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Schiicking (I1879) estimated the total blood
volume of six newborn infants. In two infants,
whose cords had been tied soon after delivery, blood
volume was distinctly smaller than in four other
infants whose cords had not been tied until some
minutes after delivery. However, these estimates
were made by Welcker's method and were by no
means exact. The plasma volume of newborn
infants was measured by Lucas and Dearing (1921)
using brilliant vital red, with rather variable results.
Robinow and Hamilton (1940), using the same
method, found an inverse relationship between
haematocrit and plasma volume, and noted that
high blood volumes were slightly more common
when the haematocrit was high. Estimations with
the dye Evans blue were made by Brines, Gibson,
and Kunkel (1941), and by Russell (1949), but both
these studies were chiefly concerned with children
rather than with very young infants.
A more extensive study of the plasma volume of

newborn infants was made by DeMarsh, Windle,
and Alt (1942), who were particularly concerned
with demonstrating the effects on blood volume of
early and late tying of the cord. Total blood volume
was calculated from plasma volume and venous
haematocrit. Their findings may be summ
as follows: in infants who were deprived of their
placental blood by early clamping of the cord, the
haematocrit did not rise after delivery; by contrast,
in infants who recovered their placental blood, the
venous haematocrit rose, on the average, from
510o to 610o within three hours of birth. The
plasma volume three hours after birth was not
significantly greater in infants recovering their
placental blood than in those deprived of it-further
evidence of the rapidity of the adjustment. Three
days after birth the findings were substantially the
same, that is, the average plasma volume in the
two groups was almost identical but the venous
haematocrit averaged 60°', in those infants who had
recovered their placental blood and was only 510o

in those who had been deprived of it. There were
considerable variations between individual estimates.
For example, in one infant whose blood volume was
estimated on the first and third days of life, the
figure was 408 ml. on the first day and 243 ml. on
the third day. That this difference in the estimates
was largely to be ascribed to experimental error is
suggested by the observation that the venous
haematocrit was substantially the same on the two
occasions. One is bound to conclude that the
method of plasma volume estimation carried rather
a large error.

Although the main conclusions of DeMarsh et al.
on the effect of placental transfer appear to be
soundly established, the figures for total blood
volume published by them cannot be taken as a
reliable guide to the true blood volume of newborn
infants. It is now widely recognized that estimates
of blood volume based on plasma volume and
venous haematocrit are higher than the true values.
Smith, Arnold, and Whipple (1921), who were
perhaps the first to reach this conclusion, suggested
that the discrepancy was due to the fact that the
proportion of red cells was higher in large vessels
than in the body as a whole.
Hahn, Balfour, Ross, Bale, and Whipple (1941),

and Gibson, Peacock, Seligman, and Sack (1946)
estimated red cell volume using red cells tagged
with radioactive iron. They found that these
direct estimates were always lower than those
deduced from measurements of plasma volume
and venous haematocrit. Gibson et al. concluded
that the ratio

whole body haematocrit'
venous haematocrit

was a constant, the term 'whole body haematocrit'
being used to denote the relationship between the
true red cell volume and the true total blood volume.
Their conclusion was based on observations made
on human subjects whose venous haematocrit ranged
from 38-5% to 48. 10 and on dogs whose
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haematocrits ranged from 31,o to 62%o (only two
above 53,0).

It is evident that if the relationship of 'whole
body haematocrit ' to observed venous haematocrit
is in fact a constant, it should be possible to measure
total blood volume accurately simply by estimating
plasma volume and venous haematocrit and then
multiplying the venous haematocrit by the appro-
priate constant so as to discover the true red cell
volume. It is to be noted that Gibson, Aub, Evans,
Peacock, Irvine, and Sack (1947) and Ross, Finch,
Peacock, and Sammons (1947) have stated that true
red cell volume can be deduced from plasma volume
and venous haematocrit in a different way. First,

Blood volume = Plasma volurme ( H)

where H = venous haematocrit.
then

Observed red cell volume = (blood volume) -(plasma volume);

this observed red cell volume is then multiplied by
the ' constant ' 0-85, to obtain the true red cell
volume. Below, it will be demonstrated that this
method of calculation is open to criticism.
At first sight it might appear that the true blood

volume of normal infants could be discovered simply
by recalculating the figures of DeMarsh et al.
However, there are several reasons why this method
could not be relied on to give precise answers.
First, DeMarsh et al. found great variations in
plasma volume from one case to another, suggesting
a rather large experimental error. Secondly, even
if it were true that the relationship of whole body
haematocrit to observed venous haematocrit were
constant in infants, as in adults, it could not be
assumed that the constant had the same value in the
two groups. Moreover, it cannot be assumed that
the relationship between whole body haematocrit
and venous haematocrit, which has been shown to
apply in adults and dogs when the venous haemato-
crit ranges between 31 00 and 530 (or even to 620o),
will continue to apply when the haematocrit rises
to higher levels. For instance, the venous
haematocrit of newborn infants may exceed 700o.
Thus it appeared that the best way to discover

the true blood volume of infants was to measure
plasma volume and red cell volume separately.
By doing this, it was hoped not only to establish
reliable figures for the blood volume of newborn
infants, but also to determine the relationship
between observed venous haematocrit and whole
body haematocrit over a wide range. The study
was closely linked with another piece of work
proceeding simultaneously. This had as its object
the determination of the rate of red cell exchange
during replacement transfusions in infants affected
with haemolytic disease of the newborn. Thus,

although the majority of the infants tested were
healthy, some were affected with haemolytic disease
of the newborn.

Me-tbods

Selection of Cases. Fifty-three newborn infants were
tested; of these, 38 were healthy and 15 were affected
with haemolytic disease of the newborn. However,
seven of the latter infants were only mildly affected and
had venous haematocrit values within the normal range.

Clinical Procedure. At the moment of birth a small
sample of blood was taken from the umbilical cord, to
be mixed with radioactive phosphorus as described below.
In some cases the cord was tied immediately after birth
and in others was not tied until the umbilical vein had
almost collapsed. in these latter cases the taking of the
sample was delayed so as to interfere as little as possible
with the transfer of blood from the placenta to the
infant.
Of the blood volume estimations, 700o were carried

out within six hours of birth; only two of these estimates
were made less than one and a half hours after birth.
In the remaining 30%0 of cases the estimates were made
when the infant was 61-24 hours old. With careful
aseptic precautions the umbilical cord was completely
divided about 2 cm. from the abdominal wall and a
19-gauge pure polythene catheter, sterilized by boiling,
was passed up the umbiLical vein for a distance of
5-7 cm. After withdrawing about 1 ml. of blood to
rinse the zatheter, a new dry syringe was attached and
a sample of 8 to 10 ml. was withdrawn. Then, through
the same needle and catheter 1 ml. of a suspension of the
infant's own red cells, prepared as described below, was
injected from a calibrated syringe. After the injection
blood was drawn back from the infant into the syringe
and re-injacted, and this washing-in was repeated about
six times. Evans blue, 1 ml. (containing approximately
1 mg. of dye) was now washed in from another calibrated
syringe in the same way. (The same two 1-ml. 'tuber-
culin' syringes were used throughout.) The catheter
was now withdrawn. Approximately eight minutes later
a new catheter was inserted and then, between nine and
thirteen minutes after the injection, a sample was with-
drawn, noting the precise time that had elapsed. As
before, the catheter was first rinsed by withdrawing 1 ml.
of blood before the sample (approximately 10 ml.) was
obtained. The cord was now tied and dressed in the
usual way. The procedure did not upset the infants at all
and was not followed by any untoward sequelae. As a
rule, the infant was not given penicillin as a prophylactic
measure, and no infections were observed. In all cases
the umbilical stump healed normally.

In 17 of the earlier cases a slightly different procedure
was followed. No sample of blood was taken before
the injection of the tagged red cells and dye, but two
samples were taken afterwards, at 10 and 20 minutes
respectively. In these cases the concentration of dye in
the plasma was determined by Morris's chromatographic
method (1944). A further difference in eight of these
cases was that the dye and radiocative cells were injected
in a larger volume of fluid (total 15 ml.).
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Measurement of Plasma Volume. Plasma volume was
measured by two methods, (a) direct, and (b) by
extraction.

(a) DIRECr METHOD. The concentration of dye in
the 10-minute plasma sample was measured in the
photoelectric colorimeter, in cells with an optical
thickness of 5 mm., using pre-injection plasma as a
blank. The filter used was a combination of Ilford
filters 803 and 205.* This filter is highly selective and
traces of haemolysis do not cause appreciable errors.
Nevertheless, in the one or two instances in the present
series where samples were slightly haemolysed, the
samples were discarded.

Standards were prepared in two ways: first, at the
time of each blood volume determination, 20 c.mm. of
the dye injection solution was pipetted into 3 ml. of the
infant's pre-injection plasma (after using the latter as a
blank in the colorimeter), to give a 1 151 dilution of the
injection solution. These standards varied from one
another by as much as 40o. It was demonstrated that
the variation was mainly due to the irregular way in
which T-1824 adhered to the walls of the capillary pipette
rather than to any difference between plasma samples.
The average value of the standards showed no tendency
to rise or fall during the period of the experiments. It
was considered that a more precise estimate of the
standard could be obtained by making dilutions of
Evans blue in plasma on a larger scale. Accordingly dye
was delivered from the syringe used for injection into a
volumetric flask. Various dilutions (in serum and
plasma) were made and a calibration curve was obtained.
It was noted that the relation between dye concentration
in plasma and the optical density of the sample was
substantially linear over the rather small range of
concentrations encountered in this series. Therefore,
finally, a standard galvanometer reading was taken as
corresponding to a plasma volume of 150 ml. and all
calculations of plasma volume were based on this figure.
In fact this figure differed by only Io, from the average
reading of all the small-scale standards referred to above.

(b) EXTRACTION METHOD. In some prehminary
experiments dye was added to plasma and then eluted
by Morris's chromatographic method (1944). The
recovery of the dye was estimated and found, as claimed
by Morris, to be virtually complete.
As a further check the plasma volume of a few infants

(and adults) was measured by this method, and by the
direct estimation of the dye in plasma; very satisfactory
agreement was found. Accordingly, in a series of 17
infants the plasma volume was estimated by this method.
The first 13 cases gave figures which seemed mutually
consistent, but the next four results were much higher.
In two of these latter cases the plasma volume was also
estimated by a direct method and found to be some 200o
lower than the estimates of the chromatographic method.
It seemed certain that dye was being lost in the extraction
process, and this was soon confirmed by a more extensive
series of experiments in vitro. In these experiments the
recovery of the dye was often complete, but in an

* We are grateful to Professor E. J. King for suggesting the use
of these filters.

appreciable proportion of cases the dye was not com-
pletely absorbed from the plasma when the samples
were passed through the aluminium hydroxide column.
The difficulty was not overcome by substituting many
different samples of AI(OH)3, nor by adopting the
modified procedure recommended by Hecht and Green-
berg (1948): we did not, however, succeed in obtaining
the brand of Al(O1f)3 recommended by the latter workers.
It had thus to be concluded that in our hands the results
of the chromatographic method could not be considered
consistently reliable.

In the cases in which dye concentration was measured
by the chromatographic extraction method, standards
were prepared in two ways: either by injecting dye into
a known volume of plasma from the syringe used in the
estimation and then putting 2 ml. aliquots through the
extraction process; or by pipetting small quantities of
dye into known volumes of ' eluent B '.
D-e Loss. It was recognized that by taking only one

sample of plasmna, 10 minutes after the injection of the
dye, some error would be introduced because of variable
losses of dye from the circulation in individual cases.
Noble and Gregersen (1946) found that in adults estimates
based on a single sample taken 10 minutes after injection
nearly always gave values between -20 and -4%0 of
the ' true' values, that is to say, the values calculated
from extrapolation of the disappearance curve after
mixing was complete.
Data obtained from our red cell volume estimates

showed that in newborn infants mixing of red cells is
virtually complete within 10 minutes of the injection.
It is possible that mixing of the plasma is a little slower
since it is known that red cells circulate more rapidly
than does plasma (Freis, Stanton, and Emerson, 1949).
But it seems likely that mixing of the plasmna is at least
very nearly complete at 10 minutes. Estimates of the
rate of dye loss in newbom infants were obtained in
two different ways: firstly, in those infants from whom
samples were taken 10 and 20 minutes after injection
and in whom dye concentration was measured by the
extraction method. In these cases dye concentration
was on the average 3% lower in the 20-minute samples
than in those taken at 10 minutes. Secondly, in other
cases, two or three plasma samples were taken during
the few hours following injection; the estimates were
corrected for the effect of haemodilution if any significant
changes in haematocrit occurred. From these experi-
ments it was concluded that the rate of dye loss in
newborn infants is of the order of 20%o per hour, and
is thus appreciably higher than in adults. Accordingly,
it is probable that during the 10 minutes after injecting
the dye into infants, there is a loss of some 3%0 to 40o
compared with 100 to 2%0 loss in adults during a similar
period. If plasma mixing is complete at the end of
10 minutes, in the newborn infant, as it is in the adult.
estimates based on the dye concentration of the 10-minute
sample will thus tend to be, say, 3%0 too high, but any
extra slowness in mixing in the newborn infant would
cause an error in the opposite direction. Since it was
not feasible to make direct measurements to estimate
the mixing time in newborn infants, and since it appeared
that in any case the correction involved would be a
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small one, it was decided to make no correction and to
base all estimates of plasma volume on the dye con-
centration of the sample taken 10 minutes after injection.
One firther point to consider is the possibiity that

after withdrawng such a relatively large amount of blood
as 10 ml. from an infant, some haemodilution may occur,
even during the subsequent 10 minutes. If this did
occur, it would obviously introduce a further error into
the calclation. However, the average change in venous
haenatocrit 10 minutes after withdrawing 10 ml. of
blood, in 21 infants in whom observations were available,
was found to be only -0-3 division on the haatocit
scale. At first sight this might appear to be evidence
of slight haemodllution, but it must be renembered that
when a venous blood sample is taken the blood removed
is not strictly epresentative of the blood in the whole
body but contains a higher proportion of red cells.
Thus, even if there is no increase in plasma volume after
withdrawing a blood sample, there will be a small fall
in venous haematocrit as soon as the adjustment is
complete. The extent of the fall expected in this
particular series was acuiated, using data described
below, and was found to be 0 3 on the haematocrit
scale. It was thus concluded that the very small fall in
venous haematocrit observed was not evidence of any
significant replaement of plasma following the with-
drawal of the 10 ml. sample. The plasma volume before
taking the first blood sample was clculated by estimating
the plasma vohlme 10 minutes after injection and adding
to this figure the amount of plasma removed in the first
blood sample.

In eight of the cases in which plasma volume was
estimated by the extraction method for Evans blue, the
dye and radioactive cells were injected in a volume of
approximately 15 ml. In timating the pre-injection
volume in these cases, a correction was applied on the
assumption that the fluid was retained in the circulation
during the 10 minutes after injection. Evidently this may
have added to the error of these estimates, and it should
be made clear that the main conclusions of this paper do
not depend on this seres of estimates. Plasma volume
was estimated by the direct method in a further 25
infants, and all the conclusions reached in this paper can
be supported on this evidence alone. Neverthelss, the
first 13 estimates of plasma volume made by the
extraction method do not appear to be inconsistent with
the remaining data, and they have therefore been
included; these observations are specialy marked in the
tables and figures.

_ to of Red Cedl Vo_ wit
Pbospbo_ The method used was essentially the same
as that described by Reeve and Veall (1949), with only
minor modificions. About 5 mL of the infant's blood
were incubated with 5 to 10 micro-curies* of P2 for
30 to 45 minutes, so that, after washing, the red cells
contained about 1 micro-curie of p2. After the red cells
had been washed the volume of saline suspension was

I The P3 was supplied partly by Oak Ridge National Laboratories,
U.S.AEC., and partly by the Atomic Energy Research Establishment,
Harwell, through the M-R-C. The quantities were measured in tcrms
of the micro-curie adopted by the LRC. as the standard of activity
for P32 for the year 1949.

adjusted to 5-10 ml. Of this suspension 1 ml. was
injected into the infant and 1 ml. was used for the
preparation of a standard 1/100 dilution. Consequently,
the pi2 dose was 0-1 to 0-2 mico-curies in the form of
labelled red cells.

Syringe calibration tests in vitro using a labelled rd
cell suspension showed that with the syringe selected for
these experiments it was possible to inject 1 ml. of radio-
active red cell suspension with an error of less than 1%.
The blood samples wvre taken into dry, heparinized

10 ml. graduated centrifuge tubes. After removal of
sufficient blood for haematocit determination, the tubes
were covered with a celophane cap and centrifuged at
3,000 r.p.m. for 20 to 30 minutes. The volume of the
blood sample could then be read to within ±0 05 ml.
The supernatant plasma was removed for dye estimation,
and suffiient phosphate-citrate buffer solution was then
added to the packed red cells to bring the volume of the
sample to 10 mL After lysing the red cells with saponin,
the P2 content of each sample was compared with that
of the standard by means of a liquid sample counter
(Veall, 1948). After correcting for dilution, haatocrit
and pa2 loss from the red cells in vivo, the P" content
per mL of red cells was obtained. The amount Of P32
injcted could be determined from the value of the
standard solution, and thus the infant's red cell volume
could be calculated. The correction for P2 loss was the
same as that used by Reeve and Veall in their wori on
adults, ie. +1% for a 10-minute sample, +2% for a
20-minute sample, etc. In a number of cases two or
more smples were obtained from the infant, usualy at
10 and 20 minutes after injection of the labelled red cells,
and no significant difference was found between the
figures for red cell volume calculated from these two
samples. Consequently, it would appear that no
appreciable error is introduced by assuming that the
rate of loss of P32 from red cells is approximately the
same in infants as it is in adults.

Radiatiom Dosage. The question of radiation dosage
received by the patient when this method is used for
the determination of red cell volume is disussed in detail
by Reeve and Veall (1949). In the present experiments
the amount of P32 used was less than 0-1 micro-curie
per kg. body weight. Assuming that aU the injected P2
remains in the blood stream for the first 24 hours after
injection, and assuming a blood volume of 85 ml.ikg.,
the blood and the imdiate environs of the vascular
system would receive a radiation dose of0 049 equivalent
roentgens (r.) in 24 hours. This can be regarded as the
absolute maximum dose received by any organ in the
body in any one day, and is certainly an overestinate.
The loss rate of P22 from the blood is such that about
half of it has disappeared in 24 hours, to be distributed
around the body or excreted. This figure may be
compared with that for the maximum permissible daily
radiation dose of 0 1 r., which is currently a pted
(M.RC., 1949) for thosewho encounter radiation hazards
every working day throughout their life. Alternatively,
if the radio phosphorus is considered to have been
redistributed and fixed uniformly all over the body, then,
negleting excretion, the tissues would receive a total dose
of 0 087 r. during the radioactive life of the P22, spread

18
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over several weeks. It is known that P32 is selectively
taken up by certain tissues, though probably not in
excess of about six times the average body concentration.
Such tissues would thus receive a total of about 0-5 r.,
again spread over several weeks. This appears to be of
the same order as the dose received by the foetus when
a single radiograph is taken during pregnancy, or the
skin dosage received as a result of an ordinary diagnostic
x-ray film (Martin, 1947). In any case, even in an organ
in which the concentration was six times the average
throughout the body, the maximum dose rate would be
the initial one of 0-024 r. per day, which is still con-
siderably less than the nmaximum permissible daily dose.
Thus, the radiation hazard of this method of investigation
is no greater, and is almost certainly less, than that of a
single routine x-ray examination.
Deterlmtiom of Red Cell Volume by the Ashby

Method. In five cases red cell volume was determined
by the Ashby method as modified by Barnes, Loutit, and
Reeve (1948). Some further modifications were neces-
sary to make the method suitable for use in infants.
Three of the infants tested were affected with haemolytic
disease of the newborn and were transfused with Rh
negative blood; the fourth infant was transfused because
it was found to be pale and cold after birth and it was
considered that it would benefit by transfusion. In each
of the five caces approximately 10 ml. of the infant's
blood was first removed and then an accurately measured
amount (40-50 ml.) of fresh blood of suitable group was
injected from an all-glass 50 ml. syringe over a period
of some 10 or 15 minutes. These manipulations were
carried out through a polythene catheter passed up the
umbilical vein. Five to ten minutes after the end of the
injection a fresh catheter was passed and a sample of
blood obtained. The concentration of donor red cells
in the post-transfusion blood sample was estimated by
differential agglutination using anti-A or anti-M serum.
The red cell volume of the infant after transfusion was
calculated from the formula given by Barnes et al. (1948).
The red cell volume before transfusion was then cal-
culated by deducting the volume of red cells injected
and adding the volume of red cells removed in the first
blood sample. In making the red cell counts, both on
the donor blood sample and on the infant's post-
transfusion samples, not less than 2,000 red cells were
counted.

Venous Haematocrit. The venous haematocrit was
determined by centrifuging blood samples in ordinary
Wintrobe haematocrit tubes; the tubes were spun for
30 minutes at 3,000 r.p.m. in a centrifuge of 15 cm. radius.
Following Barnes et al. (1948), all observed readings
were multiplied by the factor 0 - 95 to correct for trapped
plasma and thus to give a true estimate of the volume of
red cells in the sample. For the estimation of red cell
volume, it was necessary to determine the height of
the red celLcolum in the haematecrit -tube, rather than
the total height of the cell column. In practice this was
sometimes difficult because the separation between red
cells and white ceUls was often not so sharp as in the
adult haematocrit. Often there were two layers above
the red cell column, the lower of the two being pink and
the upper white. The pink layer was sometimes not

separated from the main red cell column by any sharp
dividing line. Since the upper layer usually occupied
only about 0-5 of a division, whereas the pink layer
occupied one or two divisions, and the leucocyte count
is known to be considerably higher in the infant than in
the adult, it was considered that the subtraction of only
0-5 from the total height of the column would not give
a fair estimate of the red cell volume. Moreover, direct
microscopic examination showed that the pink layer was
in fact a mixture of red and white cells. It was decided
that the most satisfactory method of dealing with this
difficulty was to subtract 2-0 from the total height of the
column in all cases, whether or not the dividing lines
seemed to be sharp. Thus the true volume of red cells
in all venous samples was calculated from the formula
(P.C.V. -2)x0 95, packed cell volume (P.C.V.) being
the total height of the cell column in the venous
haematocrit. In all the tables and figures in this paper,
the term 'venous haematocrit ' is used for this estimate
of the proportion of red cells in unit volume of venous
blood.

Results
All measurements of plasma volume and red cell

volume are recorded in Table 1, together withvarious
deductions from the data. The cases are arranged
in order of venous haematocrit.
Phlsma Volume. In Fig. I estimations of plasma

volume, expressed in ml./kg., have been plotted
against venous haematocrit. The cases appear to
fall into two groups.
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(I) Almost all the observations fall in the haemato-

crit range 37-66 2, and in this range there is a slight
but steady fall in plasma volume as haematocrit
rises. The regression line drawn in Fig. 1 has been
calculated from data applying to 34 normal infants
only, and it will be noted that the slope of the line
is some 50 times its standard deviation. If the 34
normal infants are divided into two groups, those
with a venous haematocrit of 59 - 3 - 66 *2 are found
to have an average plasma volume of 38-6 ml./kg.
(standard error of mean=0-81), and those with
haematocrits ranging from 39 9- 58 5 have an
average plasma volume of 44-1 ml./kg. (S.E. of
mean=0 - 88).

(2) The four most anaemic infants (haematocnt
range 17 *9-21 *2)hadmuch greater plasma volumes;
all four infants were found to have an increased
venous pressure and were considered to be in
cardiac failure (Mollison and Cutbush, 1949).
The time after birth at which plasma volume was

estimated did not appear to affect the results
significantly. The estimates made within three
hours, and even within two hours, were distributed
about the regression line in the same way as the
estimates made later after birth
Red Cell Volme. In Fig. 2 observed red cell

volume in ml./kg. is plotted against venous
haematocrit. It appears that the relationship is
substantially linear up to a certain haemat,
approximately 55-but that above tha
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FiG. 2.*-Estimates of red cell volume (mn
newborn infants plotted against venous
The line is not a calculated regression line

indicates the trend of the data.

venous haematocrit does not accurately reflect the
true red cell volume.

Total Blood Volume. Total blood volume was
calculated by adding together observed red cell
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FK;. 3.*-Estimates of total blood volume (ml.jkg.) based
on separate estimates of plasma volume and red cell
volume in 37 newborn infants, plotted against venous
haematocrit. The regression line has been calculated
from data relating to the 28 normal infants; the slope of

the line = 0 4791 ± 0- 3841 (not significant);

ocrit level- volume and plasma volume and multiplying the
Lt level the total by the factor 1 02. This correction had to be

applied to take into account the volume of leuco-
cytes in the circulation. It will be remembered that,
throughout, red cell volume was estimated from the
formula (P.C.V.-2), 0-95. All estimates for total
blood volume in ml./kg. are plotted against venous
haematocrit in Fig. 3.
One infant had a much higher blood volume than

any of the others. This was one of the four infants
in cardiac failure, mentioned above; in the other
three of these infants either the red cell volume or the
infant's weight was not known so that comparisons
were impossible. The remaining cases show a
tendency for blood volume to increase as venous
haematocrit rises; however, the slope of the
regression line in this series is not quite significant
(only 1 I S.D.).

Twenty-eight of the infants whose total blood
volume was estimated were normal. (Cases of
haemolytic disease, however mild, are excluded from

90 .0 'D this group.) The averagz blood volume of these
infants was found to be 84-7 ml./kg. Since the
majonty of these cases had haematocrits above the
range for normal adults (average of the group

heakg.) in 43 =56 8), it was considered interesting to select
beut merellyinfants whose venous haematocrit fell within the

adult range and to compare red cell volume and

; l - -:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- o
011.1

247

Mai



ARCHIVES OF DISEASE IN CHILDHOOD

Normal (N) or Corrected Red Cell Volume *-
No. Haemolytic Weight (kg.) Venous

Disease (D) Haematocrit mi. (mL./kj) --

1 'a A.A1 1-) 21 k.).
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
D
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
D
N
N
D

D
N
D
N
D
D
D
N
N
D
D
D
D
D
D
D

2-97
3.97
3-56
3-97
3-18
3 15
2-82
3.93
3-12
3-41
3-94
3-94
3-20
3-78
3-72
3-09
4-01
3-77
3-34
3-45
4-00
4-11
2-76
3.77
3-68
3-30
2-91
3-07
2-95
4-52
3-91
3-72
2-95
3-63
3-22
3-44

2-50
2-75
3-31
3-72
2-55
3-18
3-52
3-20
3-56
2-90
2-81
2-27
3-6
2-63

3-10

65 -6
63-3
62-5
62-7
62-3
62-0
61-7
61-3
61-3
61-2
61-0
60-9
60-9
60-9
60-0
59-9
59-6
59-4
59-4
59-3
58-8
58-7
57-4
57-0
57-0
56-2
56-0
55-9
55 -7
55-2
55-2
54-4
52-4
48-4
48-4
48-1

47-8
47-5
44-8
42-6
41-8
41-7
40-7
40-2
39-9
37-0
28-9
25 -9
21-2
21-1
19-9
17-9

141
230
198

134-5
112
124
161

159
159-5
176
159
171
185
157*
178
194-5
144

170
111

157
161
105
116
120-5
176-5
179-5

114*
127
119*
141-5
139.5*
95-5
91-0
92-5
113-5
72
92

73-5*
99
75
59
33-5

46-5
49

47-5
57-8 6-
55-6

42-3
35-6
43-8
40-9

46-7
40-5
44-6
49-8
45-2 '_
49-8
51-0 -
44-4
51-6
43-2

41-4
39-9

42-6
48-8
36-1
37-9
40-8
39-1
45-9

38-7
35-0
37-0
41-2
40-5
38-2
33-1
27-9
30-6
28-3
28-9

23-1
27-8
25-9
21-0
14-7

17-7
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.--~ Plasma Volume Blood Body Haematocit
--Plasma Volume Blood VenousHwnut Red Cell Volume calclated from

Volume Body P.V. and Hacmatocrit
- ml. (ml./kg.) (ml.fkg) Haematocrit Error"

1-4 I" 217 f1 CIc ,* v17. - I .5

122
,_161t

156-5
-1101

98t
108t

N 132
143
120-5
153
126

_ 153
1491

151-5
159-5

139
172
169

s 149-5
156-51
142t

s 110-5
138t
130-5
180-5

s 180
174
127

,_164
150-5

, 168-5

120t
116- 5t
164-5
187
123-5

> 157t
186

s 140-5
187
134

1201
249
249

2 222t
258

41-2
40-5

39-4
34-6
31-6
38-3

42-3
41-9
30-6
38-8
39-4
40-5
40-0

37-8
42-3

40-2
43-0
41-2

39-7
42-6
43-0
38-0
45 0

44-2
39-9
46-1
46-8
43-1
45-2
46-7
49-0

48-0
42-5
49-7
50-3
48-4
49-4
52-8
43-9
52-6
46-2

52-9
69-2
94-8

83-1

>1JL
90-4
100-3

78-5
68-5
83 -7

90-3
72-5
85-0
90-8
87-3
91-6

83-8
95-8

84-3

86-9
93-6
75-6
84-6
86-7
80-6
93-9

83-5
81-7
85-4
91-9

88-7
77-1
79-1
82-5
78-0
79-9

68-0
81-9
73-6

69-0

114-8

-J
52-6
57-6

54-0
52-1
52-3

51-7
55 -9
52-4
54-8
51-8
54-4

53-0
53-9

49-1

49-0
52-2
36-4
44-8
47-1
48-5
48-9

46-4
42-8
43-3
44-8

43-1
42-9
35-3
37-1
36-3
36-2

34-0
34-0
35 -2

21-3

15-4
17-9

-802
-909

-868
-840
-848

-845
-917
-861
-900
-852
-907

-888
-908

-847

-860
-928
-829
-803
-847
-878
-886

-886
-885
-895
-933

-902
-905
-788
-872
-870
-868

-847
-853
-952

-823

-730
-900

167-2
200-6

134-3
118-3
128-4

168-8
140-0
177-7
145-4
177-0

167-7

166-3
175-3

180-4

157-7
137-6
107-7
133-6
125-0
169-6
169-2

109-5
119-5
111-4
123-9

87-2
83-8
107-5
112-5
71-9
91-0

76-7
101-3
64-8

35-8

56-6
47-3

+18-6
-12-8

0-2

+ 5-6
+ 3-5

+ 6-2
-12-2
+ 1-0

8-6

+ 3-5
9-3

8-6

9-9

+ 6-1

+ 0-4

-14-5

+ 2-6

15-0

+ 3-7

4-0

5-8

3-9

5-9

-6-4

-12-4

8-7

-7-9
+16-2

0-9
nil

1-1

+ 4-4

+ 2-3

-13-6

+ 7-2

+21-5
3-5

* Red cell estimate by Ashby method.
t Plama volume estimate based on extraction method.
_ (P.C.V.-2)x -95; see text.
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plasma volume in such infants with pubi
for adults. For comparison with th4
Reeve and Veall, which refer to 13
venous haematocrits ranging from
(average haematocrit 42-5), nine iI
haematocrits ranging from 37-0 to 47
42-6) were selected; five of these
haemolytic disease of the newborn,
appeared to have any disturbance of the
In Table 2 the results of these estimation.
together with figures calculated from th
data of Reeve and Veall (1949) and C
(1946).

It will be noted that for a compara
venous haematocrit, red cell volume;
bear the same relationship to body weigl
as they do in adults.
Body Haenatocrit. 'Whole body h

was calculated by dividing observed red
by calculated total blood volume, del
described above. This value was divi
venous haematocrit, that is (P.C.V. -2
obtain the ratio

body haematocrit
venous haematocrit

and this ratio is to be found in coli
Table 1. In Fig. 4 body haematocrii
against venous haematocrit, and it is e
this relationship is a constant over the
range 17-9-66-2. Moreover, the extra
passes through the origin. The value of 1

in this series was 0-868. This figure is
for 38 cases, and analysis showed tha

'c

6C

a

0

0 30

9 20

IC

0
-7

0 0 20 30 60 50 60 70

VENCIUS AEAtTOCio

FIG. 4.* ' Whole body haematocrit' plc
venous haematocrit in 38 newbom iI

ished figures
e figures of
adults with
38<1-47-2

ifants with
'-5 (average
Infants had
but none

circulation.
s are set out,
ie published
jibson et al.

,ble level of
and plasma

was not significantly affected by the method of
determining plasma volume. The detailed results
were as follows:

Method of Estimating Average
No. of Value of
Cases Plasna Red CellI Constant

Volume Volume

22 Direct PU 0-863
13 Extraction PU 0 872
3 Direct Ashby 0876

ht in infants The average figure for plasma volume in 34 normal
infants was 41 -3 ml./kg.; this group of infants had

aematocrit an average weight of 3 -55 kg. and an average venous
cell volume haematocrit of 56 -9. These figures may be coi-
Lermined as pared with those for 17 infants tested on the first
ided by the day of life by DeMarsh et al. Their infants had

0-95, to an average weight of 3 -33 kg. and an average
haematocrit of 57-0; there is no mention in their
paper of any correction of venous haematocrit for
trapped plasma, and thus it is probable that the

umn 11 of figure of 57-0 0-95, or 53-7, should be taken as
t is plotted the average haematocrit for purposes of comparison.
wvident that Thus the infants tested by them probably had a
haematocrit slightly lower venous haematocrit and would have
polated line been expected to have a slightly higher plasma
the constant volume: the average plasma volume of 42-7 ml./kg.
the average in their 17 cases is thus in good agreement with our
It the value series.

As mentioned above, the present estimates of
plasma volume are based on the dye concentration
in samples taken 10 minutes after injection; and
the assumption has been made that dye-loss is to
some extent counterbalanced by incomplete mixing.
If, in fact, mixing is complete in 10 minutes, all the
estimates of plasma volume would have to be
reduced by about 30o. However, in view of the
absence of any reliable data about the mixing time
of T- 1824 in the plasma of newborn infants, we have
preferred not to apply any correction factor.
DeMarsh et al. divided their cases into two

groups, namely those whose cords were clamped
early, and those whose coTds were clamped late.

so 90 100 The latter group had an average haematocrit of
61°o compared with an average of 510 in the
group deprived of the placental blood. Plasma
volume averaged 43 ml./kg. (S.D. 7-4) in the first

)tted against group and 42 ml./kg. (S.D. 8-8) in the second
nfants. group, so that no relationship between venous

* In Figs. 1-4 the term " venous haematocrit " is used for an estimate of the true volume of red cels in unit volume of venous blood;
this estimate is based on the formula: (P.C.V. -2) . 95, where P.C.V. = total packed cell volume in the venous haematocrit. -2 is

an average correction for leucocytes and x 95 is a correction to account for trapped plasma.
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RED CELL AND PLASMA VOLUME IN NEWBORN INFANTS2
haematocrit and plasma volume could be demon-
strated. Nevertheless our data indicate that plasma
volume does fall as venous haematocrit rises; and
the error of our estimates is sufficiently small to
make it possible to demonstrate that this relation-
ship is significant.

Fig. 2 shows that the relationship between red
cell volume and venous haematocrit is substantially
linear up to venous haematocrit values of approxi-
mately 5500, but that at higher haematocrit levels
the red cell volume increases disproportionately.
Hahn and Bale (1942) found a linear relationship
between red cell volume and venous haematocrit,
but did not test cases with haematocrits greater
than 5500.

Fig. 3 suggests that blood volume rises with
venous haematocrit, but this question is not settled
decisively by our data, presumably because the
errors of both the plasma volume estimation and

haematocrit from the formula
Red cell volume

(red cell volume) - (plasma volume)

whereas in the present series the denominator was
increased slightly to take the leucocytes into account.
Nevertheless, in adults this correction would be a
very small one, and would in any case not have
reduced the figure of Gibson et al. to below 0 - 90.

It must be noted that our figure for this constant
would be slightly too low if our estimates of plasma
volume were too high. As mentioned above, it is
possible that our estimates of plasma volume ought
to be corrected by -30o, and one can calculate that
this would raise the value of the constant to 0 886.
In view of the possible effect of other systematic
errors, it cannot be considered that any difference
between adults and newborn infants, with respect
to the value of this constant, has been demonstrated.
Gibson et al. (1946) found that the ratio of

TABIE 2

Average Red Cell Plasma R.C.V.
Venous Volume Volume plus P.V.

Haematocrit (ml. kg.) (ml. kg.) (ml. kg.)

Reeve and Veall (1949):
13 adults with venous haematocrit 38-147 2 .. 42-5* 30-0 46-6 76-6

Gibson et al. (1946):
40 adults with venous haematocrit 38-5-48 1 42-4t 29-7 47-8 77-5

Present Series:
9 infants with venous haematocrit 37(0-47-8 .. 42 6 29-2 47-9 7741

* = Observed red cell haeantocrit x -95

red cell volume estimation are concerned. However,
from the consideration that plasma volume pre-
sumably cannot fall to zero, it follows that at some
point blood volume must start to increase with
haematocrit. In practice it appears that blood
volume increases with haematocrit throughout the
range studied.

Fig. 4 shows a rather smaller scatter round the
correlation line than do the other curves, and this
may be due in part to the fact that the expression
' whole body haematocrit ' is independent of body
weight.

It will be noted that the value of the ratio
'whole body haematocrit'

venous haematocrit

is 0-87 (0-868) in this series. This figure con-
pares closely with that of 0-91 reported by Gibson,
Peacock, Seligman and Sack (1946), in human
adults and in dogs. The discrepancy between the
two series may be a little smaller than it at first
appears, because Gibson et al. calculated body

+ uncorrected red cell haematocrit.

(true red cell volume) to (red cell volume deduced
from plasma volume and venous haematocrit)
varied from 0 70 to 0 95 (average 0 845) in a group
of normal males. They appear to have assumed
that this figure is also a constant in normal subjects.
Gibson, Aub, et al. (1947) have stated that red cell
volume can be deduced from estimates of plasma
volume and venous haematocrit as follows: total
blood volume is first calculated from plasma volume
and venous haematocrit. Plasma volume is now
subtracted from total blood volume to give
' observed red cell volume.' This figure is now
multiplied by 0-85 to give the true red cell volume.
Gibson, Aub, et al. (1947) and Ross et al. (1947)
have made use of this ' correction ' to determine the
red cell volume. However, it can easily be shown
that the ratios

(1) Body haematocrit and
Venous haematocrit

(2) (True red cell volume)
(Red cell volume deduced from plasma volume

and venous haematocrit)
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cannot both be constants, when red cell volume is red cell volume made with labelled red cells. The
deduced in this way. A simple concrete example coefficient of variation of the calculated red cell
is perhaps the clearest way of illustrating this point: volumes was found to be 8 80o; it is to be noted

Assumption: Whole body h Latocrit k(=0-9) that this ' error ' includes the error of estimating
Venous haematocrit B red cell volume with labelled red cells, as well as the

True blood volume 100 100 error of estimating plasma volume. Moreover, it
True ed cel volume 20 80 takes no account of biological variation.True plasma volume 80 20
Whole body haematocrit 20 80 Assuming that the experimental errors of measur-
Venous haemtoc-rit 20 80-axou ha= 22 80= 89 ing plasma volume and red cell volume are similar,

I. Blood volume from the error of deducing red cell volume from plasma
plasma volume and
venous hacmatocrit 80x 100 20 100 volume and venous haematocrt usig the above

II. Red cell volume (from =102-5 11 =182 formula, becomes 8 -8 =approximately 600.
Iandplasmavolume) 1025-80= 22-5 182 -20=162 v/2

IH. True red cell volume 20 80
Red cel volume (I) 22-5 162

S This is the value which Gibson et al. (1946, 1947), have
apparently assumed to be a constant.

Evidently the error in assuming that the ratio of
true red cell volume to ' deduced red cell volume '

is a constant will be much less serious over a narrow
range of haematocrit values than in the extreme
examples used above.
Callation of Blood and Red Cell Volume from

Plasma Volume and Body Haematocrit. If the total
blood volume is to be calculated from estimates of
plasma volume and venous haematocrit it may
be calculated as follows.
The observed packed cell volume (that is, total

height of red cells plus white cells in the venous
haematocrit) is first corrected by the factor 0-95 to
allow for plasma trapped in the cell column, and
this figure is then multiplied by 0 87* to obtain the
true proportion of cells present in unit volume of
blood in the body as a whole. The true proportion
of plasma in the blood is then obtained by sub-
tracting this figure from 100; this proportion may
be expressed briefly as the ' body plasmatocrit.'

ie. body plasmatocrit =100- 0-87(P.C.V.xO-95)
=IQ0-(P.CV.x0 825)

when P.C.V. =total height of cell column in
the venous haematocrit

Then Blood Volume = a volume x 100
Body plasmatocrit

Similarly, red cell volume
Plasma volume x body red cell haesmatocrit

Body pLismatocrit

In the last two columns of Table I are to be found,
first, red cell volume calculated from plasma volume
and haematocrit, using the above formula, and
second the 'error ' of the estimation; that is to
say, the percentage deviation from estimations of

* This figure for the constant is valid for plasma volume estimates
in newborn infants based on the dye concentration in a 10-minute
sample, uncorrected for possible errors due to incomplete mixing or
loss of dye. If further work should show that the true plasma volume
is some 30° lower than the figure thus obtained, the formula for the
body plasmatocrit ' would become 100- 886(P.C.V. x 095), or

100-(P.C.V. x 084).

SImmary

Estimations of plasma volume (using T-1824) or
red cell volume (using labelled red cells) have been
made in 53 newborn infants, of which 38 were
normal and 15 affected with haemolytic disease of
the newborn. In 38 infants both plasma volume
and red cell volume were estimated.

In 34 normal infants the average plasma volume
was 41 - 3 ml./kg. However, plasma volume was not
independent of haematocrit but on the contrary
rose steadily throughout the venous haematocrit
range 66 2 - 37-0. In four infants with haematocrits
between 17 9 and 21 2, plasma volume was dis-
proportionately raised, but these infants were in
cardiac failure.
Red cell volume was measured in 44 infants.

The relationship between venous haematocrit and
red cell volume was approximately linear when the
venous haematocrit was below 5500. However,
above this level the venous haematocrit did not rise
proportionately to the true red cell volume.
The total blood volume of 28 normal newborn

infants, deduced from measurements of plasma
volume and red cell volume, was 84 7 ml./kg. On
theoretical grounds blood volume is expected to
increase with venous haematocrit, but this relation-
ship could not be demonstrated conclusively in the
present cases.
The ratio of the 'whole body haematocrit,' that is

total red cell volume
total blood volume

to the venous haematocrit was found to be a constant
in the venous haematocrit range 17 90o - 66.2%o.
The value of the constant in this series was 0 87.

Provided that the venous haematocrit is first
multiplied by this constant, estimates of red cell
volume obtained by the dye-haematocrit method
agree satisfactorily with estimates made by labelled
red cell methods.
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