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INTRODUCTION



INTRODUCTICN

The usual "Indirect Methods" for estimeting blood volume may be
divided roughly into three types: (1) The measurement of total intra=-
vascular hemoglobin from its percentage combination with foreign geses
such as CO. (2) The dilution volume of red blood cells tagged in various
ways. (3) The dilution volume of dyes and other substances which are
assumed to distribute themselves through the same volume ss plasma.

The first two methods theoretically measure the circulating red cell
volume. This volume and the cell-plasme ratio may be used with appropriate
formulas to estimate the plasma volume'and total blood volume. The third
method theoretically measures the plasma folume and this, with the cell=-
plasma ratio and approprisate formulas, may be used to estimete total
blood volume.

The foreign gas method has generally fallen into ill repute, partly
because of the meny possible sources of error and slsc due to the technical
difficulty in using the methods. The tagged-red cell method, when radio=-
active isotopes of iron are used for tagging, presents the fewest theo-
retical objections, and values obtained by this method for red cell volume
are probably the most accurate omes aveilablee However, this method
requires the use of expensive equipment and determinations are very time
consuming. Furthermore, radioactive isotopes are not generally obtainables
The third method is by far fhe most widely used at present. The toludine
dye T-1824 is used by most observers working with this method bscause it
has been shown to combine with the plasma albumins. It has been assumed
that the plasme albumins remain within the cardiovascular compartment

because of their moleculsr size.



The work presented in this paper was undertaken in an effort to
analyze critically the dye dilution method. For the sake of clarity
the meterial hes been divided into two parts as follows:

I =A- A study of the mixing of cells, plasma, and
the dye T-1824 in the cardiovascular system
of barbitalized dogs.
=B~ A critical examination of the rate of dis-
appearance of the dye T-1824 from arterial blood.
I1 The measurement of plasmes volume as distribution

volume of injected autogenous plasms.

In part 1 qualitative and quantitative studies were made of dye

concentrations and cell-plasma ratios in arterisl blood following various

experimental procedures, while in part II ocell, plasma, and blood volume

doeterminations were made with the use of appropiate formulas. Plasma

volume in part II was criticelly examined in the light of the findings

which were made in part I.
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PART I



INTRODUCTION
PART I

When substances, which theoretically distribute themselves in the
circulating blood volume, are injected into the cardiovascular system,
some finite time must be required for mixing of the substance with the
blood volume. It is necessary to know when mixing is complete in order
to determine blood volums from the dilution volume of the injected
substance or substances. When the mean velocity of blood flow is great
the "mixing time" should be shorter than when the mean velocity of flow
is small, provided, of course, that tﬁere are no circuits with extremely
slow flow in the one case and not in the other. As Erlanger has pointed
out, mixing with the entire volume of blood cannot be complete, however,
until the slowest vascular circuit has been transversed at least once.
"lixing" of a substance in the cardiovascular system is therefore not
complete until the concentration of the substance is the same in all
parts of the cardiovasculer system.

Most studies on "mixing" of substances in the cardiovascular system
have bheen made with vital dyes. When vital dyes which presumably measure
plasma volume, are injected into the cardiovascular system three distinct
phases in concentration-time relationships occur in blood drawn from
large vessels. The first phaée is one characterized by rapid oscillations
of concentration and usualiy is complete within two minutes. This is
assumed to be caused by divisions snd recombinations of the injected
substance which enters the cardiovascular system as & short columm practically
unmixed with blood. This phase ends when the substance is homogeneously
distributed in blood circulating through the heart, lungs, and great vessslse.
(Stewart, 1921; Hamilton, Moore, Kinsmen, and Spurling, 1928). 1In plasma

volume determinations, as used generally, samples are not drawn in this
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phase. This phase was not studied.

The second phase is one characterized by relatively rapidly falling
concentration of injected substance. This period usually lasts from five
to twenty-five minutes and has generally been assumed (Gibson and Evans,
Gregerson, et al) to be caused by slow mixing in the slower moving circuits
in the cardiovascular system. This is generally called the "mixing curve".
The time from the instant of the injection to the end of this phase is
called the Mmixing time". The most widely accepted theory is that mixing
is complete at the end of the second phase.

The third phase is one in which éhe concentration of injected substance
falls slowly with time. This is thought to be caused by removal of the
injected substance. This phase of slowly falling dye concentration appears
to ba a logarithmic function of time. The most widely used method for de-
termining plasma volume requires the extrapolation of this phase of slowly
falling dye concentration back to the time of injection. This theoretically
demonstrates the concentratiom of dye which would be present if no disappear-
ance had occurred. Since this method was popularized by Gibson and Evans
it will be referred to in this paper as the Gibson and Evans lMethod
(abbreviated, G. & E. Method).

A few studies have beén made on the apparent "mixing time" of red cells
tagged with radiocactive isotopes. These show an absence of a "mixing curve"
in both dogs and rebbits aftef. four minutes and usually after two min-
utes. Hahn and Hevesy (1940) found no evidence of mixing of red cells
tagged with P32 in the rabbit after two and one-half minutes. Hahn, Ross,
Bale, Balfour, and Whipple, using red cells tagged with radioiron, found no
evidence of continued mixing after about four minutes in the doge.

at
A systeﬁic study was undertaken of the "mixing time" for the dye T-1824,



red blood cell suspensions, and plasma, both dyed and undyed. Except for

the study of "mixing time" with the dye alane, relatively large volumes were
used. This required the use of & large number of differeat controls. The
results of these experiments brought up the possibility that the second or so-
called "mixing curve" for T-1824 might represent disappearance of dye from
the cardiovascular system rather than mixing within it. As a result a
critical examination of the disappearance of T-1824 from arterisl blood

was madso.
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METHODS

Dogs, splenectomized soon after induction of sodium barbital
anesthesia (250 mgm/kg), and under anesthesia for at least three hours,
were used throughout these studiess

Mixing time for red cell injections was determined by following
the changes in arterial hematocrit produced by the infusion of red cell
suspensions of sufficient volume to increase the arterial hematoerit 15
to 35% The cell suspensions were freshly prepared by centrifuging
heparinized dog blood and removing the supernstant plasmae The cell sus=-
pensions had an hematocrit in the nei.ghborhood of 90% Injections were
made as rapidly as possible through a wide cannula tied in a femorasl vein.
The time required was usually around ten to twenty seconds and approximate=
1y 10 cc/kge were injectede Samples of arterial blood were obtained from
a brachial artery cannulated distal to the profunda brachii. Blood was
drawn through needle tubing directly into Winthrobe tubes containing
measured amounts of oxalate solutione Before sampling the line was clear-
ed each time by bleeding about 0.5 cecs This was two or more times the
volume of the eannule and bleed_ing linee The samples were stirred with a
small, dry metel rod to insure against clottinge They were then capped
and spun in a centrifuge at 2,600 Re Pe Mo in a radius of 20 cm. for one
houre After deducting the oxalate present in each tube, the hematoorits
were calculated as 092 times the observed hematocrit, in order to correct
for trapped plasme (Chapin and Ross)e

The "mixing" of injected plasma with circulating cells was studied by
noﬁing the change in hematocrit with time after Injection of approximately

10 cc/kg. of plasma. "Mixing" of injected plasma with the circulating



plasma was studied by either dying the circulating plasma (with T-1824)
and determining the decrease in optical density following the injection
of undyed plasma, or by dying the injected plasma and noting the increase
in optical densitye All plasma injections were made with autogenous
plasma since it was found that in vitro mixtures of plasmas (both dyed and
undyed) from different dogs usually did not give the expected optical
density for the mixturese Autogenous plasma was prepared by bleeding the
animal soon after induction of anesthesia and replacing with an equal volume
of donor bloode Plesma obtained from the autogenous blood when mixed in
vitro with plasma obtained from the same animal three or more hours later:
gave optical densities in good agreement with the expected wvaluese

In some of the experiments the blood volume was expanded by injections
of approximately 10 cc/kg. of dyed autogenous plasma, undyed autogenous
plasma, or red cell suspensionse In other experiments an attempt was made
to keep blood volume constant by hemorrhaging rapidly through a large bleed=
ing cannula tied in a femoral artery a volums equal to the replacemsnte
The time required from beginning of bleeding to end of the replacement was
less than one minute.

The time-arterial concentration relationships of T=1824 were studied
as follows:

l. Effect of an initial dye injectiom (high concentratiem
in small volume) on time~arterial optical density relation-
ships of a second dye injection (high concentration in
small volums).

2, Effect of initial dye injection (high concentration in
small volume) on time-arterial optical density relatiom=-
ship of a second dye injection (low concentration dys in
autogenous plasma) with blood volume constante

3. Effect of initial dye injection (low concentration dye in
autogenous plasma) on time-arterial optical density relation=-

ships of a second dye injection (high concentration in small
volume) with blood volume comstante



4,  Effect of initial dye injection (high concentration
in small volume) on time-arterial optical density
relationships of autogenous plasma (undyed) infusioms
made at varyling lengths of time following the first
injections The blood volume was kept constant by
rapid hemorrhage and infusion of equal volumse

Plots of time-optical density relationships were made with linear,
semi=logarithmic and full logarithmic coordinatess Dye in plasma was
usually expressed in terms of optical density but in some cases was

expressed as dye concentration.
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RESULTS

I -Nﬁxiﬁg of cells as compared to that of dye

Representative data on cell mixing are shown in Figure l. 1In
experiment A of the figure, dye was addsed to the cell concentrate before
injection, in order to obtain simultaneous disappearance curves for dye
and cells. It is readily apparent that there is an absence of the so=-
called "mixing curve" as far as the red cells are concerneds The arterial
hematocrit was raised about 32% in this case. The injected dye, however,
showed a characteristic "mixing curve“.. In experiment B, the dye and cells
were injected separately, the dye in 10 cce solution, in order to make sure
that the optical density was due to dys alonee. In experiments A and B, a
rapid hemorrhage of equal volume preceded the cell infusion so that total
blood volume remained relatively unchanged.

Arterial hemetocrits were taken at one minute intervals in eleven ex-
periments following cell suspension infusions. In six of these, mixing was
apparently complete within one minute since the ome minute hematocrit and those
immediately following showed only random deviations from the post-injection
meen and no progressive changes of hematocrits ocould be detected. In two
experiments, cell mixing periodsvof two and three minutes respectively occurrede.
In the three remaining experiments, there was & progressive rise in hematocrit
lasting for three minutes-- This is opposite from the expected curve for mix-
inge Ten additional experiments were performed with samples taken at three
minute intervals following injection of cell concentrates. In none of these
is the first value high. The maximum time for apparent "mixing" of injected
colls, as determined from the change in hemestocrit, was three minutes in a

series of twenty-one experiments.
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Figure le Ae Dye concentrations and hematocrits following

injection of dyed cell suspensione Intravenous injection

at time O of 80 cc. cell concentrate containing 10 mge Te
1824.

Control hematocrits average 0.375 (not showm in figure)e
Line drawn through post-injection hematocrits at average
equals 0,496 (antiloge)e Dye concentration given as opti-
cal density against undyed plasma reference. Semi-logarith-
mic plot for both optical density and hemetocrite.

Bs Consecutive injections of 10 mg. dye (upper

curve) and 100 cc. cell concentrate (lower curve)s. Construction

of figure as in A. Average hematocrit before cell concentrate

injection equals 0,481, after injection equals 0.537 (antilogse)
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time O of 100 cce plasma containing 10 mgme. T-1824.
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0.412, post-injoction values at two to nine minutes

average 0,371 (antilogs.)e
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II -Mixing of dye as compared to that of plasma

Figure 2 shows the logarithm of optical density and the logarithm
of hemstocrit plotted against fime in an experiment where dyed autogenous
plasma was rapidly infusede Total blood volume was kept relatively con-
stant by rapidly withdrawing an equal volume of blood just before the in-
fusio. The typical "mixing curve" can be seen in the log. optical density- ,_
tims plot. If the rapidly falling dye concentration were due to loss of
the dyed plasma to slower peripheral vascular circuits, a rising arterial
hematocrit would be expected to occur during the same periode No rise in
arterial hematocrit occurs after the second minute., If dyed plesma were
lost thereafter to the slowly moving circuits, it must have carried cells
with it so that the cell-plasma ratio of the blood leaving was the same
as that in the central circulatiome. Fourteen experiments of this type
have been performed; half of them with a bleeding preceding the dyed
plasma injection. Hsmafocrit deta have been obtained in nineteen experi-
ments after injection of undyed plasma. The longest time for the pro-
gressively rising hematocrit curves was five minutes in the entire series
of thirty~-three experiments (one enimal). In over half of the experi-
ments there was no curve seen at all or the curve was completed in two
minutes. The average duration of the curve was somewhat longer for the
experiments not preceded by bleeding than for those in which it was done.

III ~Comperison of "mixing curves" for dye, dyed plasma, and undyed plasma
as determined by log. optical density-time plot.

In part A of Figure 3 en initial injection of dyed plasma was made (Al)
giving a fairly typical "mixing curve™. A subsequent injection of dye in
saline was made (Az) and again a typical mixing curve was obtaineds Part B
represents another experiment in which an initial injection of dye in saline

(Bl) was made. This gave a typical "mixing curve". This was followed by a
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plasma injected in volume of 100 cc., containing 3.5

nge T=1824, immediately preceded by 100 cce bleedinge
Agqueous dye solution given one hour later, volume 10 cc.,
conteining 10 mge dyes Semi-logarithmic plot both curves.
Dye concentrations as optical density.

Bs Dye concentrations following injection of

undyed plasma (upper curve, B-2), in dyed animale Lower
curve, B-l, shows injection of- 20 mge dye in 20 cc.
aqueous solution, one and one-half hours earlier (last
thirty minutes of curve not plotted)s Plasma injected
in volums of S0 cce, preceded by bleeding of equal

volume. Construction of figure as in Ae
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rapid hemorrhage and replacement with an equal volume of wndyed plasma. Ir
the falling optical density in Ay represents the mixing of injected dyed
plasma with the sluggish peripﬁeral circults, there should be a similar curve
following injection of undyed plasma. Mixing should then be represented by
a rising optical density as the dyed plasms in the slow circuits flows into
the central circulation and is replaced in the slower circuits by plasma with
a low optical density. No such "mixing curve” can be seen in B,, the values
from one minute onward falling on the same slope for & full hour. Undyed
plasma was injected into dyed animels in nineteen experiments of this sorte.
In twelve of these, the injection was preceded by bleeding. In most cases
with the bleeding no curve of rising optical density could be made out if the
first sample was drawn at one minute. Such curves were usually present if
the bleeding was omitteds However, in no case was the duration of the "mix-
ing curve” over five minutes. In contrast the usual duration of the "mixing
curve™ for dyed plasma or dye in saline was in the neighborhood of ten minutes
in the majority of our experiments, with a meximum of twenty minutes.

The foregoing data indicate that mixing of plasme and cells is complete
in all cases within five minutes and usually within two to three minutes,
The so~called "mixing curve" for dye was ususlly of the order of ten minutese
It seems that the "mixing curve" for dye represents some process which does
not occur to plasma or cells and, therefore, represents something other than
just "mixing"within the cardiovascular system. A study of the rates of dis-
appearence of the dye from arteriasl blood was made in ordser to obtain infor-
mation concerning the meaning of the dye "mixing curves". Dye was injected
in saline in 10-20 mgm. doses intravenously. This usually produced plasma

dye concentrations between 0.0l and 0.03 mgm/cc.
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IV = Comparison of linear, semi-logarithmic and full logerithmic
plots of optical density-time relstionships in arterial plasma
following rapid intravenous injection of T-1824 in saline.

Figure 4 shows the time=-optical density relationships following a
rapid intravenous injection of T=-1824 plotted with different coordinates.
The upper curve 1s a linear plot of the data which can be mede to fit a
straight line after twenty minutes. The middle curve is & semi-logarithmic
plot of the seme deta and the curve fits a straight line after the first
twelve minutes. The lower curve is a full logerithmic plot, and here,
all the data for the first hour cen be fitted to a straight line. After
the first hour the deviation from the straight line is downward. This
break away from linearity is the same in all the experiments of this kind.
The break was always downward and ooccurred between forty-five and seventy-
five minutes.

vV - Semi-logarithmicvand full logarithmie plots following rapid
intravenous injection of large volumes of dyed plasma.

A large volume of dyed plasma was injected rapidly intravenously
and the time-optical density relatiomships in arterial plasmas plotted
semi-logarithmically and logarithmically in Figure 5.

In both types of plot, the time-optical density curves were
similar to those obtained with the usual small volume injections of dye
in salinse.

VI - Comparison of time~optical density relationships on semi-loga=-
rithmic plots between the expected disappearance rates and
observed rates following injection of undyed plasma when the
time of injection of undyed plasma is varied.

In these experiments the total blood volume was kept constant by
a rapid arterial hemorrhage of equal volume to the injection of undyed

plasma. Figure BA shows a fourth hour disappearance curve as a straight

line on the semi-logarithmic plot. The injection of undyed plasmas caused
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Figure 6 Ae The effect of undyed plasma injectiom

on the rate of dye disappearsnce during the fourth hour.

The arrow marks injection of 100 cc. undyed plasms, three
and three~quarters hours after the injection of dye. The
slopes of optical density have been determined by the law
of least squares. The rate of dye disappearance before
plasma injection is 6.90 per cent per hour, after inject-
ion, 6489 per cent per hours

Be The effeet of undyed plasma injection on

the rate of dye disappearance during the second houre

Experiment and construction of figure as in A, except
for timinge Rate of dye disappearance before plasma
injection is 7428 per cent per houre Rate after plasma

injection is 5025 per cent per houre
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e decrease in dye concentration, but no detectable change in the disappearance
rate as a function of the existing concentration. There was éither no

change or a very slight reduétioh in slope in 2ll experiments of this kind
when the bleeding and replacement with undyed plasmawere made several hours
after the initial injection of dye. Figure 6B shows the results of a simi-
lar experiment where the injection of undyed plasma was made shortly after
initial dye injection. It can be seen that there is an abrupt lessening of
the slope.

These results are in conformity with data obtained by following dye con-
contration for periods of three to four hours in undisturbed animslse. Dur-
ing the first ome to three hours following dye injection, the rate of dye
disappearance decreases with decreasing concentration. The appearance of
rectilinearity on semi-logarithmic plots for this period is dispelled by
plotting at short intervals for longer periods, or by suddenly decreasing the
concentration with a plasma infusion.

VII - Comparison of logarithmic plots of total disappearance and dise
appearance of "New" dye.

Figure 7 affords a quantitative comparison of the early disappearance
rates following a first and second dye injection. The two "total" curves in
the figure are logarithmic plots of the total dye concentration. The slope
of the second injection is obviously less than the first in these plots.

The second injection was made two hours after the first. During the latter
half of the second hour the optical density-time relationships were plotted
on semi-logarithmic paper and this plot was extrapolated through the third
houre The "Two New" curve in the figure wes obtained by subtracting the
extrapolated values for initial dye from the actual vglues obtained following
the second injection of dye. This subtraction was made under the assumption
that the first dye, now in its third hour, would continue to disappear

exponientially while the newly injected dye was disappearing as a full
19
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Figure 7. Early dye disappearance following & first and a

second dye injectione Full logarithmic plotse Curve 1

(marked 1 Total) shows the optical densities following the

first injection of 10 mge dyes One and one-half hours after

the end of curve 1, densities were determined at intervels of
five minutes for an hour, and fitted to an expaonential rate of
disappearance (control fa'be of "old dye" disappearance, not
shown in figure).‘ A second injection of 10 mge dye was then
made, end the total densities plotted as curve 2 Totale In
curve 1 Total, dye disappearance is 24.492 per cent in the first
hour; in curve 2 Total, the disappearance is only 17.24 per cente
The lowermost curve (marked 2 New), was made by subtracting from

each reading in curve 2 Total, the extrapolated "old dye" density
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at that time ordinate as obtained from the "old dye" control
described above. The disappearance rate shown for the newly
injected dye in curve 2 New is 24425 per cent in the first

houre All lines, including the "old dye" control, drawn by

the law of least squarese

~—4‘o 3|o 2'0 l ' ' l -
- 30 = -l0 0 10 20 3
MINUTES FROM BLEEDING- REINJECTIOTEJJ °

Figure 8. The effect of bleeding and reinjection on the rate

of dye disappearance from arterial plasmme Twenty mge of dye

were injected at minus sixty minutese At minus one minute
approximately 10 cc./kg. of blood were withdrawn from an artery
into an heparinized syringe, and at time O this blood was rein-
Jected into a vein. Dye concentrations are plotted semi-loga-
rithmically as optical densities for forty minutes before and

after the bleeding and reinjectione
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logarithmic functione. When the new and old dye are distinguished in this
way, their disappearance rates in the first hour, as shown in the figure,
are practically identical. |

VIII - Bleeding and reinjection control.

Since about half of the experiments were done with pre-bleeding, the
effect of & rapid hemorrhage and replacement of the same blood within a
minute after the befinning of the hemorrhage was studied in avdog whose
plasme had been dyed with T-1824. The animal was in & steady state and the
dye was disappesring semi-logarithmically. The blood was drawn from a
cennulated femoral artery into & large syringe containing a small amount
of concentrated heparin soclution and injected rapidly at the end of one
minute into a cannulated femoral vein. The effect of this procedure on the
disappearance rate of the dye is shown in Figure 8. The post-injection dye
concentrations show neither an excessive deviation nor a change in rete of
dye disappearance. Hemastocrits obtained during the above procedure showed
only rendom deviation from those obtained prior to hemorrhage and replace-
ments In ofher control experiments undyed snimals were bled and replaced
with equal volumes of autogenous undyed plasmae Plasma optical densities
obtained at one minute intervals thereafter, showed no devietion from the
pre-injection values.
DISCUSSION:

Ae. These data do not support the widely held belief that the phase of
rapidly falling dye concentration represents "mixing" of dyed plasma in the
central circuits with that in the peripheral circuits. Undyed plasma, as
determined from the rising optical densities and rising arterial hematocrits,
appears to mix completely within five minutes in all cases and usually within

two minutes. Mixing of dyed plesmas, as determined from rising arterial
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hematoerits, is complete within five minutes and usually within two minutese.
However, mixing of dyed plasmas, as determined by the t‘ime required for the
optical density to reach 1inea.r:'rby on & semilogarithmic plot, takes fram
five to twenty-five minutese In experiments where an equal volume of

blood is withdrawn just prior to injection of dyed plasma, mixing time
might be expected to be shorteneds This is not the casee The time requir-
ed for small volume injections of dyed saline to reach linearity on a semi-
logarithmic plot is also usually from five to twenty-five minutes. These
findings seem to indicate that the continued disappesrance of injected dye
after five minutes represents some process other than mixinge.

No consistent difference in dye loss was noted when the dye was given
in small volumes of saline, or when it wﬁs given in large volumes of plasma.
In addition, no conslstent difference was established between the dye losses
on first and subsequent dye injectionse

Be The relationship between dye-concentration and time, following
the rapid intravenous injection of T=-1824 may be expressed mathematically
as:

c

% 7 -
P

where Ct is the dye concentration at time +, C, is concentration at one
minute, end TP is a power, less than one, of timee. All time values in this
formulation are in minutes vfrom the injectiones The average value for p

in & series of twenty conventional dye injections was 00553, with the
relativity large standard deviation of+0.0117. It is apparent that this
relationship can exist for only & limited period of timees As T approaches
0, the value of Ci approaches infinity. Since the highest possible dye

concentration is that of the injeotéed solution, i.e., about lmgn;/cc, it is
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obvious that the full logarithmic plot camnot represent the data immediately
following the injection. Extrapolation to the moment of injection would
require insertion of arbitrar& constants in the i;'ormula, a device for which
there is no justification in the present data. An attempt has been made

in two experiments to determine the shape of the dye disappesrance curve
during the first minute, by sampling at intervels of ten seconds following
the injection. Large veriations were observed, which were interpreted as
recirculations of the incompletely mixed colwmn of dye. Most of the values
fell above the line representing the later data in terms of the above for-
malae Further study of the very early disappearance rates is needed.

For the present purposes it is of minor concern that the logarithmiec
plot demonstrably fails to represent the date beyond the first houre In
the square root of time formula of King, Cole, end Oppenheimer (1943) an
empirical time constant is employed to represent the deviation of the
later data from rectilinearitye Their formule does not, however, represent
the data for the first few minutes, which are assumed to be distorted by
a long mixing periode Gellhorn, Merrell, and Rankin (1944) obtained a
double exponiential equation which represented the change in concentration
of injected N324, end which could be adapted to the present datae The
constants employed in their equation, however, were empirically determined
from rates of change observed several minutes after injections When the
equation was solved for concentration at time 0, calculation of the plasma
volume ylelded velues about twice those obtained by dye methods, suggesting
that their equation did not describe the reaction during the period immediate-
ly following the injectiom.

If, as the present date show, the rate of dye disappearance changes

with time, extrapolation to time O is likely to be extremely unreliabls,



regardless of the method employed. The raetes of change in dye concen-
tration which are observed after the first two to five minutes may be taken
to represent dye esceape fr'om the wvascular system after circulatory mixing is
completes Earlier rates of disappearsnce from the centrsl circulation must
be influenced by mixing, and may be either greater or less for this reasone
It appears that injected dye goes through the following phases: (1) An
initial phase of rapid disappearance occurs during which the overall rate
of diseppearsnce from the central clroulatiom is represented by & straight
line on full logarithmic plote If the rate at which previously injected
dye is disappearing is substracted (Figure 7), no difference can be detected
between a first and second dye injection. (2) This phase is followed by
a period, lasting one to three hours, during which the rate of disappearance
gradually declines with the decrease in comcentratione If undyed plasme is
injected during this period, to produce a decrease in dye comcentratio, the
rate of dye disappearence is decreased, (Figure 6 B)s (3) There is a sube
sequent period during which the rate of disappearance seems to be a fixed
percentage of the existing dyee This exponential rate of disappearence is
not changed by suddenly decreasing the dye concentration (Figure 6 A)e
Disappearance rates at still leater intervals were not studieds The identity
of behavior of a first and & second dye injection, when allowance is made
for the changing rate of disappearance with time, is at veriance with the
report of Cruickshank and Whitfield (1945).

The fact that each new dye injection must pass through & phase of rapid
diseppearence is, of course, what would be expected if the dye were lost
from the plasma compartment into a space which reaches a state of equili=-

brium with plasma fairly soone
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INTRODUCTION
PART I1

Ae Measurement of plasma volume as the distribution volume
of injected autogenous plasma.

The date presented in Part 1 of this paper indicste: that the
initial excessive rate of disappearsnce of injected dye is not due to
mixing within the cardiovascular system. This 1s indirect evidence
that the Gibson and Evans method for determining plasma volume yields
values that were too highe Other observations (Stead and Ebert, 1941;
Lewson, Rappaport, and Ramirez 1946; Meneely, Wells, and Hahn 1947)
indicate thet plesma volums as dotermined by the method of Gibson and
Evens is overestimateds Nomne of these studies, however, offer an
independent estimate for plasma volume which was more reliablee

It seemed feasible to attempt to determine plesms volums from the
amount of dilution of dyed circulating plasma with known volumes of
undyed autogenous plasmae Control experiments have shown that such
plasma injections do not change the rate of dye disappearance if given
at a sufficiently long interval following the dye injectione There
is, furthermore, no evidence that the dye which has 'Been lost from the
plasma compartment returns in any appreciable amount. Errors in the
dye injection method due to dye escape during the early phases should
not be present in the dye dilution method for these reasonse No
assumptions are made regarding the actual amount of cireculating dye, except
that it is not changed by the plasma injectionse

The dilution of normal pleasma constitudnts by injection of large
volumes of crystalloidal or foreign colloidal solution was employed by

De Crinis (1917) and Loewy (1920)s There was no assurance that the
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in jected substances would remain in the cardiovascular system in these
C&SeS. Furthermore, msny 1a.f‘ge technical errors were inherent in the
methode In the present study, percentage technical errors are reduced
by injecting enough dye to give the circulating plasma & high optical
density end by using undyed autogenous plasms for the dye dilution in
sufficient volume to give a 15 to 30 per cent decrease in the circulating
dye concentration. It is assumed that the autogenous plasma will undergo
minimal changes in volume within the circulatione. In some of the earlier
experiments with the dye dilution method the undyed plasma was rapidly

in jected after the circulating dyed plasma was in & steady state and
disappearing from the arterial plasma at an exponential rate. In

these experiments the blood volume was increased about 10 cc/kg. and

the post=injection optical densities of the arterisl plasma varied in
such a menner that extrapolation to the insteant of injection was diffi-
culte In all the lster experiments, the attempt was made to keep blood
volume constant by preceding the plesma injection by a rapid arterial

hemorrhage equal in volume to the injectiome
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METHODS

Barbitelized, splenectomized dogs were used and autogenous heparinized
plasma was obtained as described in Part I. Hemorrhage, infusion of auto=-
gonous plasma and ths drawing of samples were done as described in Part I.
Circulating plesma was dyed with a dose of T=-1824 large enough to give
plasma dye concentrations of the order of 0025 to 0.035 mgm/cce One
to four hours later approximately 10 cc/kg- of blood was rapidly drawn
from a cennulated femoral arterye Thisg was immediately followed by the
rapid infusion of an equal volume of undyed autogenous plasmae The total
time for hemorrhage and infusion was generally of the order of one minute
or less. Samples of circulating plasma were taken at frequent intervals
following the hemorrhage axd infusion in order to determine and to compare
plasma volume as determined by the Gibsan snd Evans, the full logarithmic,
and the dye dilution methods.

The calculation of plasma volume is based on the assumption that
the optical density of the mixture of dyed and undyed plasma in the
circulation after injection of the latter is simply the mean of the two
densities as measured before the injection.

Under these conditionss
P.Ve = vr x (Em - Er) + %o
T E =B
P mn

where PeVe is the circulating plesma volume immediately before the
hemorrhage and replacement, V.. is the volume of injected plasma, EP is

the optical demsity of the circulating plasma at the instant of hemorrhage,
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E, is the optical density of the mixture after the injectimm, and E,

the optical density of the injected plasmae Since the wolume of the
circulating plasma volume at the instant before hemorrhage is to be
determined it is necessary to add the volums of plesms drawn during the
hemorrhage, P,, If this is not done, the equation solves for the cir-
culating plasma volume at the end of the hemorrhage. If all the optical
densities are read against an undyed plasma reference, and autogenous
plasma is used, E,. drops out of the equations In those experiments
where no hemorrhage preceded the infusion, the value P, was left out of
the equation which then solved for P.V; at the instant before injectione.
Figure © shows the type of data obtained. Ep and Em are read at the
completion of plasma injection by extrapolation of the two optical
density curvese It is essential for the accuracy of this method that
the blood volume remein the same for a short while after the hemorrhage

and infusion as it was prior to this procedure.
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At time O, 100 cce. undyed plasma were injected, following

withdrawal of 100 cce tloode

E =
P

The extrapolations yield

0.2806, and Em; 0.2143 (antilogse)e Since the

optical densities were read against undyed plasma as a

reference, Er = O

PV = 100
042806 = 0,2143

062143 ® 323 cce

Plasma volume (see text) is thus:

In this experiment there

appears to be a three-minute mixing period for the

injected plasmae
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RESULTS

The essential date are giﬁn in table 1., which shows comparative
values for plasma volume obtained as follows:
(1) By the dye injection method of Gibson and Evans as PeV = _D, where
D is the amount of dye injected, and ¢ is the concentrstion at :ime 0
obtained by extrapolating the approximately exponential segment of the
time-concentration curve plotted after the first fifteen minutese (2)
By the same formula, substituting for ¢ in the above formula the dye
concentration read at one minute on the full logarithmic smoocthed plot
which was described in Part Ie This value will be referred to as the
one minute dye volumee (3) By the subséquent injection of undyed plasma
as described in the foregolnge This will be called the dye-decrement
volume e

The table shows that the apparent distribution volume of the dye,
at one minute following its injection, is usually very similar to the
distribution volume of injected undyed plasmas Both of these volumss
are consistently smaller than the plasms volume as obtained by the
method of Gibson and Evanse Where there is any appreciable difference
between the one-minute dye volume and the dye-decrement volume, the one-
minute volume is always 1arger; This would be expected if same dye has
escaped from the plasma compartment within the first minute.

Figure 10 shows the agreement between the one-minute dye volume
and the dye-decrement volume in anocther forme If Gibson snd Evans!

interpretation of the time-concentration curves for dye is correct, the

distribution volume of dye within the vascular system is expanding through=-

out the initiasl phase of fast disappearances In the construction of Figure
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TABIE 1

Comparative walues for plasma volumee The values given under the head-
ing G & E were obtained with the dye method of Gibson and Evanse The
column headed l-min. dye gives values obbtained by substibtuting the
concentration of dye observed at one minute in the Gibson and Evens!
calculations The values listed under Dye decrement were obtained with
undyed plasma injJection as described in the text. The last three columms
give the ratios of these comparative valuese Dye decrement wvalues for
dogs 11 and 12 were obbtained without bleeding before the injection, all
others with bleeding (see text). All volumes are given in cubic centi-
meterse.

Dog noe G & E l-min. Dye 1-min./ Dye dec./  l-min./
dye decrement G & Be G&E dye dece
1 414 370 363 04894 0.878 1.019
2 500 454 411 0.907 0.823 1.102
3 470 395 361 0.840 0.768 1,094
4 650 567 570 0.872 0.876 0.994
5 552 491 490 0.890 0.888 1.001
6 370 341 345 0.921 0,933 0.989
7 346 308 296 0.890 0.856 1.039
8 576 498 466 04866 0.808 1,069
9 380 338 335 04890 0.882 1.008
10 489 410 385 04840 0.738 1.064
11 620 534 532 0.861 0.858 1,004
12 545 446 454 0.818 0.833 0.984
Avee 0.874 04849 1,031
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Figure 1Ce The ordinates show the apparent expansion
of the dye distribution volume during the "mixing
period”, calculated fraom D = D , where D is the

Cle c1
amount of dye injected, C1e 18 the concentration at one
minute obtained by extrapolating the later exponiential
slope, and ¢ is the actual concentration at one minute
read on the loge~loge smoothed plote The abscissae show
the difference between the conventional dye~injection
value for plasme volume, and the volume obtained by the

dye~decrement methode The dashed 1line is drawn at

perfect agreemente
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2 the apparent expansion during this period is obtained for our experi-
ments as -%E'e - _Icli, where D 1s the amount of dye injected, ¢, is the
concentration at one minute on Gibson and Evans' exponential extrapolation,
and ¢y is the actual concentration at one minute on the full logarithnic
smoothed plote The differences between the Gibson and Evens and dye-
decrement values are in very good agresement with the apparent expansion
of the dye distribution volume during the rapid.disappearance phase. It
is difficult to explain this correlation on the basls of any systematic
error in the dye~decrement methode 1If, on the other hand, the dye~
decrement method yields a more nearly true value for plasma volume, this
correlation would be expecf:ed. The error in the volume obtained by Gibson
and Evens! method should be a function of the dye lost from the plasms
compartment during the initial rapid disappearance phase.

Controls on the walidity of the dye-~decrement method were obtained
by using dyed plasma rather than undyed in otherwise identical experi-
mentse Table 2 shows the values obtained for plasme volume by the
injection of dyed autogenous plasma as compared with small volume inject-
ions of highly concentrated dye solutionse The dyed plesme wes converted
to total dye injected and the volume of plasma injected was substracted
from the resultant plesma volumee In all the experiments, the values
obtained with dyed plasms agreéd within 7% with the value obtained by
the conventional dye-injection methode The disagreements were random

in direction, with an average for the group of only le.5% differences
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TABLE 2

Comparative values for dye distribution when injected in a large volume

of plasma and a small volume of aqueous solubion (saline)s The values
given under the heading Dye are the dye distribution volumes obtained

by the method of Gibson and Evans with injection of 10 to 20 cce. of
conventional dye solution. The values given under d plasma are the

dye distribution volumes obtained by the same calcu?gtian (see text) with
the injection of 100 to 150 cc. of dyed plasma (10 cc./&g.), after correct-
ion for the volume of plasma added to the circulations All volumes are
given in ocubic centimetsrs.

Dog noe Dye Dyed plasma  Dyed plasma/ Experimental condition
dye
13 461 489 * 1.059 Dye first, bleeding
14 654 660 7 14010 Dyed plasma first,
no bleeding
15 532 514 0.966 Dyed plasma first,
no bleeding
16 530 502 0.950 Dyed plasma first,
bleeding
17 558 554 0992 Dye first, no bleeding
18 362 379 1.047 Dye first, no bleeding
19 349 327 06933 Dyed plasma first,
bhleeding
Avee. 0,985
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DISCUSSION

The control studies with dyed plasma injection fail to reveal any
systemic error in the dye-decrement method. Circulatory disturbances
or errors in the basic assumptions, capable of producing a systemic
difference between the dye injeotimm volume and the dye-decrement volums,
should also systematically influence the apparent distribution volums
of injected dyed plasma. In tle control studies, howsver, the distribution
volume of dyed plasma is not consistantly different from that of dye
injected in the usual mamnere. It seems unlikely that the presence or
absence of dye in the injected plasma will actually influence the distri-
bution of the plasma within the circulationg therefore, the difference
between dyed and undyed plasma most probably means that dye leaves the
latter to distribute itself beyond the plasms compartmsnte.

The time-concentration curves are treated in exactly the same mammer
in these studies, in obtaining the dye=-injection and dye=decrement volumse.
For both calculations an exponential post-injection slope is extrapolated
to the tims of injection to obtain the change in optical density after
complete mixing and before loss of injected materiale The calculations
are fundamentally identical and based on identical assumptionse Both
assume a constant rate of chané;e to begin at the time of injectiom with
the possibility of masking during an initial mixing periode This period
of mixing usually lasts two minutes or less in the dye-decrement methode.
It lasts from five to twenty-five minutes in the dye injection msthode.

The assumption of a constant rate of change thus comss closer to empirical
verification with the dye~decrement methode The qualitative data present-
ed in Part I and the quantitative controls in Part II seem to indicate

that the dye-decrement plasma volumes are more reliable than the dye
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dilution plasma volumese

Early dye methods of plasma volume determination allowed a supposedly
minimum time for circulatory mixing, usually of the order of three minutes,
and samples were drawn as soon as possible thereafter in order to minimize
dye loss (Keith, Roundtree, and Geraghty, 1915)s The empirical agreement
in the present studies between the one minute dye volumss and the dye=-
decrement volumes suggests that the former may be useful in obtaining an
approximete vaelus for plasma volume. The agresment, however, may be
simply fortuitous. Mixing of plasma solute is not always complete within
one minute and also the injected dye may disappear from the circulation
before mixing is camplefe in gquantities large enough to introduce other
errors in plasma volume determinationse It is possible that these two |

processes sumate in such a way as to yield a true value for plasma volumee
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PART 1

A. Mixing of red cell suspensions, plasma, end the dye T-1824
within the cardiovascular system of barbitalized dogs was studieds In
some experiments the blood volume was kept constent and in others it
was expandeds Mixing of injected cell suspensioms end aubogenous plasms,
as determined by the time required for the post=injection hematoerits to
reach a steady state, wes never longer that 5 minutes and usually less than
3 minutese

Mixing of undyed autogenous plasma in the cardiovascular system of
dogs thet had had their plesms previously dyed (with T-1824) was usually
complete within 3 minutes. This was determined as the time required for
the post-injection optical densities to reach linearity on a semilogarithe
mic plote Mixing of dy;a in saline or autogenous dyed plasms required from
five to twenty=-five minutes. This was determined as the time required for
the post=-injection optical densities to reach linearity on a semilogerith-
mic plote No consistent difference in the time for mixing of dye was
noted when it was injeoted in high cancentratiomns in a small volume of
saline or when it was given in low concentrstim in relatively large
volumes of plasmee No significant difference was observed when the
injection was preceded by an equivalent blood withdrawale

It is concluded from the foregoing data that the mixing time for
cells and pleasma is of the order of 5 minutes under the described experie
mental conditionse The continued rapid diseppearsnce of injected dye
beyond the first 5 minutes, cennot be expleined as being due to mixing
of plasma from the central circulation with the peripherels This seems

to be explained best by the pessage of dye outside the vascular systeme
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Be When the dye T=-1824 is injected intravenously into barbitalized
splenectomized dogs, arterial dye concentrations from one to approximately

sixty minutes after injection decrease in accordance to the relationship:

% = E%,, where C'b is the concentration at any one minute, T is time in
minut:s from the injection, and p is a fractional powere The average
value found for p in twenty dye injections was 00555, standard deviation
4+ 00117 The fact that the dye concentration-time relationship. is
linear on full logarithmic plots for approximately an hour after injection
is useful for smoothing the values during the phase of rapidly falling

dye concentration. This aids in the quantitative study of dye disappear-
ance during the first hour.

Evidence is presented which indicates that disappearance of the dye
T=-1824 occurs in three phasese The first is characterized by rapid dis-
appearance and lasts far approximately one houre During this phase the
logarithm of dye concentration is a linear function of the logarithm of
timse This is followed by a transition phase lasting from one to three
hourse The third one is an exponential phase in which the logarithm of

dys concentration is a linear funetion of time. Each new dye injection

appears to go through these three: phases.
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SUMMARY

PART 11

A method for determining plasma volume from the dilution of dyed
plesma with aubtogenous undyed plasma is describsde Values for plasma
volume in barbitalized dogs obtained by the method of Gibsom and Evans
with the dye T-1824 were compared with those obtained with the autogenous
plasme infusion method (dye-decrement method)e The dye-decrement values
averaged approximately 85% of the dye fiistribution volume in & series
of twelve animels, with extremes of 77' end 93%. When control experiments
were performed using dyed rather than undyed plasma, the plasms volumss
obtained were in good agreement 'w?i'bh those obtained with small volumes
of concentrated dye solutione

When plasma volume was estimated from the dilubion volume of the
injected dye at one minute on & full logarithmic smoothed plot of the
rapid disappearance phase, the values were found to be in fairly good
agreement, as a rule,with the dye-decremsnt volumes. When a large amount
of dye disappeared from arterial plasma during the rapid disappearance
phase, the apparent distribution volume of the dye as obtained by the
method of Gibson and Evans was greatly in excess of the distribution volume
of undyed plasmae When only a small dye disappearance was obssrved, the

two distribution volumes were more nearly in agreement.
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