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During a previous investigation it was found that
in certain types of nephritis serial red cell counts and
haemoglobin estimations done during the course of
the disease revealed a fluctuation which was closely
related to the degree of oedema and to the volume of
urinary excretion (MacArthur, 1942).
During the phase of recovery in acute nephritis,

with the onset of diuresis and the consequent
diminution in oedema, the red cell count rises by
about 700,000 per c.mm., and when the excess of
tissue fluid has been excreted and diuresis subsides
the red cell count returns to its previous level. In
contrast, in the nephrotic syndrome the red cell
count rises with increasing oedema and oliguria, and
falls sharply during diminishing oedema and diuresis.
The haemoglobin shows similar and proportionate
changes. These characteristic fluctuations suggest
that the mechanism of diuresis and recovery in acute
nephritis with oedema is quite different from that in
the chronic nephrotic type. Changes in the red
cell count, haemoglobin content, and plasma/red
cell ratio, however, do not necessarily indicate
changes in plasma volume, for they may be brought
about by alteration in the number of circulating red
cells. In an attempt to determine whether the
observed changes were, in fact, due to variation in
the plasma volume in these types of nephritis, forty-
two plasma volume estimations have been done at
different stages of the disease in twelve patients with
acute nephritis and five patients with nephrotic
nephritis. The number of estimations in each of the
stages is shown in table 1.

TABLE 1
DISTRIBUTION OF PLASMA VOLUME

ESTIMATIONS

Acute stage with oedema 9
Acute nephritis 25 Stage of diminishing oedema 9

Oedema-free stage 7

Nephrotic syndrome Stage of increasing oedema 8
17 Stage ofdiminishing oedema 4

Oedema-free stage 5

Chronic haemorrhagic nephritis 11

Nephrosclerosis 5

* The work was done during the tenure of a Hall Tutorial
Fellowship, and part of the expenses were defrayed by a grant from
the Medical Research Council. The paper was communicated to the
Annual Meeting of the British Paediatric Association at Rugby on
Aug. 3, 1946.

In addition, eleven plasma volume estimations
were carried out in six cases ofchronic haemorrhagic
nephritis, the only form of the disease in which
true anaemia is consistently found, and five in
nephrosclerosis.

Methods
Complete haematological and urinary examina-

tions were done on each patient-at weekly intervals.
The body weight and urinary output were measured
daily; the temperature of the ward was fairly
constant. The plasma volume was estimated by the
dye method of Keith, Rowntree, and Geraghty
(1915) as modified by Hooper et al. (1920) and Graff
and Clarke (1931). Four cubic centimetres of a
1 per cent. solution of Congo red was injected into an
arm vein, and after four minutes 8 c.cm. ofblood was
taken and mixed in a centrifuge tube containing
2 c.cm. of a 1 1 per cent. solution of sodium oxalate.
The plasma was .separated by centrifugalization at
3,000 revolutions per minute for 30 minutes, and the
dye concentration estimated by the Btirker com-
pensating colorimeter.
Dawson et al. (1920) tested a large series of dyes

for use in plasma volume determinations and found
that vital red, Congo'red, and the blue dye, T1824,
were equally efficacious. Others (Robinow and
Hamilton, 1940; Gregersen, 1938) have confirmed
their work. The blue dye, T1824, has the dis-
advantage that a higher concentration is required in
the blood to give a suitable colour for matching,
and it sometimes gives the patient an unhealthy
appearance. On the other hand it has a different
absorption spectrum from haemoglobin, and so an
accurate estimation can be made in the presence of
slight haemolysis when a spectrophotometer is
available for the colorimetry. It has no advantage
over the earlier dye, Congo red, unless the colori-
metry is done with a spectrophotometer (Gregersen,
1938). After trials with both spectrophotometer
and compensating colorimeter for the dye method of
plasma volume estimation, Weech et al. (1937)
preferred the compensating colorimeter as being
just as accurate as the spectrophotometer and much
less time-consuming. A spectrophotometer was
not available when the present series of estimations
was made, but no trouble was experienced from
haemolysis, and the compensating colorimeter
proved entirely satisfactory.

Published reports show that some investigators in
this country still used 1 6 per cent. sodium oxalate
solution as an anti-coagulant, based on the results of
Hooper et al. (1920), although Graff and Clarke
(1931) have shown that Hooper's experiments on
dogs are not exactly applicable to human beings, in
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ARCHIVES OF DISEASE IN CHILDHOOD

whom the correct dilution is 8 c.cm. of blood in
2 c.cm. of 1-1 per cent. sodium oxalate.
Not more than seven blood volume determinations

can be made with accuracy on one patient, as the
dye thereafter begins to be removed too rapidly from
the circulation (Lindhard, 1926).

It is desirable that the subjects under investigation
should live in wards or rooms which are maintained
at a more or less equable temperature, since it has
been shown by Bazett (1938) that two men who lived
in a room maintained at 74.50 F. had an increase of
blood volume of 6 per cent. after one day, 10 per
cent. after two days, and 25 per cent. after three days.
The same author, working in America, found the
blood volume to be 30 to 40 per cent. higher in
mid-summer than in mid-winter.

The Normal Blood Volume
It is generally agreed (Brown and Rowntree, 1928;

Bock, 1921) that the normal range of blood volume
obtained in adults by the Congo red dye method is
72-100 c.cm. per kg. of body weight, average

88 c.cm. per kg., and of plasma volume 43-59 c.cm.

per kg., average 53 c.cm. per kg. Using the blue
T1824 the results are rather lower (Gibson and
Evans, 1937; Davis, 1942).

There is much less agreement about the standards
for children, and no really comprehensive investiga-

tion has yet been published. Dreyer and Ray (1911)
have shown by exsanguination methods that, in
mammals, small young animals have a relatively
greater blood volume than larger and older animals
of the same species. By analogy it may be assumed
that the blood volume ofchildren is relatively greater
than that of adults. A summary of the published
results in childhood is presented in tabular form
(table 2) and from this it will be seen that the blood
volume in relation to weight is about 100 c.cm. per
kg. during infancy and gradually decreases to reach
the adult level at about four years of age.

Before estimating blood volumes in children, three
adults were subjected to the test to determine
whether our technique gave results comparable to
those of other workers. The plasma and blood
volumes (table 3) were within Brown and Rown-
tree's normal range, though the average is rather low
and would have been even lower but for the high
blood volume in one subject (P.M.) who was
underweight for his height.

The Blood and Plasma Volume in Nephritis
Study of the literature shows that different

workers have obtained very inconsistent and dis-
cordant results in the estimation of the blood and

TABL 2
THE PLASMA AND BLOOD VOLUME OF NORMAL INFANTS AND CHILDREN

Blood volume

Authority No. of Agegroup Plasma volume_estimations Ag OP c.cm./kg.
c.cm./kg. Total c.cm.

Bakwin and Rivkin (1924) .. .. 25 1< 1 yr. 61 (38-72) 101 (71-148)
Lucas and Dearling (1921) .. .. 30 <15 days 59 (42-77) 147 (107-195)

11<I 1 yr. 67 (57-78) 109 (90-126)
[ Birth 50

Darrow, Soule, Buckman (1928) .. 52 6 mths. 62
4 yrs. 50

Robinow and Hamilton (1940) .. 20 Newborn 98

McIntosh (1929) .. .. .. 10 2 mths. to 93 (-10)
{

1Biths30Brines, Gibson, Kunkel (1941) |. 9 1 y. 300
r 41 Puberty250Schlutz, Morse, Cassels, lob (1940) 7 14 yrs. 45 2,500
L 9 17lyrs. 47

*Seckel (1936) .. . .. .. ? Childhood 50 83 (73-93)

TABLE 3
THE BLOOD VOLUME IN NORMAL, HEALTHY ADULTS

Haema- Plasma Red cells Whole blood

Name Age Ht.- Wt. S.A. tocritIyrs. cm. kg. sq. m. R.B.C. | cm / c.cm. Total c c.cm.| Total c.cm./ c.cln./ Total
> < < L _ -,~~~~~0 kg. Isq.m. c.cm. sq.m.c.mc.cm.l kg. sq.-m. c.cm.

T. C. .. 25 181 72-2 1-90 45-9 41 1,551 2,946 35 1,316 2,500 75 2,866 5,446
A. R. .. 25 174 63-8 1-76 47-9 40 1,459 2,567 37 1,885 2,359 77 2,799 4,926
P. M. .. 25 186 69-6 1-92 48-2 51 1,806 3,567 48 1,729 3,319 99 3,592 6,886

Averge 25 180 68-5 1-86 47-3 44 1,605 3,027 40 j1,643 2,726 84 3,086 5,753
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PLASMA VOLUME DN NEPHRTS
plasma volume in nephritis. Brown and Rowntree
(1928) found no evidence of hydraemic plethora in
glomerulo-nephritis with oedema, .nor did they
observe any uniform changes in the blood or plasra
volume during diuresis. In nephrosis they found an
increased plasma volume unaffected by oedema or
diuresis.

Harris and Gibson (1939) also found the plasma
volume increased in nephrosis, and considered that
there is no consistent change in the plasma volume
with variations in oedema, although the results
which they publish show in most of their cases a
marked fall of plasma volume during oliguria and
oedema, and a rise in volume with diuresis and
absence of oedema. Many of their patients were
anaemic, and so presumably had a superadded
infection. They consider that the plasma volume
is unrelated to the stage or the type of nephritis and
is dependent only on the inter-relationship of serum
albumen, nonprotein nitrogen, and degree of
anaemia.

Linder et al. (1924) investigated the plasma volume
in four patients with nephrotic nephritis with the
special object of finding out whether the low plasma
protein was due to dilution of the blood. They
concluded from their results that the volume of the
plasma was either uninfluenced by the presence of
oedema, or else that it was actually diminished when
anasarca was extreme. Darrow (1926) studied three
children with nephritis and oedema and found low
plasma volumes during oedema rising to normal
after it had disappeared. Waterfield (1931), using
the carbon monoxide method, examined five patients
with renal oedema and found the plasma volume to
be abnormally low during increasing oedema and to
rise as oedema disappeared. However, many com-
plicating factors were present in his patients; one
had ' severe heart failure,' another had completed a
pregnancy only four weeks previously, and in a
third the reduction of oedema was obtained
by multiple skin punctures. A diminution in
plasma volume has been shown to occur in the
diuresis induced by salyrgan (Evans and Gibson,
1937).

It is suggested that the failure to obtain consistent
results in the investigations quoted above may be due
to one or more of the following causes: (1) in-
sufficient differentiation of the type of oedema,
e.g. nephritic, nephrotic, cardiac; (2) failure to
time the estimations to coincide with rapid increase
or rapid decrease in oedema, and to differentiate
the two groups in appraising and presenting the
results. For example, a patient whose normal weight
is 50 kg. and whose weight when oedema is 60 kg.,
may have a blood volume estimation done when he
weighs 55 kg. and has well marked oedema. Such
an mation remains valueless unless it is known
whether it was obtained while oedema was increasing
to 60 kg. and the disease was active, or while oedema
was diminishing and recovery in progress; (3) an
insuffict number of plasma volume estimations
in some of the series; (4) the presence of complicat-
ing disases or circumstances, and the use of artificial

measures, such as multiple skin punctures to obtain
reduction of oedema

Result
AculteRl k lN (Table 4). Twenty-

five plasma volume estimations were done on
twelve patients vith acute nephritis. The results
have been separated into three groups for purposes
of comparison, namely those done: (1) when the

TABLE 4
PLASMA VOLUME IN ACUTE NEPHRITS

Stationary Subsiding No oedema:oedema: oedema: afe,
i

before during diur
Name Years diuresis diuresis

Total c.cm4 Total c.cm.I Total c.cm./
c.cm. kg. c.cm. kg. c.cm. kg.

G. C. 7 865 49 901 51
F. C. 6 986 65 645 43

R McP. 4 717 53
A. J. 5 1,083 67 925 57
A. D. 10 1,433 61 1,039 44 1,613 68
R. J. 10 1,474 58
E.J. 08 1067 57 972 52 1,385 73
R. D. 10 1,573 68 1,190 52
E. G. 10 1,151 59 978 50
J. M. 5 882 61 763 53 1,088 76
S. D. 4 869 59 644 44
G. H. 8 1,024 52

996 51

A ~~~~~~~6149 62

patient was markedly oedematous in the initial
stage of the diseaw and before diuresis had become
established; (2) when the oedema was subsiding
and there was well marked diuresis; (3) when all
oedema had disappeared, diuresis had passed off,
and the patient was convalesnt.
The results of plasma and blood volume estima-

tions have been expressed in cubic centimetres per
kilogramme ofbody weight as well as total volume, as
this provides a useful means ofcomparing the extent
of the change in volume in children of different age
and weight. But a child's weight is, of course,
greatly augmented by the mass of oedema, and it
would be erroneous to relate the plasma volume to
the artificially high weight of a grossly oedematous
child. For this reason in each case the ' oedema-
free weight,' that is, the lowest weight that the child
reached after all oedema had disappeared, was used
for calculating the plasma volume per kilogramme.
For instance, the child A. D. (table 4) weighed
29-6 kg. on the day of her first plasma volume
esimation, 25-1 kg. on the day of the second, and
her final oedema-free weight was 23-6 kg., but the
volumes of 61, 44, 68, are each calculated on a
weight of 23-6 kg. This seems the most useful and
reasonable way of arriving at a basis for comparison,
although it is realized that the final weight, coming
as it does after acute illness with dietetic restrictions,
must usually be below the child's normal weight in
health. This is the reason why the plasma volume
a,ppears high in relation to body weight in all
patients except those with nephrosis.
The results show that the plasma volume is not

above normal while the child has gross oedema;

237
copyright.

 on M
ay 15, 2023 by guest. P

rotected by
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/adc.21.108.235 on 1 D

ecem
ber 1946. D

ow
nloaded from

 

http://adc.bmj.com/


ARCHIVES OF DISEASE IN CHILDHOOD
that it becomes considerably reduced when the
kidney recovers its fimction and diuresis occurs,
and that it returns to normal when the diuresis comes
to an end and the fluid balance is restored.
Nelrotic Neplrt (Table 5). Seventeen plasma

vohlme estimations are recorded on five patients
with nephrosis. Since this is not an acute disease,
and is not usually accompanied by any wasting, the
oedema-free weight of these children is not much
below the expected weight for age, and consequently
the plasma volume related to weight is only slightly
above normal during the quiescent phase of the
disese
The average of the results does not demonstrate

any consequential change in the plasma volume

TABLE 5
PLASMA VOLUME IN NEPHROSIS

Increasing Diminishing
oedema: oedema: No oedema

Name Age in oliguria polyuria
Years

Total c.cn.I Total c.cm:/ Total c.cm/
c.cm. kg. c.cm. kg. c.cm. kg.

J. McD. 5 1,158 62 1,402 74 1,154 62
1,175 63 1,236 - 66

T. M. 7 873 49 1,416' 80 985 55
841 47
889 50

I. D. 5 56 42
W. G. 7 1,682 90 950 51

C.McG. 3 728 52 741 53
775 55 732 52

Averages 52-5 77-5 55

during the stage of increasing oedema and oliguria,
but when oedema is diminishing and diuresis has
commenced there is a definite increase in plasma
volume. The fact that when urinary output is at its
minimum there is no increase in plasma volume and
it is considerably raised during the period of
diuresis strongly suggests that in nephrotic nephritis
it is the change in plasma volume which determines
the volume of urinary excretion. It is very difficult
to recognize exactly when these children are develop-
ing a large accumulation of oedema, since during the
active phase of the disease their weight and urinary
excretion fluctuate considerably every few days, and
it is considered probable that, if the plasma volume
estimations shown in the first column of table 5
could be timed accurately to synchronize with a
period of rapidly increasing oedema, the volumes
obtained would be even lower than those recorded.
This is supported by the results obtained in the
patient, T. M., in whom the estimations were well
fimed to coincide with rapid fluctuations of oedema.

Nepbrosderosis (Table 6). A blood volume
estimation has been made on each of five children
with nephrosclerosis. They were typically thin,
undernourished children and all had been on a
restricted diet for variable periods. This explains
the high blood and plasma volumes in relation to
weight, and is comparable to the findings in healthy
subjects who are of spare build (Rowntree, Brown,

TABuL 6
BLOOD AND PLASMA VOLUME IN

NEPHROSCLEROSIS
Plasma volume Blood volume

Name Age in Haemoglobin
years (G Haldane) ccm./1 Total c.cm./ Total

kg. c.cm. kg. c.cm.
J. C. 6 86 58 742 104 1,318

M. McN. 9 108 60 1,001 109 1,810J. D. 9 74 62 986 101 1,611
R. L. 10 43 55 988 71 1,263P. B. 7 58 52 724 79 1,104

Averages 74 57 888 93 1,421

and Roth, 1929; Gibson and Evans, 1937). There
is no evidence that there is a significant alteration in
total blood volume in this group of patients.
Clronk Haemorhagic Nephritis (Table 7).

Eleven plasma volume estimations on six cases of
chronic haemorrhagic nephritis reveal the high
relative plasma voliume expected in thin, under-
weight children with anaemia.
The mean height of these children was 125 cm.,

and their mean weight was 21 2 kg. Had they been

TABLE 7
BLOOD AND PLASMA VOLUME IN CHRONIC

HAEMORRHAGIC NEPHRUIS

Plasma volume Blood volume
Name HaemoglobinAge in (C Haane) ccm. Total c.cm.l Total

ycajm ~~~kg. c.cm. kg. c.cm.
L A. 8 64 45 1,019 66 1,494J. C. S 44 79 1'302 105 1'736
J. R. 7 72 65 1,823 106 2,384

80 59 1,662 101 2,047
75 65 1'831 108 3,033P. C. 7 70 68 1'230 107 1,934
76 74 1'334 1 18 2,118M. R. 6 58 64 887 90 1,245
60 70 964 100 1'383
62 64 889 99 1'372

A. Mc-A. 12 85 48 1,373 84 2 384

Averages 68 64 1,301 99 2,048

normal healthy'children with an average height of
125 cm., their average weight would have been
26 kg. (Holt et al., 1933), and from this figure,
using the standards of Rowntree et al., we can
calculate what the normal plasma and red cell
volumes should be:
Height Weight Red blood Plasma Blood vol.
cm. kg. cell vol. vol. c.cm. c.cm.

c.cm.
125 26 910 1,378 2,288

The actual results obtained in these children are:

Height Weight Red blood Plasma Blood voL
cm. kg. cell vol. vol. c.cm. c.cm.

c.cm.
125 21 2 747 1,301 2,048

By comparison of these figures it is at once obvious
that the reduction in the red cell count in this group
is due to a genuine anaemia, and not simply to
haemodilution.

2382
copyright.

 on M
ay 15, 2023 by guest. P

rotected by
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/adc.21.108.235 on 1 D

ecem
ber 1946. D

ow
nloaded from

 

http://adc.bmj.com/


PLASMA VOLUME IN NEPHRITIS
Discussion

In the absence of any reliable and sufficiently
comprehensive standard of blood and plasma
volumes in normal children, it is not possible to
make dogmatic statements about the changes in
total blood volume which are found in the different
types of non-oedematous nephritis.

In acute nephritis, chronic haemorrhagic nephritis,
and nephrosclerosis (tables 4, 6, 7) the mal-
nutrition resulting from dietetic restrictions and the
influence of the disease leads to a plasma volume high
in relation to body weight, in contrast to the findings
in the non-oedematous phase of nephrosis (table 5),
a disease in which general nutrition is not seriously
affected. It appears, therefore, that the results
obtained from plasma volume estimations justify
the deduction, made from the previously observed
variations in the red cell count in the course of acute
nephritis and nephrosis, that the me.chanism of
recovery in these two diseases is entirely different.
This is shown diagrammatically in fig. 1.

Itt acute nephritis with oedema and before diuresis
had commenced, the average plasma- volume was
61 c.cm. per kg. of oedema-free body weight, but
during diuresis with rapidly diminishing oedema the
plasma volumes were the lowest recorded in the
whole series, averaging only 49 c.cm. per kg.; and
then, some time later, when the water balance of the
body had been re-established, the plasma volume

Is?STAGE 20-STAGE 3tDSTAGE
OEDEMA

OEDEMA*,, OEDEMA FREE.
OLIGURIA+ + DIMINISHING FLUID

DIURESIS + + + BALANCE

*-VAVERAGE VOLUME Of URINE EXCRETED IN 24 HOURS.
..---*-PLASMA VOLUME IN ACUTE NEPHRITIS.

PLASMA VOLUME IN NEPHROTIC NEPHRITIS.

FIG. I.

had returned to approximately the first level of
62.,c.cm. per kg. Patients with acute nephritis do
not as a rule arrive in hospital during the phase
when the oedema is increasing, and so it had not
been possible to make any estimations at this stage
but, since this is the time when the kidney function
is most seriously affected, it is considered probable
that the plasma volume is then increased. It is
suggested that in the initial stage of acute nephritis
when water excretion by the kidneys is impaired,
fluid is dammed back and the plasma volume rises;

the excess water then passes out of the blood stream
into the tissues, producing oedema, and as it does so
the plasma volume gradually returns to normal.
When the kidneys recover their function, fluid is
drawn from the blood to eliminate accumulated
waste products, the plasma volume is reduced, fluid
gradum41ly returns from the tissues to the blood, and
in this way oedema is diminished. When accumu-
lated waste products have been eliminated and the
excess of fluid in the tissues has disappeared, the
plasma volume returns to normal and diuresis
ceases.

In nephrosis the blood volume changes are quite
different. Here it was possible to do some of the
estimations during a period when the oedema was
still increasing and oliguria was more or less
marked. At this stage the plasma volumes averaged
52-5 c.cm. per kg. of oedema-free weight. During
the second phase, that of diminishing oedema and
diuresis, the highest plasma volumes of the whole
series were obtained and averaged 77'5 c.cm. per
kg., in complete contrast to the lowest volumes ofthe
series obtained during this phase of diminishing
oedema in acute nephritis. During the third stage,
when oedema had disappeared and diuresis had
ceased, the normal value bf 55 c.cm. per kg. was
obtained. It is suggested that these results provide
good evidence that the disease is not due to failure of
renal function. Initially fluid passes from the blood
into the tissues, and a low plasma volume and
oliguria result. During recovery, fluid pours back
into the blood, causing subsidence of oedema and
an increase in the plasma volume; at the same time
the kidney excretes the excess of water in the blood,
with resultant diuresis. Finally, when fluid ceases
to pass from the tissues to the blood stream in
excessive quantity, the plasma volume returns to the
normal level and diuresis ceases.

In acute nephritis alteration in the volume of
fluid excreted by the kidneys is the cause of the
changes in the plasma volume, but in nephrotic
nephritis it is the change in the plasma volume that
determines the volume of renal excretion.

Summary and Conclusions

1. The plasma volume was estimated in various
types of nephritis; twenty-five estimations were
made in acute nephritis, seventeen in nephrotic
nephritis, eleven in chronic haemorrhagic nephritis,
and five in nephrosclerosis.

2. In acute nephritis, in nephrotic nephritis and in
chronic haemorrhagic nephritis alterations in the
blood and plasma volumes were found.

3. In acute nephritis the plasma volume was
considerably reduced during the stage of diuresis
and subsiding oedema.

In nephrotic nephritis the plasma volume was
below normal during the stage of increasing oedema,
and was very considerably above normal during the
stage of diuresis, diminishing oedema, and recovery.

4. It is suggested that in acute nephritis alterations
in the volum,e of fluid excreted by the kidneys are
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240 ARCHIVES OF DISEASE IN CHILDHOOD

the cause of changes in the plasma volume, but that
in nephrotic nephritis changes in the plasma volume
determine the volume of renal excretion.

5. In chronic haemorrhagic nephritis there is a
low blood vohlme which is due to reduction in the
total volume of circulating red cells.

Thanks are due to Professor G. B. Fleming for
much valuable criticism and advice, and to Dr.
Stanley Graham for permission to study cases in his
wards.
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