the
length of the tube, either by indicator diffusion or by (induced) secon=
dary flow. The applied correction will then accurately correct for the
dispersion of the catheger, At all other times, when the indicator is
dispersed by a (near) parabolic velocity profile, the mean transit times

be
ay not)additi?e.

Importance of the diffusion & convection model to the dispersion of
indicators in vivo.
The conclusion that must be drawn from the presant model atudies

18 that whenever there is streamlined flow the dispersive mechaniems,



with concomitant changes in curve shape and dilution errors, are likely
to occur. This must therefore also apply to dispersion of indicators
in the mammalian circulation. Bate and co-workers (41)(43), following
up the initisl work of Taylor (37), first provided a model of indicator
dispersion in the circulation based upon indicator diffusion and laminar
convection, They have predicted changes in dilution flow parameter
determinations and curve shape, from a consideration of dispersion in
inorganic golution. The present study provides confirmation that their
results are applicable to blood flow in atraight tubes and other model
systems., Other factors must, of course, be considered when projecting
results obtained from relatively simple flow systems to such as the
mamnalian circulation. The differing results from straight tube and
model bed gystems illustrate the dangers of premature extrapolation.
There are many other variables that have not been considered in the
present models, such as pulsatile and retrograde flow, changing haemato-
crit and extensive branching and curving of large vessels., However,
any discussion of the factors that shape in vivo dilution curves must
include a consideration of laminar and diffusive dispersion. In the
following paragraphe some of the evidence that points to the possible
importance of these mechanisms to in vivo studies is reviewed,
Implicit in the diffusion/convection theory is the presence of
some form of gtreamlined flow. The present work has shown that at low

shear rates where blood is non-Newtonian (and therefore does not have

a parabolic velocity profile) large errors in all parameters are still
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possible. A perfectly formed parabolic profile is not, therefore,

a pre-requisite for the ¢rrorsof the type discussed earlier. Investi-
gations of the velacity profile in vivo are difficult and there is there-
fore not a great deal of quantfitative evidence available., However, the
weight of evidence points to the presence of some form of streamlining

in many regions of the circulation. Streaks of red arterial bleod at
arteriovenous anastomogses have been reported by Franklin & MacLachlin
(68), and Rayston & Taylor (69)(70) have observed streamlining of India
ink through a glasa section inserted in the arteries of dogs and cats,
Helps & McDonald (71) have confirmed the presence of streamline flow in
veins varying from the smallest mesenteric of the rabbit to the abdominal
vena cava of the dog. They observed the naturally occurring streams of
well oxygenated blood, which showed as red streaks against the darker
venous blood, and injected Evans blue dye. The computed Reynolds' numbers
were found to be well below ﬁhat necessary for fully developed turbulence
but they did find that phasic variations in flow and digtortions of the
vessels by breathing disrupted the streamlines, However, complete mixing
of the streamlines across the vessael lumen wvas rarely seen, vortices being
found wmainly in the centre of the vessels. Gaechtgens et al. (72) using
a photometric double slit technique have demonstrated that the velocity
profile is parabolic in the larger vessecls of the microcirculation of

19§An colloid injected

the cat. Comparing the hepatic distribution of
into @ mesenteric veln and 9gm’rc-microaggregated albumin injected into

an anticubital vein, Gates & Dore (73) have demonstrated streamline flow
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in the human portal vein, They found that the injected gold collected
predominantly in the right hepatic lobe because of streamlining. Laminar
regions are also implicit in the commonly accepted explanation of axial
streaming of red cells (Fahrgeus—Lindquist effact), The flow rate in

the centre of the blood vessels must be larger than at the vessel walls,
ag discussed in the Introduction. This phenomenon is well recognised
and has been demonstrated repeatedly in many different organs,

Indicator dilution studies have algso provided evidence for laminar
flow in vivo., Fox et al. (74) have discussed, as have many others, the
difficulties of completely mixing the indicator across the cross section
at the injection site, Presumably, if the flow system was efficiently
mixed, by turbulence or secondary flows, this would present no difficulty.
The conclusion that must therefore be drawn is that the flow is at least
partly streamlined, even with an inserted catheter. Indeed, Bagasingthwaite
& Ackerman (75) have discussed the influence of laminar flow at the injec-
tion site on mean transit time measurements. Indicator introduced into
the slowly moving streamlines near the vessel wall was thought to produce
a 30-40% ovarestimate in this parsmeter, High pressure injections (74)
have been used to induce good lateral mixing of indicator.

In the paper by Bassingthwaite & Ackerman, evidence was also provided
against extensive streamlining in the aorta. Injected dye monitored at
three positions in the anaesthetised dog (aortic root, lower thoracic
asorta and the bifurcation of the gorta) were found to obey the principle

of superposition of concentration against time curves, Even cardiac



136

fluctustions in flow produced relatively little arror. From the

present work it is considered unlikely that curves from reglons in

which there is extensive stremmlining would obey the primciple of
supsrposition. However, becsuse the ssmpling was performad in the

asorta and the superposition did not include curves frem injection

site to sampling sites, the appsrent inconsistency may be resolved,

It is possible that flow in the sorxta is extensively nixed. Clark &
Schultz (76), using & thin film proda, have concluded that inertisl
factors predominate and viecous forces play little part in sortic flow.
However, the time averaging techniqus they used to calculats the velocity
profiles may underaestimats the mwount of strssmlining, and the introduc~
tion of the probe through the arterial wsll may also encourags instabi-
iities in the flow, mu question of the nature of the flow in the sorts
has not been conclusively resolved, Freis & Heath (77), in an exteasive
thermodilution and cinesngiographic study, have concluded that flow in
the descending aorta and the distal sortic arch is predominantly stresm-
lined, though not entirely laminar, and that flow is disturbed, though
not necessarily turbulent, in the ascending sorta and proximal arch.

The use of the Reynolds' aumber to estimate the onsat of turbulence has
probably added to tha uncertainty because its application to the pulsatile
flow present in the arterizs is questionable (36). Pavek et al, (78)
again using thermsodilution techniques (interarterial ssmpling thermistors)
have monitored the indicator changes across the aortic arch and have
concluded that there is 'grosaly incomplete mixing along the sscending
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aorta'. This is at variance with the work of Peterson at al. (79)
who found that dyes continuously injected into the aortic root were
effactively mixed in a short saction of the ascending sorta. Pavek
et al, (78) consider this disagreement to be caused by the sampling
catheters used by Peterson et al. smoothing out concentration differ~
ences,

Several workers have reported differences in results for flow
rate when indicator is sampled at diffarent sampling sites. Sleeper
et al. (80), comparing curves obtained simulteneously from the right
brachial and right radial arteries have concluded that the large dis-
crepancies obtained between the calculated values of cardiac output
are caused by the 'mon-uniform distribution of dye to the divergent
ssmpling sites'. Also, differences obtained from sampling in different
segnments of the same arterial stream were attributed to the same cause,
In a study of the effects of altering the injecting and sampling sites
in dogs, Blackburn and Leigh (81) have concluded that "differences
batween transpulmonary and left or right-sided indicator dilution curves
were largely due to variations in transit time and washout of the dyed
blood during its passage through the lungs'. They were critically
examining the influence of coronary and bronchial recirculation on
extrapolation procedure and found that these had little effect, other
than in profound haemorrhagic shock. The left sided curves gave at
least 10% higher estimates in cardiac output than transpulmonary curves.

Zierler (62) has discussed laminar flow through vascular beds and
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has concluded that while there is undoubtedly some form of streamline
flow, the multiple pathways traversed by indicator is still the domi-
nant dispersive mechanism. The branching and rejoining of the flow
system is assumed to make the vasculature an effective well mixed
syatem, The present work provides no direct information on dispersion
in the capillaries because capillary flow {s likely to be of a different
form to the type discussed here (82), although some of the considerations
regarding indicator diffusion have already been applied to thae micro-~
circulation (40)., It is possible that dispersion through the micro-
circulation may be only a small fraction of the total in many studies,
Burton (83) has estimated the capillary blood volume to be 10% of the
total and Roughton & Porster (84) consider that blood spends only about
0.7 seconds in the capillaries of the lunge which must be cowpared with
a mean tramsit time from injection t6 ssmpling site of about 5 seconds,
1£f the vasculaturé under consideration has large arteries and veins,
laminar effects here may have a substantial influence on the total dis-
persion, If not, long catheters are required that contain & large volume
fraction of the total, and laminar streaming with associsted errors may
occur here as previously discussed. Milner & Jose (65), for example,
bhave estimated that a one second distortion in mean transit time by
catheters may result in & 25% error in studies of the left ventricle
because of the relative volumes involved,

Lassen and Crone (85) have provided evidence for the influence of

diffusion on the dispersion of indicators contained vholly within the
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circulation, Low and high molecular weight indicators simultaneously
injected into the cerebral circulation in man produce different curve
shapes that can only be interpreted in terms of indicator diffusien
(called by Lassen 'Taylor’s effect'). The curves are similar to those
seen at very slow flow rates in the present work, with diffusion domi-
nating the dispersion. Lassen's low molecular weight indicator curve
was initially lower than the reference (protein) indicator, higher at
the peak concentration, and subsequently lower again. This produced
an initial positive, then a negative, followed by a positive extraction
fraction, E(t), (see Introduction) even though there was no indicator
passage out of the microcirculation., However, the differences in curve
shape are small and detailed examination of the separation does not seem
possible, No mention is made by Lassen et al. of differences in mean
transit times. This confimmatory evidence is possible only in the cerebral
circulation because it 18 certain that the blood brain barrier prevents
the low molecular weight indicator from leaving the circulation through
the capillaries in appreciable quantities, In other organs transcapillary
exchange can provide severe obstacles to detailed analysis of curve sghape
(see later).

Norwich & Zelin (86) have tested an indicator diffusion model of
dispersion agsinast indicator dilution curves obtained from anaesthetised
dogs. Their model draws upon Taylor's theory of indicator dispersion and

they produced golutions of the differential dispersion equation similar

to Taylor's. They found good agreement between dilution curves from the



140

cardiopulmonary system and theoretically generated curves. They have
also suggested that because indicator dispersion is similar to Brownian
notion some modifications of the concept of mean transit time is needed.
Other multiple indicator studies appear to provide evidence against
diffusion being an important dispersive mechanism in vivo, It is well
known that labelled albumin and zaha simultaneously injected, produce
similar outflow curves from the pulmonary circulation, under physiologi~
cally normal conditions (23)(87). Indeed, Chinard & co-workers (21)
have collected a mass of data in various organs that show no great
differences between some low and high molecular weight indicators in
many organa, but they have also stressed the problems of intexpretation
of dilution curves because of the many shaping influences, some of which
are specific for particular solutes in particular organs., However, there
is not unequivocal support for the contention that low & high molecular
weight indicators produce the same indicator dilution curves. Bauman
et al. (88), for example, have presented results that demonstrate a
5-20% loss of small electrolytes in normal subjects during one passage
of the lungs, Recirculation of indicators also presents difficulties
because of the arbitrary extrapolation procedures oftem usaed. While
these may not greatly i{influence the area under the curves, the first
moment and therefore mean transit time will depend critically on the
extrapolation method, It is this variable that is most sensitive to
laminar and diffusive effects and thesa may therefore be obscured by

extrapolation,
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In fact, the presence of similar high and low molecular weight
curves and indicator dilution variables does not preclude the laminar
and diffusive dispersion mechanisms, The results of sﬁnb and HBA - 13"1
during fast flow through the model vascular bed (fig. 5.4) show that
similar mean transit times and dispersion along the T axis may be
obtained, where the mean transit times still overestimated that directly
calculated (from V8/Q) by 40%.

It 1s concluded that while there are many contraindications, there
is sufficient indirect evidence to support the contention that laminar
and diffusive mechanisms are involved in the shaping of indicator dilution
curves obtained from many in vivo studies, It will not be possible to
agsess the importance of these mechanisms until in vivo experiments are
designed to look specifically for them. It is unlikely that they will
be decisive in many indicetor dilutfion studies but in those where there
is extensive laminar flow in the circulating section under examination,
they may be dominant digpersive influences, Because these dispersive
mechanisme affect both curve shape and dilution flow parameter calcula-
tion, these considerations are important, Potentially, they may influence

calculations of flow rate, mean transit times, intra- asnd extra-vasculsar

volumes, capillary filtration and capillary permeability.

The dispersion of lcr labelled red blood cells

The dispersion characteristics of labelled red cells i{n galine and

in whole blood are similar to those of HSA - 1311 in blood. The sene
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pattern of increasing errors in the dilution terms, except V,, are
evident in tsbles 4.13 and 4,14, A larger flow range has been studied
and higher errors in F, t and V are incurred, The dispersion curves,

1311 in whole

figs 4.14 and 4.15, are not dissimilar to those of HSA -
blood, fig. 4.6,

It is not 1mnedia£e1y clear why the dispersion of red cells should
be flow dependent, With protein and low molecular weight solutes,
ind{cator di{ffusion is the main influence that alters the dispersion
by the velocity profile, But the red blood cells have an infinitely
larger molecular weight than any of the components previously discussed.
They are therefore asgumed to have 8 zero molecular diffusion coefficient,
What, then, produces this flow dependent dispersion? The smount by
which the red cells sediment during the experiments may increase with
decreaaing flow rate and»so increase the red cell clearance in some way.
This is considered an unlikely cause for the following reasone. Sedimenta-
tion was always minimized by constant mixing of the blood in the seservoir
and by keeping the blood flowing whenever possible. A difference in
sedimentation, causing a difference in dispersion characteristics, would
be expected between washed cells suspended in saline and whole blood,
The sedimentation rate for whole blood was of the order of minutes, com~
paved with hours for washed cells. This sedimentation rate difference
was readily observed in blood left standing during the experiments and

yet the dispersion of washed cells in saline and whole blood were broadly

sim{lar, fig. 4.16.
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Elution of 510: from the red cells is another possibility. The
slow flow rate experiments took longer to complete and during this time
the label could have diffused out of the cell and into the suspending
medium. Ebaugh et al. (89) have shown that eluted trivalent chromium
will not re-enter red cells, It would, therefore, behave as a low
molecular indicator vith & high diffusion coefficient, However, the
tests on elution described in the methods conclusively demonstrate that
only trace amounts of labelled chromium were free in the suspended
medium at completion of the experiments, Elution is therefore not
considered to be a significant factor in these oxperiments.

The explanation most consistent with the available data is that
the changes in dispersion curves and the flow parameters are caused by
veloelty profile changes in the flowing suspensions. Fig, 4.17 demon-
strates the viscosity changes with flow rate for both suspensions and
plasma, The suspensions are only completely Newtonian for the fasteat
flow vates, although the viscosity doas not abruptly change until flow
rates are legs than 2 x 10"'1 ml/sec. Associated with a progressively
increasing viscosity (with reducing flow rate) is an increasing departure
from a parabolic velocity profile. Possibly the profile might become
more blunt with an incressing velocity gradient, or rate of shear,
clogex to the wall., Profiles of this sort would results in dispersion
curves with later arrival timesg, higher peak concentrations and earlier
final clearance than the curves obtained with a parabolic velocity

profile. The experimental curves show no large changes in arrival times,
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although differences are evident in fig. 4.14. This was not expected

a8 the present apparatus was not sensitive to change in this region

of the curves. Large peak height changes were produced, however, and

these were predoménantly at the slow flow rates. There were also

differences batween curves from cells suspended in saline and in whole

blood, though not always so large as shown in f£igs. 4,14 and 4,15,

But by far the most significant changes were in the descending portion

of the dispersion curves and it was because of these that the dilution

parameters éhnnged so much, Fig. 4.16 shows some of the results of

the dimensionless mean transit times plotted against flow rata, The

results that were not plotted showed the same trends but were subject

to more variability, as can be seen by inspection of the tables., Be-

cause of this variability any clear distinctions between the two sets

of results may not be drawn, although there may indeed be emall differ-

ences, It is clear, though, that the basic pattern of transit time change

is the same for both cell suspensions. With increasing flow rate there

i{s a2 large initial increase in dimensionless mean transit time followed

by a smaller increase and/or a levelling off., It is concluded, there-

fore, that the present data is consistent with velocity profile changes

and that the decrease in mean transit times is, in fact, following the

progressive blunting of the velocity profile with decreasing flow rate,
There 1is one asgumption that must be made before this interpretation

ig accepted, The red cells must not significantly redistribute themselves

across the cross saection in any other way during flow.
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Goldemith & Marlow (61) have described increased rotation of rad cells
at low shesar rates and small radial movements in suspension containing
cell concentrations of less than 5%, However, this ig thought to be
an unlikely mechaniem in the present experiments because of the exten-
sive cell crowding at the haematocrits used.

Washed and resuspended cells differ in several important respects
to wvhole blood in viscometric terms, and these will be discussed prior
to the interpretation of the viscosity results, Firstly, the viscometric
effects of plasma are removed from the total viscosity by resuspension
in saline, This produces a decrease in the relative viscoaity, r,
of the suspension (90). Secondly, there is no longer a protein-red
cell membrane interaction of the type described by Chien et al. (90)
and Rampling & Sirs (55). They have concluded that plasma proteins,
particularly fibrinogen, interact with the red cell membrane to make
it more flexible. Washed cells will, therefore, become relatively
inflexible. Chien et al, (91) have demonstrated that red cells made
completely rigid by long term suspensfion in acetaldehyde are almost
Newtonian at a cell concentration of 43%, with a relative viscosity
'of 10-15. It is expected, therefore, that increases in cell rigidity
caused by lack of proteim=cell interactions will decrease the non-
Newtonian behaviour and increase the viscogity of the suspension.
Thirdly, washed and resuspended cells (in galine) do not exhibit a
red cell-red cell interaction mediated by the plasma proteins, {.e.
rouleaux and aggregation. Lack of the interaction would be expected

to decrease the suspension viscosity at low shear (or flow) rates (90).
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The present results for the viscosity of resuspended cells confimm
the Importance of cell deformability as a factor in the shear thinmning
(i.e. decreagse in viscosity with increasing shear rate) behaviour of
blood. Chien et al, (91) have shown that because there are no protein-
red cell and red cell~-red cell interactions, it is the deformability
of the red cells that enables the flufidity of the suspension to increase
with increasing shear. However, the present results also indicate that
the plasma protein induced deformability plays little part in the visco~
metric bahaviour of whole blood in these experiments. The centrifugal
packing rate experiments, fig. 4.18, demonstrate that there is s signifi-
cant decrease in red cell flexibility on washing and resuspension, This
is shown by the slower rate of packing of celle suspended in saline, as
explained in the Methods. There is, however, no appreciable shift to
the right of the whole blood viscosity curve on washing and resuspension,
The viscosity curves, fig. 4.17, for washed cells 18 significantly lower
than, but parallel to, the whole blood curve. This suggests that over
the flow rates considered the main effect of washing and resuspension
is the removal of the plasma viscosity from the total viscosity., The
mean transit time measurements also suggest that the velocity profiles
are equal over the wvhole flow range, whereas a separation in transit
times of the two suspensions would be expected at low shear rates if
cell-protein interactions were significant.

1t is concluded, therefore, that the main viscometric effect of

resuspending the red cells in saline is caused by the removal of the

plasma viscosity from the whole blood viscosity and that the red cell-
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protein interactions were negligible over the flow range considered.
The importance of cell-cell and celleprotein interactions on the
viscometric properties of cell suspensions has been elucidated by
many workers (90)(92), and the main effects are at the extremely low
shear rates of less than 0.1 sec”l. Rotation viscometers with a uni-
form shear rate and guard rings to prevent surfaceeffects have been
used to study this region because of their high sensitivity. However,
the physiological importance of low shear viscometry has not been
clearly defined, although it has been used as a diagnostic tool (92).
The increase in mesn transit times with increasing flow rate pro-
vides evidence against the hypothesis of Nublr'(93) that increased slip
at a vessel wall is responsible for the shear thinning behaviour of
blood., Slip is defined by Nubar as 'a finite velocity of fluid at a
boundary or in its immediate vicinity', and by postulating that this
finite velocity increasee with increasing shear stress (i,e. viscosity
x shear rate), a series of theoretical curves describing viscosity
changes in blood were produced. These were found to be in good agree-
ment with experimentally obtained curves., An assumption underlying
Nubar's hypothesis was that the red cell volume near to the wall region
decreases with increasing flow rate, This would be aexpected to produce
faster final clearance of labelled red cells curves, when plotted °lco
against T, with increasing flow rate, In fact, the reverse is the case

and the curves are cleared faster with decreasing flow rates. Nubar

algo assumed a flow independent bulk viscosity, However, the changing
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shepe of the present curves with flow rate demonstrates that changes
occur not only at the wall of the tube, but also in the main mass &f
. blood when flowing. This is indicated by the changes in curve peak
height and {n the downslope of the curves,

Comparison of figs. 4.13 and 4.16 demonstrate that there is no
appreciable separation in mesan transit times of labelled red cells and
albumin over the flow range studied, BSuch a separation has been pre~
dicted from the diffusion/convection theory of indicator dispersion (4l)
(43) because the red cells have a lower diffusion coefficient than albu-
min. The ocutflow concentration against time curves should, therefore,
differ significantly., The labelled red cells should arrive earlier,
rise to a smaller peak and be clesred later than the albumin producing
8 longer mean transit time. Groom's (35) mean transit time ratio for
cells to albumin E‘/Ea of greater than unity (see Introduction) could
therefore be explained. Bate et al, (43) strongly implied that if
adequate correction were made for recirculating indicator, other studies
would produce similar mean transit time ratios for celles and albumin,
Detailed comparison of the figs. 4,13 & 4.16 is not possible because
of the experimental uncertainty, especially in the red cell curves,
However, the HSA in whole blood mean transit time curve doea appear to

510: labelled red cells., This iz to be expected

be lower than that of
from the present experiments because the velocity profile sffects the
clearance of both cells and plasma and the albumin alone can diffuse

across the streamlines. The effect of diffusion is therefore to speed
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the clearance of the albumin, However, any difference between the
curves is extremely small and the simultanecous determination of albumin
and red cell curves would be required to conclusively demonstrate its
presence, Because of the magnitude of the difference in the present
apparatus and the attendant problems of statistical déncertainty in
double tracer experiments, it was decided not to pursue this investi-
gation, It is possible that in vessels the size of the microcriculation
the influence of protein diffusion might increase, but here thare are
other, hydrodynamic, factors that must alsc be considered., Axial
atresming tends to speed the clearance of red celle and it is, in

fact, thie mechanism that is the dominant factor in most studies, as

-

{4 .
shown by the usually seen 'i& {1, The present study, therefore, provides
a

1ittle evidence that the mechanism of red cell and albumin :fSefO'\mm'r\

as proposed by Bate et al, is an important model for circulatory studiee,
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Sunmary

A theoretical investigation of the way in which a fluid is
dispersed during lLaminar flow has been carried out from the
standpoint of the indicator dilution theory and method.

Bolus injection of indicator and two forms of sampling,

mean cross sectional concentration and mean flow proportional
concentration, have been examined, The results of the analysis
have indicated that previous formulations may be substantislly

in error. It was found that in order to calculate accurately

the flow rate using the indicator dilution method, mean flow
proportional ssmpling must be used and a new mean transit time
has had to be defined in order to calculate accurately vesael
volume,

The theoretical predictions have been experimentally tested in

a gtraight tube system and in a model vascular bed using inorganic
solution, plasma and whole blood, Broad igreement has been found
between the theory and experimental results,

In the straight tube system the soluble components of blood have
been found to be dispersed by the combined effaects of leminar
convection and molecular diffusion, With a low molecular weight
solute the outflow dispersion curves were qualitatively similar

in 2N KcCl solution, plasma and whole blood. The dispersion of
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a high molecular weight indicator (HSA) in plasma was dominated
by the velocity profile of the flow, The clearance curves

in whole blood were similar to those in plasma, except thsé

the red cells were found to speed the clearance of protein in
the tail iegion of the curve, No evidence has been found,
however, for appreciable mixing of solutes in the bulk of

the flow by shear induced motion of the erythrocytes,

The model vascular bed results have demonstrated that the
theoretical analysis and the diffusion/convection model have
further applicability than to just a straight tube system.

SICt labelled red cells during blood and

The dispersion of
red cell suspension flow down a straight tube has also been
examined, Increasing clearance of labelled cells with decreasing
flow rates has been attributed to a flow dependent velocity pro-
file., Viscometric messurements have demonstrated the well knowm
non-Newtonian behaviour of blood and red cell suspensions at low
shear rates, Increasing the red blood cell rigidity by repeated
washing and resuspension in saline was found to have little
effect on the velocity profile and dispersion curves.

The implications of this work to the study of the mammalisn cir-

culation have been discussed, with particular reference to the

use of indicator dilution techniques,
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SUMMARY

1. The dispersion of solutes in plasma and blood has been studied by
observing the clearance at a point down-stream of a bolus of labelled
solution by the steady flow of unlabelled solution. :

. With a low molecular weight solute the clearance curve is quali-
dthBh’ similar in 25-KCl solution, plasma and whole blood.
. 3. The chspersum of a high molecular weight protein, [¥IJHSA, in
plasma is dominated by the velomty profile of the flow.

4. The clearance curves for HSA in whole blood are similar to those of

plasma, except that the red blood cells speed the clearance of protem in
the tail region of the curve.
5. An analvsxs of the data suggests that the dispersion of sclutes dunng
blood flow through a straight tube can be attributed to the combined
effects of solute diffusion and laminar convection. There is no evidence
that induced motion of the erythrocytes produces significant mixing, in
the bulk of the flow.

INTRODUCTION

While there have beer: many studies of the factors which determire the
rate of blood flow in the mammalian circulation, less attention has been
given to the problem of how solutes are dispersed in blood during flow.
This is a factor in the supply of metabolites, the deposition of solutes and
thrombus formation at vessel walls, and in the practical problem of
measuring flow and vessel volumes by the indicator dilution technigue.

The simplest situation is to consider solute dispersion to be due to the
combined effects of solute diffusion and laminar convection by a parabolic
velocity profile. Bate, Rowlands & Sirs (1973), extending the analysis first
proposed by Taylor (1953), showed that the dispersion during flow through
& tube was determined by a parameter a®i/Dx, where D is the diffusion
coefficient, @ the tube radins, 4 the mean velocity and x the distance
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between injection and sampling points. Different distributions of solute
concentrations across and along the tube are obtained with changes of
any of these factors. Various investigators have utilized these dispersive
mechanisms to explain in vivo observations (Lassen & Crome, 1970;
Korner, 1961; Norwich & Zelin, 1970; Baines, Gottschalk & Lassiter, 1968).
It is surprising, however, to find that all the analytical work on com:
bined laminar and diffusive dispersion in straight tubes have been made
with simple inorganic solutions. The implications of the results have
~been extrapolated to whole blood, despite the non-Newtonian and hetero-
geneous nature of blood flow. In this paper it is proposed to re-examine
the model of Bate ef al. (1973) for various solutes in plasma and whole
blood during flow down a straight tube. Particularly, it seemed necessary
to examine the possibility of mixing induced by the rolling and tumbling
of the erythrocytes (Bloch, 1962; Wells & Schmid-Schénbein, 1969; Gold-
smith & Marlow, 1972). This study also provides furcher information on
the nature of the velocity profile in blood flow. -

METHODS

The dispersion of solutes in various solutions during flow down & tube has heen
- studied using the technique of Bate, Lane & Sirs (1972). The principle is the same as
the measurement of flow by the indicator.dilution method, in which a bolus of well
mixed indicator is rapidly formed by injection. and the clearance of the holua
observed at a point downstream, The shape and nature of these clearance curves
is dependent on the factors involved in dispersing the indicator during flow, as
discussed by Bate e? al, (1972). The sudden-injection bolus was simulated by intro-
ducing solutions, containing radioactively labelled solutes, into a length of precision
bore tubing between two tail-pattern taps. The remainder of the flow system, com-
prising a supply reservoir and flow-tube, were filled with e similar solution without
the radioactive label. Flow was started by opening the taps and the clearance of
radioactive indicator past the observation point was monitored with a NaI scintilla-
tion detector. The output of the detector was taken to & ratemeter and the clearance
curves, of indicator concentration with time, monitored on a fast potentiometric
recorder. Precision bore glass tubing, of 2-5 mm diameter, was utilized for the
observation tube. The length of the bolus was 12-2 cm and the distance from the
mid-point of the bolus to the observation point was 108 em. The flow rate was varied
by altering the driving pressure and by placing a constriction just before the tube
outlet. The flow rate was accurately measured by collecting the solution flowing
- from the outlet over a measured time interval. The range of flow rates used was such
that the Reynold's number did not exceed 120. A value of the order of 1000 would
be required for turbulence.

A variety of solutes and solutions have been studied. The situation of diffusion
superimposed on convective flow was first studied using & solution of 2 ¥-K(l1 con-
taining KX 1 mgfml. The labelled solution, at exactly the same concentrations, con-
tained 131L Similar experiments were then made with 5Rb and [*1I]HSA in plaama.
The radioactive labels were obtained from the Radiochemical Centre, Amersham.
The plasma was separated from fresh pig’s blood by spinning in & centrifuge at
1000 g for 46 min. The pig’s blood was collected from an abattoir using 6 i.u. heparin
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per ml. blood to prevent coagulation. Finally measurements were undertaken using
whole pig’s blood with 88Rb and [*'IJHSA. Less than 0-2 ml. of the labelied solution
was added to 60 ml. blood or plasma. Both the plasma and whole blood were used
within 24 hr of collection, and were stored at 4° C between the time of collection
and the experiment. All the experiments.were made at room temperature, between
18 and 25 °C. A microscopic examination of the whole blood was made before and
at the completion of each experiment to ensure the absence of crenation.

RESULTS
Preliminary experiments were undertaken of the dispersion of iodide ion
(3811) in 25-KCl, and results obtained were in accordance with the data of
Bate et al. (1973). These were followed by a study of the dispersion of

%Rb in plasma.-The output curves of #Rb in plasma are illustrated in

03
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01}

o 1-0 20 30 40
e .
Fig. 1. Output curves of 3¥Rb(l in pig plasma. The continuously recorded
concentration is divided by the initial balus concentration on the ordinate.
On the abscissa & dimensionless parameter T = @/ ¢ is used. Measurements
were made at a temperature of 22° C at flow rates (a) 2-39 x 10-2 ml.[sec, (b)
8:79 x 102 ml.[sec, (c) 23-0 x 102 ml.[sec.

Tig. 1. The observed concentration, ¢, is divided by the initial concentra-
tion of the bolus, ¢, and plotted against 7, where T is %t[Z, ¢ the time
elapsed from the onset of flow and Z the distance from the middle of the
bolus to the observation point. The curves in Fig. 1 are qualitatively
similar to those of 111 in 2 x-KCl. The small differences from the data
published by Bate ef al. for %'T in 2 x-KCl ean be attributed to the ¥Rb
ion having a higher diffusion coefficient than 13, though this was com-
pensated to sowe extent by the plasma experiments being made at
18-20°C, compared to 25° C with the KClI solution. For slow flow rates,
where diffusion dominates the dispersion, the initial slope is slower, the
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curves rise to a high peak and are cleared early. They are centred about
the point T' = 1. As the flow is increased the curves become more dis-
persed along the T axis. At fast flow rates the first indicator arrived at
T =~ 0-5, after travelling at twice the mean velocity, rises to a relatively
low peak and is cleared late. Here the velocity profile of the flow is
dominating the dispersion of indicator.
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Fig. 2. The clearance curve of ¥RbCl in whole pig’s blood at a haematocrit
of 429%,. Temperature 18°C and flow rates (e) 0-33 x 102 ml.[sec, (b)
1-3 x 10-* ml.[sec, (¢) 25:2 x 10—* ml. [sec.

Fig. 2 illustrates the dispersion of ®Rb in whole pig’s blood of haemato-
crit 42 %,. The packed cell hacmatocrit was measuredin a microhaemato-
crit centrifuge operated at 13,000 g for 4 min. The experiments were all
completed within 40 min of adding %Rb label to the cell suspension, so
that a negligible amount of *¥*Rb ion was taken up by the erythrocytes.
The same qualitative features, as were found with K1 and plasma solu-
tions, are present. It appears that with low molecular weight solutes,
having a high diffusion coefficient, the dispersion in whole blood is in accord
with the results of Bate ef al. (1972).

The outflow curves for labelled protein, [**IJHSA, in plasma are shown
in Fig. 3. The scale of both the ordinate and abscissa are changed. The
curves correspond to the fast flow curves of ¥Rb, because the protein has
such a high molecular weight (67,000) and correspondingly low diffusion
. coefficient, in that the convection dominates in determining the dispersion.
The indicator first arrives at T' ~ 0-5, consistent with a parabolic velocity
profile; the curve then rises to a relatively low peak and the indicator is
cleared much later than with ¥Rb. The curves still show some dependence
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on the velocity of flow in the tail region of the curve. Thus, even with a
high molecular weight protein, diffusion can still influence the dispersion
processes. : '

. The output curves for [¥¥'[JHSA in whole blood are illustrated in Fig. 4.
Again the curves correspond to the fast flow curves of ¥Rb, The curves
start at 7 ~ 0-5, indicating no large deviation from a parabolic velocity
profile, are widely dispersed along the 7' axis and are cleared relatively
- late. There is again some dependence of the dispersion on the velocity of
flow in the tail region of the curves.
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Fig. 3. Dispersion of ['**IJHSA in pig plasma. Note change of scale on ordinate
and abscissa. Temperature 18° C; flow rate (a) 4-7 x 10~2 ml. [sec, (b) 42-2 x
10-2 ml. [sec.

A direct comparison of the experimental curves for inorganic solutions,
plasma and whole blood, using the theoretical analysis of Bate et al., is
liniited by the lack of accurate data for the diffusion coefficients of the
indicators under the experimental conditions used. An alternative method
of comparing these results is to use the mean transit time, £, defined by
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0

as used in indicator dilution studies. This parameter is dependent on the
degree of dispersion and shape of the ouflow curves. Under well mixed
conditions, such as pertain when diffusion predominates in determining
the dispersion, the value of  is Zfi. As laminar convection progressively
becomes the determining factor, f becomes larger (Lane & Sirs, 1974).

i=
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The mean transit times of the low molecular weight solutes were deter-
mined directly with a planimeter. This method did not prove sufficiently
accurate however, for concentration against time curves, when the dis-
persion time was long. In these circumstances, an accurate value of 7 was

15

Fig. 4. The clearance of (**1I]JHSA in whole pig’s blood at & haematocrit of
459%,. Temperature 20° C; flowrate (a) 2-54 x 10~2 ml.[see, (6) 31-8 x 10-2 ml.{
see.

~t:r[x

@ (X 10* ml./sec)

Fig. 5. Variation of mean transit time with flow rate, Q. The mean transit
time is expressed in units of 72[Z. @ [**IIJHSA in plasma; O [*IJHSA in
whole blood, haematocrit 45%; x I in 25-KCl; A %*RbCl in plasma;
A ¥RbCI in whole blood, haematocrit 42 %.
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measured by using curves of (¢/c,) T' against 7'. The values of Z, determined
for all the different combinations of solute and solvent, at different flow
rates are shown in Fig. 5. The mean transit times are plotted in terms of
t@|Z, in order to facilitate a comparison of the different combinations. The
crosses represent the mean transit times of the iodide (*31I) ion in 2 x-KCI.
The slower the flow rate the more closely the points approach %z = 1, -
and as the flow increases, the less influence diffusion has on the dispersion,
the larger the mean transit time becomes. The filled and open triangles
represent the mean transit times of ®Rb in whole blood and plasma
respectively. It can be seen that there is no difference between the dis-
persion of low molecular weight solutes in inorganic solution, plasma and
whole blood. For clarity, not all the points have been included. The
presence of red blood cells does not influence the dispersion in these
circumstances. C .

The filled circles and top line are the results for the mean transit times
using [*'IJHSA in plasma. Again, the flow velocity dependence of the dis-
persion of a protein is reflected in the curve. There is an initial large change
in the mean transit time with flow rate, which then becomes more gradual.
The mean transit times measured with a protein thus reflect the shape of
the outflow curves.

The open circles and middle curve in Fig. 5 are the values of mean
transit times obtained at different flow rates using [¥*'I]JHSA in whole blood
of haematocrit 42 9,. In this case the presence of the red blood cells appears
to increase the clearance of the protein, as indicated by lower values of 7
relative to plasma, at all fiow rates. The difference between the clearance
by red cells of high and low molecular weight solutes is due to the normally
very slow diffusion of proteins to and from the stagnant fluid layer near the
vesse] wall. It is this effect which gives rise to the extremely long tail of
the outflow curves of HSA in plasma. Low molecular weight solutes are
able to diffuse faster from this stagnant layer region, as shown by the
short tails of the 8%Rb curve, and so the presence of cells has a negligible

‘effect on the clearance curve.

To obtain further evidence on the mechanism of this effect, an investiga-
tion was made of the influence of the haematocrit on the dispersion of
labelled protein. The red- blood cells were separated from plasma by
centrifuging for 1 hr at 1000 g. The dispersion of [*'IJHSA in the sepa-
rated plasma was measured at a flow rate of 1-5 x 10 ml.fsec (shear rate
~ 100 sec7). Red blood cells were then added to the plasma and the
experiment repeated at the same flow rate at different haematocrits. For
haematocrits of 0, 12, 23-53, and 51-59,, mean transit times of 3-53, 3-12,
2-90, and 2-16 (in terms of ui[f) respectively, were obtained. Up to a
haematocrit of 23:59, the concentration curves were characterized by a
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progressive increase in clearance in the tail region. There is also an increase
in the height of the curve, at high haematoerits, as indicated by the curve
at 51-59, in Tig. 6. Comparing this curve with the ®Rb curves, where
indicator is mainly dispersed by diffusion, it can be seen that any possible
contribution of the red blood cells to mixing in blood flow is still very small,
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Fig. 6. Output curves of {MITHSA in blood at haematocerits and flow rates
of (a) 51-:5 % at 16-6 x 10-2 ml.[sec, (b) 12 9, at 15:2 x 10~2 ml.[sec. Tempera-
ture 21° C.

DISCTSSION

The results for both high and low molecular weight indicators provide
additional evidence for the model of dispersion of solutes in fluid flow pre-
sented by Bate ef al. (1972). With high molecular weight solutes in blood
flow, however, the dispersion is modified in the tail region of the curves,
there being an increased clearance of HSA relative to that of plasma. This
may be due to an enhanced clearance of protein from the vessel wall or
an alteration of the velocity profile, particularly at low shear rates. If the
profile were blunted there should be a delay in arrival times of HSA in
blood (Fig. 6), the delay increasing with increasing haematocrit. That this
is not observed is not entirely unexpected; as small variations would be
difficult to detect in this region of the curve with the present apparatus.
Significantly faster clearance was observed in the tail region of the curves
with increasing haematocrit and decreasing flow rate. This appears con-
sistent with the change of velocity profile and increased velocity gradient
near to the tube wall. But at slow flows the contribution of diffusion to the
dispersion also increases, as shown with [BN[JHSA in plasma, and the
relative influence of diffusion and velocity profile is difficult to determine.
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At low haematocrits, and at the flow rates used in the seexperiments,
blood behaves like a Newtonian fluid and there will be an essentially
. parabolic velocity profile. The velocity profile remains the same or altered

only slightly in the haematocrit range 0-24 %, yet there was a progressive -
increase in the rate of clearance of indicator in the tail region of the curve.
This finding is consistent with red cells acting to enhance clearance of
protein from the wall surface. In the region close to the surface the cells
tend to cause mixing and to sweep protein away. Therefore for a given
volume flow rate in a vessel of given diameter the presence of cells should
reduce the thickness of the ‘stagnant’ layer at the wall.

Another point of importance is demonstrated in Fig. 5, in respect of the
use of multiple indicator injection techniques to study vascular and extra-
‘vascular compartments. A difference in mean transit times for different
indicators is often taken as a measure of extravascular volumes. Striking
intravascular separation of indicators of different molecular weights, are
possible, for the same flow rate and vessel volume. That all the points in
Fig. 5 do not fall on the line %#fZ = 1-0, is also at variance with accepted
_ indicator dilution theory. This discrepancy, of the indicator dilution theory
in laminar flow, was noted by Bate & Sirs (1971) and Bate ¢f al. (1973) and
has recently been given a theoretical basis by Lane & Sirs (1974).

This investigation is supported by a grant from the Wellcome Trust.
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