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BLOOD VOLUME STUDIES TN CHILDREN.

Introduction.

Since the introduction of expérimental ﬁethods in
clinical medicine, the study of blood volume has aroused
considereble interegt. Numeroué nethods of estimating'the
blood volume have been introduced, and by their use,
attempts heve been mede to define the limits of variation
in normal adults,.and the changes occurring in
pathological states.

™e research was given considersble impetus by the
two world wars, particulerly the second, the urgent
problen being to esteblish the degree and manner of
restoretion of blood volunme effer haenorrhage end shock,

. and the type and amount of intravenous fluild which
should be carninistered, if the vis medicatrix naturee
were judged inadequete.

In children, however, verv little work has been
done. The present investigation was therefore undertaken,
in order to cefine if possible the linits of normality of
the blood volume at various ages throughout infancy and
childhood, and to investigate various conditions such as,

the dehydration occurring in gestro-enteritis, and the

anaemias of childhood.
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Throughout the ye&rs, numerous methods of blood

volume estimation have been employed, and these have been

listed as follows:=

A Direct.

1.

2.

3.

The exsanguination method of Welcker.

Carbon nonoxide inhalation.
Injection of physiological fluids.
(a) Water and saline.

(b) Serum and plasma.

(¢c) Concentrated red cells.
Injection of foreign substances.
(a) Antitoxin.

(b) Colloids.

(c) Dyes.

'(4) Redio-active substances.

_______



Historical.

Since the beginning of the nineteenth century, physiol-
ogists have been interested in the study of the blood volune.
Probably the earliest published work is that of Herbst in 1822
with an account of earlier methods. These fell into two groups
the one using measurement of the outflowing blood of & corpse
as an indication of the true blood volume, the other rglying
on the amount of "stiffening substance" required to fill the
vessels of a corpse on injection. These methods gave such
varying results &s to be completely unreliable. Valentin
(1847) described a method of estimating various of the blood
solids in samples taken before and after an injection of
sterile water. This work, however, was done on animals alone,
and the results obtained applied to man by analogy. Valentin
deserved credit for showing that the absolute blood volume
was of little significance, as 1t varied with size, but that
the blood volune when related to body weight should be used
for conparison. lNext in chronological sequence came the
washing out nmethods, carried out on human corpses. Lehnmann
and Veber in 1853 advocated the estimation of solids on two
samples of blood, the one taken from the freely flowing
blood following an execution - which volume was accurately
me&asured - &nd the other from the neasured washings colledt§d
after injection of the vessels~with water. By proportion the
blood volume was calculated. ILehnann and Veber themselves
gave up the method, as salt was liable to be washed out of the

tissues, and thus lead to error.
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The VWelcker method (VWelcker, 1858) was the first to give
consistent results., The technigque, described originally by
Welcker iﬁ 1854 for animals, was carried out on three human
corpses,on one suicide by Welcker in 1858, and on two executed
criminals by Bischoff in 1856 and 1858, The method consiSted
of collecting the entire blood of the body obtained by
bleeding, to which was added the water used to wash out the
vessels till the return was colourless, and also the pigmented
water obtained from the meceration of the muscles and bones,
A filtered sample of the total was matchéd against various
dilutions of the subject's blood taken prior to the experi-
ment. Welcker warned that any pigmented tissues, such &s the
gall-bladder, riust be removed prior to maceration. The method
as applied to the human body was exceedingly laborious.
According to the details given by lielcker, two days were
occupied in washing out the blood vessels, a task involving
the handling of 254 litres, and then two nore days were
recquired for mincing and macera?ion, for wﬁich 152,95 litres
were used. In &ll, for one experiment, he recguired four days
and a vast amount of water, the total volume of which had to
be accurately recorded. The average for the three experi-
ments of Yelcker and Bischoff gives the blood volunme as 1
131
or 7.63 per cent of the "Reingewlicht", i.e. body weight minus
weight of stomach and intestines. Similar results were
obtained by Heidenhain (quoted by Welcker) using the sane
nethod. & variation in the technique was suggested in 1870

by Brozelt, the washing out and collection of the blood
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being similar, but instead of colorinetric matching, the samples.
were extracted with aqid ether, and the asnount of &acid haematin
obtained was estimated by welghing.

In 1874, lialassez described the first attempt to perform
experinents on blood volume on living hunen subjects. One
method involved the withdrewel by venesection of & measured
quantity of blood whose red cell count was estinated, and after
an interval for dilution, the eryvthrocytes were counted in &
second sample. His other nethod reguired the giving of a blood
trensfusion, with red counts of the recipient's blood before
and after, and of the donor blood. Using these results, a
forrula was evolved to calculate the original blood volume.
Malessez quoted no results for his experiments, which is not
surprising, considering the inconsistent results whic¢h must
have been obtained when using blood transfusions in the days
before grouping was known.

Further investigations on living subjects were carried
out by Tarchanoff (1880) who evolved & most conplicated method.
The patient was welghed before and after a turkish bath, and
the total body loss known. From this, were subtracted the
weight of urine, sweat and saliva lost during the period, and
allowence was also made for gases lost from the lungs and skin.
The residual loss in weight was regarded as being due to water
loss from the blood stream. Using this figuee (p) and the
haenoglobin values before (&), end after the bath (a'), the

original volume x was obtained from the formula x = Ea'
a. - 8.
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The method was aluost certain to be inexact in the
measurenent of the various fluids lost, and also in the fact
that water would be lost from the tissues as well &s from the
blood stream. |

In considering these earlier methods, in particulsr
those of Jelcker and Taerchanoff, which were so laborious and
time~-consuning, one agrees wholeheartedly with the dictum of
Valentin, that "the exact estimation of the blood volume is
one of the most difficult tesks in physiology."

Fortunately, the introduction of more modern methods
has brought greater precision within reach of the élinicalv

worker wishing to investigete the blood volume.
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Review of Previous lork.

he methods elready described are purely of historical
'interest, except the direct method of \elcker, which is still
used for laborstory animaels. As the exsanguination method
involves the death of the individual, however, it is clearly
of no prectical importance in clinical medicine. Iumerous
.indireot methods have been described for application to the

human subject, and these will be discussed in some detail.

Indirect lMethods.

1. The Carbon Monoxide Inhalation Method.

This method was first introduced by Gféhant and Quinqusasud
in 1882. The technique was based on the fact that carbon
nonoxide combines with haenoglobin volume for volume as does
oxveen. A known amount of cerbon rionoxide wés introduced into
the air to be respired, and the animal left to inhale the
mixture for fifteen minutes. The volume of carbon monoxide
renaining in the breathing apparatus and lungs was then
deternined, by absorbing the carbon dioxide from & measured
sample of this residual "air" by neans of soda lime, oxidisimg
the carbon nonoxide to the dioxide, which in turn was
absorbed by a different trap of soda lime. This laest
specinen of soda lime was then decomposed in a vacuum, &and
the carbon dioxide evolved, measured accurstely, was taken
to correspond to an ecual volune of the rnonoxide. Hence,
by subtraction of this figure from the original volune .
introduced, the amount of carbon ronoxide absorbed into the
circulation was ascertained. Blood samples taken before and

efter the inholetion were snalysed for oxveen cepacity, and
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from these figures was calculated the anmount of carbon
monoxide which had been absorbed by one hundred cubic
centimetres of blood. DBy simple proportion, the volume of
circulating blood was then calculated. Gréhant and
quinguaud described experiments on laboretory dogs only.

In 1900, Haldene and Smith applied a modification
of the forrner method to humen subjects. These authors
noted that the oxygen capacity of any specimen of blood
is directly proportional to the smount of haemoglobin
contained. "™his observation was utilised to determine
the percentage oxygen capacity of the patient, by matching
& solution of his blood eguainst & one per cent solution of
blood of known oxygen capacity, determined by the
ferricysnide method. 4fter respiretion of & known amount
of cerbon nmonoxide in & re-hreathing &pparatus - the time
allowed for full ebsorption being two to three minutes -
a specimen of the subject's blood was analysed for the
percentage carbon rionoxide saturation by the carmine
titration nethod. By proportion, the blood volume was then
calculated. Haldsne and Snith found the average blood mass
(i.e. weight of the blood volﬁme) of fourteen normal
subjects to be 4,8 per cent of the body weight. 'This
figure is very low compered with the results of more recent
work, which may be due to the fact that the time allowed
for saturation of the blood with the carbon nonoxide was
inadequate.

Chung and Herrop in 1928 revised the carbon rnionoxide

nethod, and the form it took in their hends, is that in use
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at the present day. A measured amount of carbon monoxide,
usually 100 cc., was introduced into a re-breathing
apparatus with a constant slow supply of oxygen, and the
subject allowed to breathe for twenty ninutes, The expired
air was passed through a soda-lime bottle, ice-cooled, in
order to remove both cerbon dioxide and water-vapour. At
the end of twenty minutes, & sample of venous blood was
removed and its carbon nonoxide content determined by the
Van Slyke apparatus. The gases - oxygen, nitrogen, carbon
monoxide and carbon dioxide - were driven off by means of
acid ferricyanide in & vacuum, the oxygen and carbon
dioxide were removed with alkaline pyrogallol, and the
monoxide was absorbed by liinkler's cuprous chloride
solution.

“he following criticisms have been levelled at the
carbon nonoxide method.,
1. For clinical use, the prolonged period of re-breathing
is trying for & sick person. As the inspiration of the gas
produces & nild condition of anoxia, it is unwise to use the
method when anoxaenia aslready exists, e.g. in anaemia and
cardiac failure. |
2. Theoretically, it should give results which are too high
as the carbon nonoxide is attached also to nyohaemoglobin,
and the red cells in the splenic pulp which are not in
active circulation. In the hands of Bovcott and Douglas
(1909) this objection was substantiaeted, &s carbon nonoxide

experinents gave higher blood volune figures than the
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Welcker technique in the same animals - in spite of the
fact that the latter method has the samne sources of error.
In actual fact, the method gives lower results than the
dye method. ©Smith, Arnold and Whipple (1921) insisted
thaet the total blood volume could not be estimated
accurately by carbon monoxide, but only the red cell
volume or total body haemoglobin. These authors pointed
out that the hsemetocrit value of blood from the veins was
not representative of that of the blood as a whole, as the
capillaries contained relatively more plasna, sufrounding
an axial stream of cells. Counsequently, the plasma volunme
as calculated from the carbon monoxide blood volume and
venous haematocrit reading, would only represent that
portion of the plasma in rapid circulation in the large
vessels. On the other hand, the cell volume &nd total
blood volume estimated by the dye method and venous heemat-
ocrit reading would be too high. "o eliminate these errors
it wes sugpgested that, as the carbon nonoxide gave &
ressonable estimate of the cell volume, and the dye method
of the plesme volume, the two methods should always be
carried out in conjunction, and the results added to
obtein the true total blood volune.

2. Injection of Physiological Fluids.

Muny varlaetions of the same basic method are
included in this group, all depending on the introduction
of a considerable volume of fluld into the circulation,

and the estinmation of some constituent of the blood
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before snd ofter transfusion.
(e) Veter and Ssline.
Some of the earlier attempts with this method nmay

be rmentioned briefly. Valentin in 186¢ injected & volume
of wuter, and celculated the resulting dilution of the

lood from determinetions of the blood solids. Cohnstein
and Zuntz (1884) used saline infusions and red cell
counts, while Sherrington &nd Copeman (1893), also using
seline, observed the change in specific gravity. Haemsf-
ocrit values before and after seline injections formed
" the basis of Kottnann's nethod (19C6). Hlottmann. eriphas-
ised thet the suline rust be injected rapidly, aﬁd tha%
the nixing was corplete at the end of five minutes, by
which time the second sample could safely be taken. The
unreliability of these methods has been proved conclus-
ively, as normel saline leaves the blood stream very
readlly, even during the course of & rapid traensfusion
(Bogert et &1.,1916; Chanutin et al., 1924; Hill et al.,
1940). The effect of this transference of fluid to the
tissues is fo give too high & result for the original’
blood volume, e.,g.

If x - original blood volume, &nd

a and b = heemoglobin concentration before and after
infusion respectively, and

V = volume injected,
then by equating the total amounts of haenoglobin,

X - bv.

& - D.
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It is obvious, that the more the saline leaves the
circulation, the higher b will become, with resultant
increase in the value of the fraction __b _, and there-
fore in the value calculated for X._”DeZpgtz this import-
ant source of error, the average for Kottmann's four
results in human subjects gives the blood mass: bedy
welght retio as 1 : 12.1 - a figure which compares

favourably with the results of the lielcker method.

(b) Serun and Plasnma.

Following the rejection of cryvstalloid soclutions
as-blood diluents, the suitabillty of serum and plasma
was investigeted. It was thought that as plasma was the
actuval matrix of the blood cells, it would tend to be
retained by the circuletion indefinitely. ALmong others,
Bushby, Kekwick and hitby (1940) advocated the use of
measured injections of plasma, and the observation of
the heematocrit or haemoglobin readings, or red'cell
counts, before and after the conclusion of the experim-
eht. FPlasma specific gravity changes were ohserved in
the methods of Beattie (1942a) and Phillips et al.
(1946). ~he forrmlae used are similar to that given
above for the seline injection. These formulae afe true,
only under the following cirdumstances.

1. That no red cells uare added to the circulaﬁion
during the experimental period.
24 That there 1s no loss of fluid from the circulation,

or entry of fluid into the circulstion.



3, Thet all the transfused fluid is used to dilute the
blood.
1. This statement is probably true in men, as it hes

been shown that normal human subjects do not possess
reservoirs}of blood, whetﬁer in the spleen or other part
of the body (Ebert snd Stead, 194la), i.e. changes in red
cell count, haemoglobin concentration, or haematocrit
reeding in man sre due to variation in the volume of
circuleting plasne (excluding blood regeneration of
course). |
2o The question of fluid loss from the circulation
following infusions of serum and plasma nust next be
considered. On this point, many investigations disagree.
411 are agreed, however, that the added fluid@ eventuslly
does leave the blood stream, but the speed of removal haé
been found to vary. In cats, serun mey be removed almost
as quickly as saline (Robertson, 1938), while in rebbits
elirination is also repid (Scimone, 1940). 'The results
in man show éome divergence of opinion. In normal subjects,
transfused serum nay be retained for long periods (Hill et
8l, 1940), it may be retained for several days'so that the
blood volume is restored in two to five days (Hayward &nd
Jordan, 1942), or finally elimination nay be so rapid
that the haemoglobin value reaches the pre-transfusion
level in one to twé hours (Sharpey-Schgfer and wallaée,
19424). ' -

Entry of fluid into the blood stresrm from the

tissues occurs less often, and probably only when the
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protein concentrstion of the transfused fluld 1s grester
than that of the circulating nlssnme (lletcelf, 1944).

It riay be concluded, that as there is & definite

ossibility of rapid fluid elinination, the post-transfu-

Y3

sion observations should be made within ten ninutes of
finishing the transfusion. Ievertheless, as with saline,
fluid mey start to leave the blood vessels even during
the injection. To mininise this source of error, the
injection should be rapid, as it has been shown that. the
most rapid rates of injection, ce&use the greatesﬁ increase
in bplood volume, using the sane volune of'fluid (Gilliegen
et al., 1938). The dangers of rapid intravenous inject-
ions, however, are now well known, and preclude the use
of this method in humen subjects (Sherpey-Schéfer and
ellace, 19482b). |

S Assuming that flulc loss does no% occur, is all

the transfused volume gvaillable to dilute the blood?
Fehreeus in 1929 deronstrated thet the blood circulating
in a capillary had a lower cell:plasrmg ratio than that
flowing from its cut end, the phenomenon being explained
by the division of the blood flow through the capilleries
into two corponent parts, & peripheral layer, consisting
meinly of sliugglshly moving plasma, and an axiai strean
of nmore repidly moving cells end plasna. The fraction

of the %total plasma volune required to form the peri-~
pheral lining for the blood vessels has been estinated

%o be 21 per cent (Hzhn et al., 1942)., During s

transfusion, the incressed blood volume nev be eccoruodatbed
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in two wsys, firstly by the diletation of existing
vessels, secondly by the opening up of closed
capillaries. If the latter adjusinent takes place, 21
per cent (approx.) of the transfused plesme will be"lost"
and only 79 per cent available to dilute the circulsting
blood (Beuttie, 1942b). In eddition to this error
introduced by the lining cuff of plasma if new
caepilleries &re opened up, one rust consider the possib-
ility of the great increase in vascular surface ares
facilitating further fluid loss to the tlissues. ,
Further criticism of Bushby's nethod of haematoorit
readings in plasns transfusions nay be adduced. Serum
and plasma tresnsfusions in dogs have been shown to
cause a decrease in mean corpusculasr volume, thereby
causing aen alteration in the heemastocrit reading
(Metcalf, 194<4), though it is difficult to see why this
should heve occurred if the solutions used were isosnotic.
A similar finding has been recorded in man {ﬁayward and
Jorden, 1942).
| Another varistion in the plusma transfusion
method advocutes the use of plasma protein concentrations
as the factors for the blood volume calculation. BeSidas
the errors inherent in the fluid shift; anua plasms loss
for lining capillaries, which have been discussed, this
method has the asdded dissdvantage that the blood const-
ituent to be determined is not & constent. According
to Medden and VWhipnle (19%0); "# steady state of ebb

and flow exists between it (plasme protein) end =
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portion of cell and tissue body protein." The ease
with which plasma protein shifts take place has been
denonstrated also by Beattie and Collard (1942 a and b).

Although the above methods are worthless in
determining the absolute blood volume, they are of some
value in gsuging the direction of change in the volume
of the blood.

(c) Concentrated Red Corpuscles.

Q. Concentrated Corpuscle Haemoglobin lMethod.

The transfusion of concentrated red cells was
introduced as an improvement on the Bushby plasma
technique (Hill, 1941). The blood volume is obtained
by equating the total anounts of haeﬁoglobin concerned,
the data required being the exact volume and haemo-
globin content of the transfused blood, and the
haenoglobin readings of the recipient's blood befofe
and after transfusion. The formula for calculation

is as follows:-

X = V(H'_bA, - a!
b, - Hb,

where x = initial blood volune

V = volume transfused

Hb, = haemoglobin concentration of transfused blood.

Hb' haernoglobin concentration of recipient before
transfusion.

Hba = haemoglobin concentration of recipient after
transfusion.

Hill cleimed the superiority of this method over plasma
transfusion on the grounds that the red cells, in contrast

to plasma, could not leave the circulation, et least
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over such a short period as the auration of the
experiment. Although erythrocytes cannot leave, how-
ever, plasma may either be added to or withdrawn from
the circulation, which factor auds a consiaerable.
error to the technique (licliichael et al., 1943);

<. Concentratec Corzuscle Tiffercntial Agglutination llethod.

This method consists of transfusing concentratea
corpuscles of Group O, to a recipient of group A, B, or
AB, the data requirec pveing the exact volume transfused,
ant the rea cell counts of the aonor blood and of the
recipient's vlood after transfusion, after the recipient's
own cells have been agglutinated out of the sample by the
use of the appropriate serum (iickichael et al., 1943).

As a small nuumber of the recipient's cells may not
vecone agglutinatea, it is more accurate to perform a
"blank" agglutination count before the experiment. This
mwetnoa estimates tne final blooa volume, which equals

volune transfused X rea count of donor bloou.
count of donor cells in recipient's blooa.

Tne concentratea corguscle methods are of limited
value clinically. They are applicable only in conditions
of anaswnia, anc the transfusions require to be rapid to
minimise the error introoucec by fluid shifts.

3. Injection of Foreign Substances.

In this section, the introauction of various

gsubstances foreign to the circulation will be aiscussed,
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the blood volume being calculated from the dilution
attained by the substence in the bloocd stre&mn, after a
suitable time hes been allowed for mixing.

(a) Antitoxin.

Von Behring in 1912 evolved & technique requiring |
the injection of & known amount of tetanus antitoxin of
proved potency. This method never seeris to have enjoyed
any popularity.

(b) Colloids.

(tun acacia was first employed by leek and Gasser
in 1918, for experiments on animels. The substance was
injected in 20 per cent 4olution, allowing 4 cc. per
kilo of body weight, and after the ten minutes allowed
for mixing, the smount of acacia in the plasmafwas
estimated as furfurolphloruglucid. The disadvantages
of this method are two in number.

1. A bulky injection is required

2. The acacia solution probably rsises the plasma
osnotic pressure, thus inducing an inflow of fluid from
the tissues. 1Ilieek and Gasser mailutained, however, that
within the time of mixing, no such osmotic effect took
place.

In 1920, lMcQuarrie and Davis described a4modific—
ation involving the use of elther acacia or gelatin
solutions. Thelr presence in the non-protein fraction
of the serum was determined refractonetrically. By the
precipitation of proteins in the serun Specimens’by mneans’

of an ecual volune of Il acetic acid, followed by
XN v
£rn)
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boiling for two ninutes, errors due to the presence of
heenolvsis end lipsenis were sinultaneously removéd.
T™e rethod, if repeatedly used, is not without danger
(Heckel et al., 1938). 4cacls sppeers to be deposited in
the spleen end liver, inte,fering with the function of
the latter, and causing diminished formation of plasna
proteins. "hese suthors noted swelling &nd vacuolation
of +the liver cells on histological exeninstion.

(¢) Lies. |

1. Heenoglobin.

First in this group nay be mentioned briefly a
nethod using the injection of a haerioglobin solution
obteined by the laking of paclied red cells by distilled
water (Lee and Whipple, 1921), the resdltant colour of
the plasme being matched against & standard hsemoglobin
solution. If any haemolysis took place during the
witharewal of the blood sarples, a considerable error
night be introduced. This nethod has-been deservedly
uripopular.

2 Benzidine Dyes.

he benzidine group of the azo ayes has been extensively
used in blood volune studies. These dyes fall naturally
into two groups, the red and the blue, of which the
former, including vitael red, brilliisnt vital red, and
congo red, were the more popular until 19385, The
method in its original forn is sinple. 4 known arount

of the dye chosen is injected after uvithirswing o specimen

of blood, %ine is sllowed for nixing, and & second specimen
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withdrawn. Standards are nade up with some of the dye
solution as used for injection, @#nd the subject's undyed
plasma or serum. By comparison of the dyed plasma, with
the standards in a colorimeter, the dilution attained by
the dye in the circulating plasma can be calculated, and
hence the plasma volume. By using the haematocrit reading,
the total blood volume'may then be asoertained.

(I+  Red Dyes.

In 1915, Keith, Rowntree and Geraghty gave tremendous
impetus to the study of blood volume, by their experiments
on hunen subjects using the dye vital red. They formulated
the precauticns required for accuracy in the technique, and
these have been observed in every more recent dye method,

a. Specimens rust be taken from the veins without stasis,
in order to obtain & haematocrit reading consistent with
that obtaining in the genereal circulastion.

b. The dyed Spebimen should be removed from a different%
vein frorm thet uséd for the dye injection.

c. Precautions rust be taken against haemolysis.

4, ILipaenia alters the colour eand transparency of the

plesma, and therefore the time of estination should be arr-
anged so that food has not been taken for four hours beforehand.

This nethod was used later in the First World Var
(Robertson and Bock, 1919) to investigate the state of the
blood volume following heemorrhage in wounded soldiers.

Hooper, Smith, Belt and Vhipple in 1920, nodified the
original method of lleith, Rowntree and Geraghty, by using

brilliant vital red. 'The unsuitebility of dry oxelate as



“ 21 =

en anti-coagulant was also shown, as it caused shrinkage
of the red cells. They advised the use of plasma, rather
than serum, for compearison, as clotting remnoved about 7
per cent of the dye. 1In expefimental controls of the
method, they proved that after rapid haemorrhuge of a
known emount of blood, the irmediate application of the
dye method would show close correlation between the
observed blood volume, and that cealculated from the
original volume minus the volume lost by haemorrhage.

In a criticel survey of the methods then in use,
Larnison and Rosenthal (19282) showed that the dye methods
could not give an absolute accurate figure for the blood
volume, but that they were of value in a series of estim-
etions. These authors also cast doubt on the current
practice of accepting the nixing time as three to four
minutes, since the curve of vital réd concentrations in
the plasma plotted from thelr results for the first five
minutes, showed great variation in fofm.

The next dye to be brought into use was congo red,
its adventages being thet it is non-toxic, and less rapidly
elinmninated than vital red. Ieith, Rowntree and Geraghty,
in their original work, had shown that vital red could
cause a trensient albuminuria, and that "unpleasant effects"®
were sonmetimes observed following the injection. Congo red
has no such disadvantages.

Ls a group the red dyes have one great drewback.With
the ordinary laboratory colorineter, inclucding the photo-

electric, it is inpossible to detect, or correct for,
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haernolysis. Consequently,any results giving a low plasma
volume, rust fall under a certain amount of suspicion.With
the loenig-Martens spectro-photometer alone, can one esti-
mate the true dilution of & red dyve in the presence of
haerioglobin, es the reading can be taken at the wavelength
of mexirmum absorption for the dye in question, which in most
instances, is different from that of haenoglobin |
(Heilneyer, 1929).

@) Blue Dyes.

The blue benzidine dyes were first recomnended in 1920,
although it seems strange that they find no further place
in the literature until fifteen vesars later. Dawson, HEvans
and Whipple, (1920) reviewing a large series of dyes, showed
thet the blue dves, 1n particuler T1824, or Evans blue, were
superior to the red, as they were slower in elimination,
and showed the presence of hesemnolysis by changing colour.
T1824 wes later shown (Gibson and Gregerson, 1935) to be
non-toxic for rats in doses up to 20 nmg. per kilo.,

Up till then, and even in the present day, one of the
most controversial polints of the dye method, has been the
time required for mixing, and the tine at which elimination
started. Gibson and Xvans (1937a) using the dye Evans blue,
end taking blood samples every minute for the first ten
ninutes, and thereafter, every four to five ninutes, plotted
the results so obtained, and showed in every greph a "mixing
curve" lasting 73 minutes on the average, joined to a "dis-
appearance slope" which was a stralght line. They advocated
this rmltiple samvling for every blood volume estimetion, the

finding of the disappeareance slope, and the extrapolation of
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this slope buck to the ordinate, the point of intersectlon

giving the theoreticel dye dilution iIn the plesma supposing

echion. By reeading

Code

mixing to be conplete innedietely after in
the optical density of the dyed plasma in the spectro- )
rhotoneter, set at the wevelength 62Qﬁ” - 1l.e. that of
maxirun ebsorption of 71824 -~ the error due to haemolysis

wes lergely mininised, &s the neximum absorption of haemo-
globin tekes place at a lower wavelerighth. Furthér correction
for haenolysis, however, was advised by the suthors, by
reading the optical density of the dyed plasnma Tirst at 620pp
where the dve would be largely responsible for the value
obteined, #nd seconély a8t 540pme , where the reading viould be
due largely to the haermoglobin. By spplyving factors worked
out for the two substances in varyiﬁg dilutions in pure
solution on these two wavelengths, the small reading due to
Feenoglobin could be defined &and subtrécted from the resding:
gt 650pp » This nethod has done rmeh to improve tlhe accuracy
of the dve technique, but the taling of so many seamples

rnelzes 1t unsuiteble for ordinary use, particuluarly in paed-
igtrics. &4n adaptetionaof the se&me method was later descr-

ibed for the photo-electric colorimeter (Gibson & Evelyn 1938),

cation, so called, of the

}.l-

4 few vears later, a sinplif
Gihson and XEvans riethod wsas deécribed (IImrington, Pochin angd
Squire, 1940). whereby the haeroglobin, if haerolvsis hsd
teken place, plasne pignents, and lipides were ertracted byv
butyl alecohol, after digestion of the proteins by pepsin. .
"irty cubic centineters of blood were sgid to be required.

The procedure recommended is too laborious for clinical use.

s
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Another method was bac ed on the rernoval of plasna
nroteins, linvenic onslescence, #nd the colour of the plasm
pignents, by means of a nmixture of eoncentrated hvdrochloric
aci¢ and aleoholic phosphotungstic acid (Crooke.énd lorris
1942; lorris, 1944). The pr,sencé of nore than slight haemo-
lysis, however, ruined the estination, as the hsemoglobin
becane converted to acid haenatin, which has significant
light e@bsorption in the sane purt of the spectrum &s Evens
blue.

Vet another nethod of circumventing the effect of heaemo-
lysis hes heen suggested - nenely, the reduction of the dve
in the plasme specimen to & colourless'compound by Na,X z.04
in alkeline solution. The optical densities of the plasne
before «nd after reduction sre recorded. 'The absorption
of light by hzeroglobin and lipides is uneffected by NEZSECL.
This nethod reguires the use of a spectro-photoneter, and
is unsuitable for clinical use (Phillips, 1948).

Further investigation into the ruestion of mixing tihe
was carried out in 1945 (Cruikshenlk and Whitfield). By
taking simulteneous samples from the feroral and jugular
veins, they>proved thet nixing rust really be complete at
the ena of one ninute, &s shown by identical concentrations
of the aye reached simultaneousiy in the two veins. They
suggested that the feall in concentration between one and
six minutes, culled the "nixing curve" by Gibson and Evans,
and others, was in reallity an "absorption curve" Gue to

the repld renovel of the dye by the reticulo-endothelisal

systen, which became satursted at the end of six nminutes.



bR o

T ARY B
mo reriove this phese of repid ebsorption, an ingenious device
was proposed - thet of injecting, helf sn hour prior to the
blood volurie estimation, elther & snell dose of the dye to be
used, or else Indian ink, in order to "block" the reticulo-
endothelial systen. The "disappearance slope" then obtained
was slow and gradual. One ney argue, however, that even &l-
though nixing is complete throughout the large vessels at the
end of one minute, the dyve probably has not penetrated to the
rninute cepillaries, where it is known that the plesms flow
is very slu,gish.

To surn&arise, the nain difficulties inherent in‘the dyve
mnethod are as follows:-

1. The nresence of "forelgn" colouring natter, e.g.
haenoglobin, lipides, plesma pignments.

2. - T™he determination of the nixing time.

3. "he sped¢d and manner of excretion, -

'he first two points have already been discussed in the
verious methods. The uyves in cormon use &re eiiminated et en
everage rate of 15.3 per cent in forty minutes (pDewson et al.
1920), while BIvans blue disappears at retes varying fron 5
to 8 per cent in Torty minutes (Gregersen et al,, 1935). They
are tuken up, partly by the reticulo-endothelial system and
excreted via the biliary tract, and partly by the tissues,
whence they psss slowly into the lymph &nd are returned to
ihe blood streer. The return or ayve via the lvrph can be
ignored in nost experiments, @#s it has been shown to be
negligible during the first hour after injection (Courtice,

1949 Price and Longnire, 1942; Gregersen and Rawson, 1943),



Of all the dyes, Xvans blue nay be sald to be the
rost reliuble, for the followling reasons:i-
1. It has tlie slowest rate of elinination.
2. Heemolysis can be detected readlly.
3. e dye is absoluﬁely non-toxic in the doses
required for blood volurne estimations.

(d) Redio-active Substances.

Several nethods of utilising the property o§ radio-
gctivity in blood volume estimetions have been described
in the literature,

1. Iron.

Radioactive isotopes of iron csn be prepared by the
borbardment of iron with deuterons in a cyclotron. The
substance then owes its radio-activity to the enission of
electrons or 8 rays. By including recio-gctive lron in the
adiet of the subject, proauction of corpuscles carrying

\
raalo-active iron ceén be stimulated, these erythrocytes being
known as "teaoged" red cells.. The subject 1s then bled until
ell the tegged red ceils have been reroved, i.e. until no
radio-gcetivity can be detected in the circulating blood,
and the volume withdrawn is noted. By comparison of the
racdio-active property of the packed cells of the blood
before haemorrhage, and of the blood removed by haemorrhage,
the originel cell volume nay be estinated. The radio-
activity of the specinens is im&ted by means of.a
Geiger-liller counter: (Hahn et &l. 1942

s variation of the method consists of injecting

"tagged" red cells of I ovrn radic-cchivity, bled fron a
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subject who has been fed radlio-active iron, and estimating
the activity of a unit volume of the recipient{s cells,
after a reasonable time has been allowed for mixing. The
cell volume 1s then obtained by proportion. The above
suthors enphasise that these nethods estinate the true

rec¢ cell volume, which in their hands is 10 to 40 per

cent lower than the cell volume calculated from the plasma
volune (dye method), and the jugular haenmatocrit reading.
This discrepancy is similar to that described by Smith,
Asrnold end Vhipple (1921) between the carbon monoxide and
dye nethods, and has the same explanation - nanely, that
the jugular or antecubital venous haematocrit reading is
& per cent higher, on the averasge, than the mean haemat-
ocrit velue for the entire circulation.

2. Todine.

"Tegeed" plasma proteins have also been used, in
experinents investig&ting capillery permeability in shock,
the tagging substance being radio-sctive iodine (Fine and
Selignan, 1944). |

124

3. Phosphorus.

Disodiun hydrégen phosphate containing the racio-active
isotope P¥ has been used in rabbit experinents, with
methods sinilar to those described for radio-active iron
(Anderson, 1942).

Methods involving the use of radio-active substances
are probably the most accurate of all the blood volume
techniques so far described. The neans of prepsration,
however, snd the apparatus required, sre too elaborate

for ordinury clinical spplication.
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Rosulhs of Previous Investigetions.

"he results for total blood volume obteined by the
rietliods 6lresdy discussed have been gathered together in the
forn of & teble for comparisoh. The aversge blood volunme per

kKilo is given for esasch series of estimetions, with the range

beneath in bhreckets.

Teble 1.
Investigators. Method. ‘ Blood Volune
' nl. per kKilo
elcker (1BES) Direct | 76.4
Bischorf (1856 snd 1858) Direct 74
Heldene and Snith (1900) Carbon rionoxide - 47.8
(39.5-62.7)
¥eith, Rowntree and Gersghty . Vital red ‘ 85
(1915) (78 - 97)
Selvesen (1919) Carbon monoxide . 59.5
Bock (1921) Vital red 81
Flesch (1922) Csarbon monoxide 53.2
(46.9-60.5)
Brown and Eowntree (1925) Vitel red, and a6 .
' congo red (72 - 100)
Chang and Herrop (1928) Carbon monoxide 66.6
(60,4-75.5)
Giffin and Brown (1929) _ Cbngo red _ 87.7
(70 - 100)
Uhlenbruck anc Leyendecker Congo red _ 80
(1931) - _ (66 - 93)
Laltrelder, lurtado and Brillilisnt 79.1
Brooks (1934) vital red (62.1-91.1)
Goidbloom and ZLibin (1935) rypan red 78.

4
(66 - 90)



Investigators.,

Gibson and Zivens (1937Db)
Bennett, Dow, L&nder,
snd VWright (1938)

Ebert, Stead a&nd Gibson
(1941)

Levis (194:7)

Hopper, Tebor and Winkler
(1944)

Toble and Gregersen (1946b)

2. Children up to 2 years.

Tucas and Dearing (1921)
Bekwin and Rivkin (1924)

McIntosh (1929)

Brines, Gibson and hunkel
(1941)

3. Older»Children.

Seckel (1936)

3rines, Gibson and Kunkel
(1941)

Method. Blcod Volunme
T ml. per Kilo
Ivens blue lales 77.7)
Fenales  66.1)%2157%
Congo red 85
(78.9 - 99)
Bveans blue - 81.8
(71.9 - 93.5)
Evans blue 76.7
HEvens blue .- 80.5
Carbon nonoxide 80.2
(74.9 - 85.5)
Evans blue 85.1
(65 - 100)
Brilliant 109
vital red (90 - 126)
Brilliant 101
vital red (71 - 148)
77

Carbon nonoxide

Brillient

- yitel red

Evans blue

Congo réd

Evans blue

(55.6 - 112.1)

93
(58.3 - 168.6)

73,6
(46.5 - 95.9)

83
(73 - 93)
69.6



Part T1

Introduction.

The plasma and blood volumes have been estinated in
five groubs of children. The first group comprises
healthy children in each year of childhood up to thirteen
yeurs of age (Section 2). The other groups include |
maresnic children, children with cardiac diéease, infants
with gastro-enteritis, and infants and children suffering
from aneenia (Sections 3 - 6). For convenience, a short
surnary of the results and conclusions has been given at
the end of each section.

The results were obtained by methods using the dyes
Congo red and Evans blue. 1Mo differentiation has been
mede between the results, but for purposes of reference,
the congo red investigations have been marked with an
asterisk throughout the tables.

'hen required for relating blood and plasme volumes
to body measurements, the surface area was calculated

from the formula of Du Bois (Lu Bois and Du Bois, 1916)
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Sectiqp 1.

Methods enployed in Present Series.

For the estinmation of the plasme volume, the dye
dilution method has been used throughout. Using the sane
specimens of blood as were withdrawn for the plasma volume
estimetions, investigations were also done, (é) by a photo=-
electric nethod on the haenoglobin level of the blood using
oxyhaerioglobin (Bell, Chambers and Vaddell, 1945),(b) on
the red cell count, and (c) on the packed cell volume; and
finally, in the children with disaase, on the blood non-
protein nitrogen‘and total plasma proteins by micro-r
Kjeldahl methods. In all, 156 blood volume estimations
have been successfully completed, part of the work being
Gone during tenure of a Muirhead Scholarship.

(1) Congo red was used for the first forty estimations.
The dye wes prepared as é 1 per cent solution in Steriie
water and was injected in the following dosage:-

Infants, &nl. of & 1 per cent solution i.e. 20mg.

l-4 yrs, Spl, " wn " " I.e. 30mg.

4-12 yrs, 4mi, " nmm n " " i.e. 40ng.

As the colour of congo red masks the presence of
heemoglobin, the u*tmost precautions were taken to prevent
haemolysis of the samples. lleedles and syringes were
rinsed in nornal saline before use, and saﬁples were
withdrawn and discharged without frothing.

One ml. of the 1 per cent dve solution was used to
prepare varying dilutions of the dve to be resd on the

photo-electric colorimeter, usiig the green.filter (Ilford 170.3)



- 32 -

these dilutions ranging from 1 in 30,000 to 1 in 100,000,
and the readings were plotted on é graph. although it was
realised that congo red in water and congo red in plasma
gave different absorption curves (Heiimeyer 1929) water
was used for congo red solution in all instances as in
the case of small children one could not remove enough
blood to meke up four or five dilutions each requiring |
5 ml. of plasna. |

(2) uvens Blue l}Method.

wvans blue was substituted for congo red in gll the
recent experinents as it possessed the advantages of being
rnore slowly excreted and showed the presence of haemnolysis,
by changing colour. 'The dye was prepared in 0.5, 0.2, and
0.1 per cent solutions in distilled water, and the solutions
were sterilised by Seitz filtering. The anount injected
veried between 0,5 and 0.8 ng. per kilo. of body welght, as
arrounts within these linits were found to give sultable
dilutions for reading on the photo-electric colorimeter.
The syringe used for injecting the dye was greduated in
fifths of a ml. up to & ml., and was found to be accurately
calibrated. The same syringe was used throughout for all
the experinents,

Standards.

Fresh dye solutions were prepared every four to five
weeks, and with each batch, standards were prepered in blood
bank plasma, and the photo-electric colorineter readings
grephed. The 5 nl. syringe, used for the dye injections,

was used to measure out Y ml. of each Iivans blue solution
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Colorimeter

Aphoh)-electric

Graph 1.

Light absorption curves of Evans blue dilutions

(a) in normal saline (b) in plasma.
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3)lHlution3 oP Evans Bloe.

o— o— (g Dilutions of Evans blue in normal saline.

Dilutions of Evans blue in plasma.



as used for injection, and was always rinsed out once.
Thereafter the dilutions were prepared with a standard
volumetric flask ana an accurate burette.

si3 the absorption curve of Evans blue dilutions in
plasma differs from that of the sane dilutions in normal
saline, it is clear that plasma must always be used for the
standards to obtain accurate readings. The small reading
due to plasma alone, wgs of course deducted from the read-
ing obtained for each dilution, before construction of the
graph (Graph 1). (Kennedy and Killikan, 1938; Gregersen and
Gibson, 1937; Graff and Clarke, 1931).

Mixing Time.

The nixing time chosen for the experiments was 10
minutes, the choice being based on the results of two
experiments on big children, from whom blood was withdrawn
at regular intervals (Graph 2). The form of the curves
agrees with the form of those found by Gibson and Evans
(1937a), and nay be said to consist of a mixing curve
covering 8 to 10 minutes, end a disappearance slope. That
the mixing time allowed should be 10 minutes 1is advocated
frequently in the modern literature (Davis, 1942; Gregersen,
1944; Noble and Gregersen, 1946a). Earlier workers gave
conflicting opinions:- 2 rnin. (Dawson et al., 1920); 4 min.
(Keith, Rowntree, Geraghty, 1913, .and others); 5 min,
(Kottmann, 1906); 6 min. (Graff, D Bsopo and Tillman, 1931).
Distribution of dye in body.

In the plasma, both congo red and Evans blue are bound

to the albumin fraction of the plasma proteins, as it was



Gra,ph 2

Time-excret ion graphs i.or ©vans blue



observed that efter precipitetion of fibrinogen and
globulin, the renaeining solution was dye stalned. This
was also demonstrated by Rawson in 1943 by electrophoresis
experiments and ultra-centrifugation of albumin solutions,
™e dye docs not enter the cellular'elements of the
blood in &ny appreciable snount (CGregersen and Shiro, 1938),
neither is it edsorbed by the red cells (llaizels, 1945).
~sfter circulating for several hours, the dye,
especially if ¥vans blue had been used, could be detected
in the skin.

"he dyes do not enter the cerebro-spinel fluid and do
not &ppear in the urine, which finuaings were also recorded
by Gibson and Gregersen (1935).

In treuriatised regions, escape/from the cardio-vascular
system rnay he abnormally rapid (Price and Longmire, 1942). This
phenoménon wes observed in the case of a child who hed

severe weeplng eczena of the scalp, and whose dressings

showed blue staining within &an hour of injection.

.

Excretion.

— . e

Txcretion tekes vlece vie the reticulo-endothelial
system and the biliary tract. Several of the infeants of
the group exanined, caused alarn to nembers of the nursing

staff, by passing bright pink stools following congo red

From the results shown in Graph 2, the average rate
of excretion of Evans blue was celculated to be 9 per cent
in the first hour. Oregersen and Rawson (1943), found the

averassr >0y A N T » S .- . e N
average rete of exeretion in dogs to be 8.8 per cent in



the first hour.
Moyic tz
llo toxic effects have been observed after the

jection of conge red or Evans blue. Two children hed &

<

in

L

3

siight rigor fifteen ninutes after the injection, followed
by a sharp rise in terperature to 101°F., lasting only &
few hours. Whis was sttributed to pyrogens in the wéter.
Proceaure.

Ou the riorning of the experiment,, the children were
kept in bed, snd given nothing to eat or drink after 9 a.m.
save sips of water. ¥stinations were usually carried out
five hours later, between 2 and I p.n. Immediately prior
to the injection, the weight and height were recorded.
1. 6-8 rl. of hlood were renoved, and through the same
needle, the dre was injected. Blood was withdrewn into
the dye syringe, and the svringe washed out once.
2. IMixing time of 10 minutes was allowed.
G 6-8 rnl. of blood viere reroved by venepuncture. If at

all poss itle a different vein was used, from that into

which the dye had been injected.

Semples were withdrawn into dry syringes with the
mininal wvernous stasis; and obstruction released as soon
as the veln had been entered. The blood was ejected gently

into gredusted haenatocrit cens

L-.I.
—h
o
~
“
s
53
~
W

tubes corﬂ; ni Q} 0.5

ml. of & rmixture of 2 per cent potassiun oxelete and 3 per

e

cent emnoniun oxalate -~ e gsolution which does not

{2
)

alter the o<mot10 nresgure of the plesms (Vintrobe snd Tend-
shere, ’Qdﬁ), The tubes were then covered with a light

pe

aluniniun cep Lo prevent evonorstion, sond centrifused st
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Light absorption curves of solutions in plasma

(a) of Evans blue, and (b) of oxyhaemoglobin.

Colorime+'er Readmes.

- electri c

Rhofo

[£e0000

jf-—-Evans blue dilutions.

~— Oxyhaemoglobin dilutions.

With Evans blue solutions, maximal light absorption was
obtained with the orange filter and minimal with the Dblue.
With oxyhaemoglobin solutions, the converse was found.
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28300 r.p.n. for thirty ninutes. The huenstocrit reading
veg taken s the average of the two tubes, efter allowance
wes made for the dilution. ™he haecnoglobin, red cell counts,
and plasha protéins estinmations, were carried out on the
first sample of blood.
| After "setting" the photo—electrio colorinetef, the
nrdved plegma was placed in the specinen cup and @
reading takern, to be followed by & reading for the dyed

nlagna. By subtracting the formetr from the latter result:,

the colour effect of natural plasms was renoved, and the

resding due to dye alone obtained. Fron the gréph of

T RS RRR T A

stanaard dilutions, the dilution attained by the dye in

the plesne was then read.

For the 4vans blue method, readings were taken
routinely on the orange filter (Ilfora lio.5) as this was
founc to give the naximun devietion of the galvanometer
vith ivans blue, snd the minirwun with haecnoglobin.

(Graph 3). T™e graph also demonstrates that with the blue

filter (Tiford 17o.l) nmaxinun light ebsorption is obtained
for haerioglobin, whereas Evans blue gives ninimal results.
"ese facts were utilised in the presence of haemolysis
in the dyed specimen in the following manner. Readings
were taken on both orange and blue filters, the values

cue to the undyed plesna subtracted, and the error due to

dissolved haemoglobin corrected with this formula.-

Corrected R,y =z 9.6CRy - Rp

- S o e o A

Ue66 -~ (0,169

AN ¢ 33 were the readings on the orance and blue
rl 3 2 ~—t
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filters respectively. These fachors were the averaged
ratios of readings on the blue filter fto readings on the
orange, 5,66 applying to haeroglobin solutions, and 0.169
to Hvans blue. The latter factor required to be defined
with each fresh hatch of dye.

e formula was obtalned as follows:-

let X = reading due to haenioglobin on the orange filter

Then Ro-x = reading due to Evans blue on the oranée.

. . 0.169(Ry, - x) = reading due to Lvans blue on the blue
filter.

3 . X - RB_ - 00169Rn
.66 - 0.169

.

it

.66 - 0.169

If hsenolysis was present in the first bloocd sample
(undyed plasma) the experiment was discarded.
e final calculation is simple -

Plasma volume = D a

X
y

g
=y
o

H

o
=4
I

the dilution of dye in the plasma,
a4 « anount of dye injected in grams,

Vv = diluting fector involved by the addition
of anticoagulant.

scecuracy.

Owing to the objection of children to "jags", and

in the case of Wvans blue, to the temporary staining of

the skin which occurs after repested estimation&, only

five chflidren were subnitted to nore than one injection
(7eble 2).
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Te first two experiments show that identical
results were obtained with repeet estimations with both
Kvans blue and dongo red, allowing for change in weight.
""he second three were carried out to ascertain if results
by the two nethods were comparable. As the figures
sgreed within plus or ninus ten per cent, i1t was decided
to te&bulate the congo red results along with those
obtained with Kvans blue. 'The large deviation of ten
per cent was found in e child in-whon the two experiments
were separated by an interval of six weeks.

Hxperinental Error.

In many duplicete readings, the photo-electric
ebsorptiometer used geve a maxinum error of two per cent.
“rrors involved in weighing out the Ivans blue and in
neking up the three solutions were compensated by the
fact that standards were prepared from each of the dye
solutions as used for injection. 4s regards the actual
iye injection, the syringe was washed out once, which was
&1lso the procedure used in making up the standards. If
any dye was injected round the vein, the experiment was
of course abandoned. The haematocrit nmethod héd a

+
maximum error of -~ 2 per cent.
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Section 2.

e ——— ] " -

Blood Volune in Iealth.

e . e e o (7 e e ety

N

48 previous investigetions in normel children gave
varving results, due mainly to the use of the red dyes,
end the inherent fallacies of the technique, 1t was
Judged sdvisable to define the range of nbrﬁality in
heelthy children before proceeding to study the blood
volune in disesse. '"he only other large series
nublished is that of Brines, Gibson and Iunkel (1941)
comprising fifty children from infancy to sixteen years
of ege. Teble 3 showa an analvysis of the results of the
nresent series tabulated along with those of Brines,
:ibson and Iurkel, and of other authors uSing the

“vans blue method in &dults.

Teble 3.

Results with the XIvans blue technigue.

l. Piesme Volume.

o. of nl. per kilo
Cases | Plasma Volune
Range Mean S.D.
(a) Adults. 2
G¥bson and 4948 32 - 58 43,1 - -
Bvans, 19370 4lg 27 - 52 41.5
Noble and , ‘ ‘
Gregerser,l1946b 51 34 - 58 44,7 4.9
Davis, 1942 119  40.5 5.7
Crooke and
Morris, 1942 10 41 - 55 48,7 -

(h) Children.
Brines, (ibson
and Munkel, 1941 8¢

el
s
o1
V]

i
wm
on

.
>

Fresent Serlies 80 35 - HBB,4 47,8 5.83

e
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Taeble 3 contd.

2, Blood Volune.

EIO . Of ’

Cases. Range Mean  S.D.
Brines, Gihbson '
and kunkel, 1941 50 46,5 - 95,9 69.8 -
Present Series 80 62 - 113 - 83.5 10.39

S.L:'s = standsrd deviation.

L

The present studles included 80 children, from infancy
up to thirteen years, 45 being females, and 38 males. The
limits of normality decided upon were rather wide;due to
the fact that one was dealing with & hospital population.
The child chosen for invesitigation had to be nbt less than
80, and not more than 110 per cent of the expected weight
as judged from Holt's tables, he had to be on full diet and
convalescent from his illness, and the haemoglobin level-
of the blood hed to be over 10 grams per cent. Two infents,
aged three and nine nonths, however, were included with
haemoglobin values of 9.5 grams per cent, s thet level
could not really be regarded &s indicating snaemia at that
age (llackay, 1933). The studies have been grouped acéord~
ing to age, the number being as follows:-

"a, Ten infants, aged three to eleven months.

b. Six children in each year of life up to eleven years.

C. T'ive children in each of the ftwo remaining yesrs,
eleven to twelve, and twelve to thirteen.

The individual results are shown in Mebles 6 -~ 1z,
which have been inserted at the end of section to avoid
encumbering the text. The everage figures for absolute

plasma and blood volumes, tzken from these tables, are



Table 4,

Normal Children,

(aAverage values)

Age No.of Plasma | Blood
years Cases Yolume ml. Yolume ml.
éz; ; 180 418
- %a 1 213 359
& - %ﬁ 3 273 487
;&..;5 3 338 574
53..§§ 3 379 623
1-2 6 502 857
2-3 6 547 956
3-4 6 625 1090
4-5 6 752 1316
5-6 6 855 1500
6-7 6 913 1535
78 6 1083 1902
8-9 & 1092 1898
9-10 6 1292 2288
10-11 6 1297 2317
11-12 5 1495 2682
12-13 5 1304 2397

The one-day o0ld baby included in the table was not
a healthy child, but had erythroblastosis foetalis
(Case 143). Ais the haematocrit reading was high
(57 per cent) and haemolysis only slight, the blood
volume result has been used for the above table to
complete the series of normal children.



Graph 4.

The increase of absolute plasma and blood volumes
with age, plotted from the average values for each

age group. (Table 10)

in Years.

$ 0 0 Slood voluvrxe.

X X X Plasmcx volume
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cathered together in Table 4.

Discussion.

1. ™he influence of age.

"he total blood volume was relatively high at birth,
fell in the following two or three weeks and had reached
300 ml. et & months, was doubled by the end of the first
vear, and thereafter showed a steady increase with
advancing age, to a&bout 2% litres at 11 years. The plaSma
volune followed the trend of the total blood volume fairly
closely after the first few rmonths of life, buf in the
first few nohths after birth it increased steadily, in
contrust to the blood volume, which decreased because of
the destruction of the excessive red cells in the
circulation. Seckel (1936) was of the opinion that
relatively high values were obtalned at two periods
during childhood, neriely between three and six years, and
between eleven and thirteen. 'There is no indiceation of
this in the present series (Graph 4). 'The irregular mode‘
of increase in the later age groups after 6 years was |
probably due to the overlapping of welghts and heights
in the consecutive ages.

Unit plesma and blood volunmes related to body weight
fluctuated from age group to age group; but showed no
consistent tendency to increase or decresse (Graphs 5 and
6). ‘"he plasma volure in ml. per kilo,in the group of
infents gave an average figure of‘47.1, ranging from 39.8
to 50.6 nl. per kilo. hese results agree with those of

Brines, Gibson and Lunkel (1941), but gre at variance with



volume

PlaSwta.

The relationship of unit plasma volume, to age

plotted from the average values for each age group.

P\<"  Ix tjeo’rs.

. e———x plasma volume, ml. per cm.
m . * plasma volume, ml. per sg..m.
X— Plasma volume, ml. per kilo.

Unit plasma volume related to height and surface area

increased with advancing age.
Unit volume per kilo showed no consistent tendency <0

increase or decrease.



Volume

"Biood

Graph 6.

[Relationship of unit blood volume to age plotted from

the average values for each age group.

b4 * Bloocl volume, ml. per kilo.
Blooa volume, ml. per cm.

F——S——— Blooa volume, ml. per sg.m.

Unit blood volume related to height and suriace axea

increased with advancing age. +O”r”magfp1thpr
Unit volume per kilo showea no consistent tendency ei h

to increase or decrease.-
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those of Bekwin and Rivkin (1924), who found an average
of €0.5 nl. per kilo.for the plasma in normal infants,
with a range of 38 to 72 ml. ™hese authors explained
their résults as being due to the fact that fluctuations
in body weight at that age were often due to changes in
the water content of the tissues and not to reai tissue
loes or growth. In a healthy infant, however, on &n
adequate caloric anc fluid intake, snd in the absence of
diarrhoea, vomiting, and fever, there is no justification
in the present results at least, for postulating an
unsteble system of fluid exchange between tissues and
plesma. Unit volume relsted to height and surface area
showed a general tendency to increase with advancing age.
During the first eighteen months, the rise in both plasma
and blood volunes was very rapid in relation to both
height snd surface area. Between 1 and 3 years, the
plasna volume expressed as ml. per cn. and nl. per sq. It.
rensined stationary sround 6.2 ml. and 1040 ml.
respectively (Graph 5). To a lesser degree, unit blood
volume related to height and surface area showed the samne
tendency towards a decrease in the rate of growth. 4
similar "halt" in the rate of increase of plasma per square
rnetre was recorded by liarrow, Soule, anda Buckman (1928),
but no sttenpt was made to explain the finding. When
Holt's tubles of normel average weights and heights were
graphed arceinst aege, & Tlattening in the curve of welght
gain could be discerned between the ages of one and two

vears. 1t was concluded thet the rate of synthesis of
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new htissue was slower at that period, ana that probably
the rete of increase of the blood volurie vas correspond-
ingly slower. Consequently, since the rate éf height gain
showed less fendency than the rate of weight gain to |
decresse bhetween one and two vears, unit plasme volume per
crm., &énd #lso per sqg. r. (since height is ihvolved in the
celenletion of surfece agrea) will show & tendency to
remain constuant.

2 The influence of increase in body neasurenents.

s 1t was felt that atteripts to relate blood volune
results to age night be fsllacious, due to variation of
welght, within each esge group, the results heve been re-
arranged sccording to increasing weight, height and
surfuce ares. The ebsclute plasma volume increased with
crowth s regerds gll three neasurenents, the relation-
sﬂip giving straight line graphs for welght end surface
¢ret, tnd a curved lire graph for height. « fairly wide
scatter existed of the individuel results (Graphs 14 - 16).
These gruphs are inserted at the end of the section for
rurposes of reference. The results for absolute blood
volurne geve a similar picture (Graphs 17 -~ 19). &4
comparison of these graphs shows that there was no
striking difference in the correlstion with the three
fuactors. By the use of the graphs to resd %the expected
vi.lues for plasne and blood volunes, 1% was found the®

ons to the actual findings with

[t

ernellv pood approxingth

PO

the dve method were obtained fron all three.

e



Coses.

oP

Number

Frequency distribution of the series of normal
children, showing percentage deviation from

expected weight and height.

HEIGHT,

13HT.

*O

Ter ce*T <bv1at1%nw—pnm nonmol .

It is clear that in the healthy children greater
variation existed as regards weight than as regards

height.
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previous workers have held diverse opinions about
the correlative factor of choice for blood volume-
Dreyer and Ray (1910) advocated surface area, after their
studies of aninels of varying size, and stated "that it
is absolutely unjustifiable to consider blood volume as a
function of the weight of an animal, since the body weight
divided by the blood wvolume is never t constant for
animals of different weightll. Gibson and Evans (1957Db)
found that the blood volume of an individual could be
predicted on the basis of height, weight, or surface
aret , only within wide limits. Investigations 1in
children have also led to conflicting opinions - McIntosh
(1959) aret harrow, Soule and Buckman (1958) advocated
weight as a basis of correlation; while Brines, Gibson
and Kunkel (1941) cane to the conclusion that correlation
with the three body measurements appeared to be similar.
In consideration of the fact that weight, and therefore
iIso surface area, was such a variable factor in child-
ren, even In health (Graph rI), and that in dehydration
and oedema such gross changes could take place In the
weight of the soft tissues, it was decided to correlate
the results with the child’s height, which was a constant
factor (Gibson and Evans, 1957b; Brines et el. 1941;
Perera, 1946). Height was cbosen in preference to ideal
weight, advocated by some authors, as the former was a
property of the child which could actually be measured,
whereas the latter was the average weight calculated from

a number of children of a certain age, and might differ



Graph 8.

Plasma volume, 1in ml. per kilo,

graphed against weight.

60

TS

30

Unit plasma volume bears no relationship

to increase in weight.

Grajjh 9.

Plasma volume, ml. per sc;.m., graphed

against surface area

1,000

too
1-0

Surface area- — so, m*f

Unit plasma volume increases with increase
in body surface.



Graph 10.

The increase of plasma and blood volumes, in
ml. per cm., with increase in height.

e o o }, N .

o o © J - inaiviaual observations.

x x x --~ average values for each
group of 10 cm. of height.

The lines drawn through the average results
have been used in the sections on disease to
culculate the expected nornal values related

to height.



Graph 10
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considerébly from the weight in health of the particular
child under observation.

Unit plasma volume When,graphéd against>increasing
weight, merely showed an indeterminate scetter within the
range of the series. P’lssnma volume expressed as ml., per
square netre, and ml. per cm., showed & definite ihérease
with increase of surface area and height respectively
(Graphs 8 - 10).' Of these last two factors, height appeared
to show the better correlation (i.e. for unit volume). The
graphs for unit blood volune were similer in form to those
for unit plesma volume, and agsain, height-gave the best
correlation.

‘The frequency'distribution of the series has been
~worked out &s regards two findings () unit volume expressed
as nl. per kilo, and (b) unit volume expressed &s ml. per
cm. (&) For each observetion the percentege deviation from
thé average of the series for unit volume per kilo was
calculated, and a graph drawn of the distribution, (Graph
11) - the average unit volume per kilo being 47.8 for
plasme and 83.5vfor blood. (b} From the curves of unit
volume per cmn,.,, drawn through the average velues for the
series when grouped sccording to each 10 cm. of height,
the expected plasna and blood volumes per cm., were read
for each child's height (Graph lb). The percenteage
devistions of the actual findings from these average
valiues were then calculated, and the distribution of the
cases graphed (Graph 12). &4 comparison of Graphs 11 and

12 shows that as regerds both nethods of expressing unit



Graph 11.

Distribution of the series round, the average
unit volume related, to weight.

e Plasma
Blood

I,V. per kilo varies between +22 and. —26 per cent of average.
79 per cent of the results are within j 15 per cent of average
B.Y. per kilo varies between +35 and —26 per cent of average.
80 per cent of the results are within + 15 per cent of average

Graph 12.

Distribution of the series round the expected
unit volume related to height.

Ticism

Blood

lotion

P.Y. per cm. varies between +30 per cent of expected, values.
80 per cent of the results are within +15 per cent of average.

B.Y. per cm. varies between +35 am. —26 per cent of average.
80 per cent of the results are within +15 per cent of average.
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volune, 80 per cent of the results féll*Within plus or
ninus 15 per cent of the averasge. For blood volume ulone,
the range of variation was the sane for weight as for
height, while plasmé volume showed greater limits of
percentage deviation on the height basis, The reeson for
this difference was not apparent.

Children outwith the Renge of llornality.

Three children who were at the extremes of normality
as regards body meesurenents, and three who were outwithv
the'range chosen for the heelthy gfoup, have bheen
exanined ﬁogether, to show some of the fallaciés of
releting blood volume to weight alone. The per cent
deviations of the expected values for weight, height and
surface area from the actuzl findings with the dye method
‘&re listed below. (The expected values were read from

Case Per cent of . isbsolute blood volunme.
expected Percentage deviation.
welght height Welght  Helght Surface area.

& 110 101 +295.6 -9.8 +12.8

81 130 106 +5&.2 +2. +18.5
82 120 115 +13.4  =2,5 +11.2
83 111 105 +#15.1 +0.1 +9.6

63 110 110 -12,7 -18.6 -15.8

41 82 122 -12.0° 449.0 +16.8

It is clear that for cases 4, 81, 82 end 83, height
was the correlative factor of choice., 4ill of these
children were overweight, and all were less abnormal as

regards height than as regards weight. In cesses 63 and
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41, however, weight gave a closer approxinmation than
height. It is probable thaet for the usuel deviations
from normal size, height is the better basis for thé
comparison of biocod volume with normal children. Cases

63 and 41 however, head deviations from normelity in height
of ¥10 #nd +22 per cent respectively, both of which
represent a greater departure from average than similar

deviations regarding weight.

3. The influernce of sex.

slthough it has been proved that adult females havé
e lower ebsolute blood volume then nales, and élso a lower
unit volume when related to weight due to their greater
proportion of fat (Gibson and Evens 1937b), it was
unexpected to find this difference in children also.

Table b shows the analysis of the results gathered
in two groups, male and female.

Table 5.

Plasma Volune
ml. per Kkilo

Blood Volune
ml. per kilo

Mean Range S.D. Mean Range S.D.
38 boys 48.8 36.8 5.9 86.0 67.4 9,95
to to
58.4 115,0
42 girls 46,9 35.8 5.9 8L.3 62.0 9. 38
to to
58.4 105.2
Difference 1.9 4,7
Standerd error
of
difference 1.32 2.17
SeDe

- standard deviation.



Graph 15.

The sex difference in plasma anci blood volumes
per cm., when graphed against height.
The readings are the average values for the two

sexes, when grouped according to each 1G cm. of

volume

Males

There was a definite tendency for both plasma and
blood volumes to be higher in boys than in girls

of the same height.
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'"e filgures show that the fenale children had lower
plesrie and blood volumes per kilo df body.weight than
the males. The difference for the total’biood volune
ver kilo is stetistically significant, as the difference
is more than twice the standsrd error of difference.
These lower values in the fendle group are not nerely
due to the fact that the girls of the £roup were fatter
than the boys. 4 definite tendency for the unit plasme
and blood volumes per cm., to be leer in girls than in
boys of the same height, was also observed (Graph 13).
In the adult series of Gibson and Bvans (1937b), the
increase 1in the absolute blood volume of nales over that
of fenales, was due meinly to the difference in cell
volume, although the plasma volume was also higher in
males., The following table shows the average values in

the present series for three blood estimations.

i) P.C.V. R.B.C.
g.ver cent per cent MiliTons per c.mm.
42 |
girls 12,02 . 42,5 4,532
38
boys 11.7 43 4.536

The aversge haenatocrit reading and erythrocyte
count was only slightly higher in the group of boys, but
these velues probably did not reflect the difference ih
cell volume adequstely, since, as shown in Graph 13, the
absolute plasma volume as well as blood volume tended to
be higher in boys than in girls.

Blood volume investigations have been perforned
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in eighty normel children.

Increase in age was accompanied by increase in
sbsolute plusma and blood volunes. TUnit volumés related
to helght and surface area showed a rise with increasing
age, wWhile unit volumes related to weight remained unchanged.

Increase in weight, height and surface ares also led
to rise in absolute volumes, but as with age, unit volumes
per kilogrem showed no definite trend, while unit volumes
per centimetre and per square metre showed a gradual
incresse, | |

Yhile the correlstion of blood volume with each of
the three body measurements eppeared veryv similer when
graphed, height was chosen as the correlative factor_for
clinical reasons.

In boys, both plasma and blood volumes showed a

tenuency to be higher than in girls.
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Section 3.

Blood Volume in Marasrms.

References to the blbod.volumeﬁin mqraém@é by bre#ioﬁs
workersware very few. Marriott andﬁPefkinéx(1920+21)
found that the blood volume in seven '"normal" infants
ranged from 8 to 10.8 per cent of the body weight, whiie
in'eleven infants showing extreme wasting, the range was
4 to 10.4 per cent. They concluded that the blood volume
in marasmus was low. Bakwin and Rivkin (1924) on the
other hend, were of the opinion, that for the same age
period, the blood volune in infants with marasmus was
relatively higher than in normal infants. Similesr find-
ings were recorded by Darrow, Soule and Buckman (1928).

The present investigation includes eight narasnic
children varying from 53 %o 66 per cent of their expected
weight for uage (Teble 13). It will be seen that the plasma
and blood volumes related to body weight tended to be high,
in one instance reaching 76 and 103 nl. per kilo respectiv-
ely. When plesma volume was related to bodyv weight
however (Table 14), the majority had low values, phe two
exceptions being children with anaemie, which itself is
associated with increase of plasma volune (Cases 88 and
91). Although Cases 89 and 90 were also suffering from
aneemia, they were found to have low plasma volumes, the
devietions from normal being minus 3 &nd minus 18
respectively. ¥xanminaetion of the case record revealed
that Cease 90, at the time of investigation, had had

freguent loosec stools for two desvs. As gastro-enteritis
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causes @ reduction in plasna volume (Section $), the
tendency of the exisiing ansemis towards increase of
plasma rsey have been obscured. Blood volume in relation
to body height also showed a tendency to be decreased,
except in one of ‘the anaenmic children. ™he nagnitude of
the deviations from expected volumes was not outwith

the range of normelity found in the healthy children.
Nevertheless, from the fact that ell showed a change in
the direction of decrease, apart from the two anaemic
children where there was an obvioﬁs explanation for an
increase, it may be concluded that both plasma and blood
volumes tend to be lqw in marasmus. "The average figures
for the'eight children were &as follows:- 9 per cent
decrease in plasma volume, and 8.5 per cent decrease in
blood volume.

On the basis of the linited data avallable in the
present group of marasmic children, there was no evident
relationship between either tﬁe'degree of wasting and
the plasma protein level, or between the Qlasma proteins
and the degree of reduction of the plasma volume (Table
14). Teking es e basis the figures published by Rennie
(1935) for the serum protein concentrations of healthy
children, the aversage and range of the plasms protein
concentrations of the merasnic group did not show any
departure from normal. Since the plasnma volune was
reduced however, the totel cuantity of protein in

circulation would be lower then normal. In recent

investigations on a group of emaclated, mal-nourished,



prisoners of war, Velters, Rossiter and Lehnann (1947)
foun¢ reduction in plasmavand blood wvolume essoclsted
with low serum proteings, the sverage serun protein
concentraetion heing 5.24 T 0.74 £. per cent. J4Hlthough the
finding of & low protein concentration is not necessar-
ily associeted with & reduction in plesma volume - in
the hsemodilution following haemorrhage the blood
volurne may be fully restored and the plasma protein
concentration low - experinental evidence exists that
elevuetion of the plesma protein level causes a Tise in
plesme volume, once the protein stores have become

seturated (Beattie and Collard, 1942b). TFrom these

conflicting reports, it is apparent that the exact rble

&

*25

leyed by the plesme proteins in blood volume regulat-
ion has yet to be defined. |

In the reduction of plasma volume in maresrus, the
besal netsbolic rete is probably & nore important |
fector then the level of the plésma proteins. The
basal netebolic rate in children does not fall apprec-
iably until the weight reductiorn has reached 66 per
cent of expected welght. Of the eight children under
¢iscussion, only one was &t this level, and all the
others were @p-reciably lower. In diseases of the
thyroid, vhere the hasal metabolic rete 1s altered, it
should be noted that Blumgert, Garglll and Gilligan
(1931), end Gibson end Harris (1939) found the total

blood volume increased in hyperthyroidism and decreased

in nyxoedema, the deviation from normelity being due to
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changes in both cell and plasma volumes. The latter
authors suggested that the level of oxygen consumption
had a dairect influence on the blood volume.
Summary.

In eight children studied, a general tendency was
voservea for the plasma ana blood volumes to be 1oW.
The average percentage ceviations from normality were
-9 and -8.5 for plasma and blood respectively.

Yo obvious correlation existed between the plasma
rprotein concentration anda the reduction in plasma voluue.
It is suggested that decrease in the basal metabolic rate

may be an important factor in causing blood volume reduction.
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Section 4.

Bloo¢ Volume in Cardiac Disease.

The group of children investigated in this sectioh,
conmprised eight patients with rheumatic carditis, four
of whom had congestive cardiac failure, and three
patients with congenital heart diseasse. As the circul-
ation time in cardiac failure is consideraebly prolonged,
the mixing time allowed in all these children was
fifteen minutes (Gibson and Evans, 1937c; Meneely and
Kaltreider, 1943).

Rheumatic Carditis.

The results obtained are shown in Table 15.

The first four children (Cases 92 - 95) all had
gcute rheunmatism with cerditis, A4t the time of invest-
igetion, they had been in bed for at least a week, under
~salicylate therapy. The cardiovaseuiar signs were
essentially similar in every child.

‘l. The pulse rate was eleveted and often swinging.

2e The heart was enlarged to the left, the apex beat
being on an aversge half an inch beyvond the léft
nipple line, and varying rurnurs were present.

The second four (Cases 96 - 99) in addition to the
presence of active rheumatisn, were showing signs of
congestive cardiac fallure, shown by riore marked cardiao
enlargement, orthopnoea and cyvanosis, venous oongestion,
enlarged liver and, in Case 96, oedema. Case 99 had a
very marked degree of decompensation, with the heart

enlargenent extending to 2¢ inches outside the left
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Graph 20.

Plasma and blood volumes in caraiac disease.

SLo

© =

(ID_,QJ/L—‘

D 100 no /SO
Henjkl™ —-— ChAs .
. . . Cardiac blood volumes,
b4 X b4 Cardiac plasma volumes.

The continuous lines represent the average increase in
plasma and blood volume per cm. for the series of 80
normal children. (Graph 10)

In carditis, and to a more marked degree in cardiac
failure, Dboth plasma and blood volumes showed
elevations above the normal average values.
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nipple line, and the liver palpable six finger breadths
below the pight costel margin. These four children were
all‘sufferinévfrom their second or third attack of acute
rheumatic infection.

Graph 20 has been constructed to show the deviation
from normsl of the group, plasm& and blood volume per
centimetre being graphed against the height of the
patient in centimetres. The continuous line represents
the everage increase in height, for the series of
eighty normal children. 8Six of the eight children
under discussion had high total blood volumes, while the
remaining two were within normal limits. As regards the
plesnma volume, elevetion was observed in seven children,
and wes most marked in those with the greatest degree of
clinical failure i.e. Cases 98 and 99,

From this small series of cases in children, it
would appear that in congestive failure, the plasma and
blood volumes @re raised, while in carditis alone
elevation of the plasma volume may precede signs of
fallure. Case 95, had a marked rise in plasma volune
(Tfable 16) and at the tine of the ostimation he seened
to be on the verge of feilure clinically - he had =
massive rheumatic infection, with toxaemlia and numerous
subcutaneous nodules, and in addition to cardiac
enlargement and rapid heart action, showed jugular
distension, and mild orthopnoesa.

The reversion of plasma and blood volume to within
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normal limits after recovery from decompensation was
found in Case 97, while an intermediate stage was
demoﬁstrated in Case 98, at a time when his general
- condition had improved, but when jugular distension and
hepatic enlargement were still marked (Tsble 17).

Table 17.

Cese 97 Case 98
(1) (2) (1) (2)
Date 5.10.45 20.12.45 = 25.,11.46 24.,1.47
Haemoglobin, .
&. per cent 9.6 11.0 4.5 10.7
R.B.C., millions v
per c.mn. 3,35 4,32 3.1 ‘ 4,37
P.C.V., per cent 37 42 29 38
Plasma volume,ml.
Total 1612 1100 1797 1588
Per cn.
Aetual 12.95 8.87 14,27 12.60
Expected 8.95 8.95 9.1 9.1
Blood volume,ml,. :
- Motal 2555 1902 - 2530 2561
Per cn. :
Actual 20.52 15.34 20.07 20,32
Expected 15.4 15.4 15.6 15.6
BlOOd I‘IQI)OIIO Y :
ng. per cent .76 47 36 39

Total plasna
protelins, 6.94 7.71 6.47 7.38
g. per cent

Discugsion.

These results find some support in recently published
work, but are somewhat at variance with the conceptions
of earlier suthors. Wollheim (1931) using the dye Trvpan

red, found the blood volume reduced in compensated



- 57 -
cardiac disease to an average of 70ml. per kilo. (The
average norriel for his series was 83.9 per kilo). To
explain his results in decormpensation, he postulated
two types of‘cardiac failure, plus or ninus, the
clessification depending on whether the blood volume
was increased gbove, or decreased below, the
cormpensation figures. ‘e plus type was found to be
more common, but both types could occur ih the same
individual at different steges of his illness. Vhether
the plus or minus form occurred was considered to
depend, not on the type of heart lesion, but on the
immediate cgusative feactor e.g. overwork would
precipitate deccmpensation with & high blood volune,
whereas infection, by altering the tonus of the peri-
pheral capillaries, would lead to & reduced blood
volune. Similar results were found by Goldbloon and
Libin (1935) who further steted that if the minus form
wes observed in a patient who had been shown previously
to have a high blood volune, coronary occlusion should
be suspected. One criticism of this work is that the
minus form of cardiac decompensation should not be
called cardiac failure at all, but sinply peripheral
circulatory failure occurring in response to an
infection in & patient who happens to have a cardiac
lesion. The explanstion of the low volume found in
coronery thrombosis following the plus decompensation

could lie in the fact that the onset of weaker muscle

contractions and therefore reduced cardiac output
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would lead to an ever grester part of the blood volﬁme
renaining stagnant in the caplllsry plexuses in the
muscles, lungs, liver etc.

Other investigators have found the plasma and blood
volunes to be high in all cases of congestive cardiac
failure (Uhlenbruck and Vogels, 1931l; Gibson and Evans,
-19570; Meneely and Kealtreider, 1943). Gibson and Tvens
observed that in valvular disease of the heart with no
signs rnor synptoms of cardiac fallure, the blood volume
was within normel limits, while in the group with
syrmptons but no slgns, a small increase in the blood
volume could be detected. PFinally, in the group with
frank congestive cardiac failure, the average deviation
from the normal value was +55.3 per cent. The percent-
age increase 1in plasma volume was thought by Perera
(1945), to beer a loose correlation to the size of the
liver, and the letter writer also'suggested that the
increased plasma volume was due to dilatation and
engorgement of vascular chennels in the liver and portal
circulatory beds. He observed that the plesma was augnen-
ted to a greater degree in right sided heart failure than
in left. e finding of & reduction in plasma volume
~before &any clinical signs of recovery were noticeable, was
recorded by laller, Blumgert end Volk (1940}. The changes
in plasma volume in adults so far discussed, have found
parellels in the group of children investigated. ‘/here
cell volure was concerned, the results of the present

series differed somewhat from the findings in edults.
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In patients with congestive cardiac failure, Gibson and
Bvans (193%) found an increasse in cell volune, which was
always proportionately gregter than the plasma volume
increase, and which therefore resulted in apparent haemo-
concentration. The haenetocrit reading was also raised
during recovery, due to the rete of plasma volume. reduc-
tion being riore repid than the rate of cell destruction.
In Table 16 the percentage devietions from normal for both
plesme and cell volures have been tabulated, unit volune
related to height being used for the comparison. Only two
children (Cases 92 and 94) showed an increase in cells
proportionately greater than the increase in plasma, while
two (Cases 93 and 98) showed a decrease in cell volume
below the norrial average. Cardiac failure in children,
however, differs fron the nechanical failure in sdults, in
that active rheumatic 1nfection is usuaily the precipitet-
ing factor. The presence of this infection, by disturbing
the normal utilisation of iron, and possihly by exefoising
8 toxic effect on the bone narrow, nsy ﬁrevent the usual
erythropoietic response of the marrow to anoxaerila. This
cannot be the only factor concerned however, as Case 98
doubhled hié total circuleting haenoglobin in a period of
eight\weeks, duriﬁg which time his blood sedimentation
rate was persistently raised (50-60 mn. in the first hour,
VJestergren) (Teble 17). Table 16 shows that seven of the
eight children did in fect have & hypochronic aneenia as
judged by the nmean corpuscular haenoglobin concentration.

The meean corpuscular volune was normal or high in all the
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children, though Vhitby end Britton (1939 state that in
acute infections, including rheunsatic fevef, & hypochromic
microcytic ansemia is the rule. Paxton however (1935),
found that children with acidosisbhad & high mean
corpuscular diameter, which fact might sccount for the
raised corpuscular volume in the children with cardisc
fajllure.

The failure of Gibson and Bvens (19370) to find an
increase in blood volume in compensated vealvular lesions
is confirmed in Case llo. 97 (2) (7able 17). This child
had clessical sortic disease, in which condition one
night have expected an increase in blood volume, to
compensate for the regurgitation through the aortic valve
with each diasstole. ™The maintenance of cardiac output in
this condition rmust depend entirely on the presence of
cardiac hypertrophy and increesed disstolic filling, and
appeers to be Iindependent of the state of the blood
volume. Plesch on the other hand, (1922), considered

that increase in blood volume was part of the compensatory
mechanism.

In Table 15, it will be seen that the plasma proteins
tended to be low in the children with congestive cardiac
failure, & finding which is oha;aoteristic of adﬁlts with
the sane condition.

The mech&nism of production of the increase in blood
volume in cardisc fgilure appears to consist of ftwo parts.
"he cell volume is augnented in response to the effect of

anoxia on the bone marrow (Sterling, 1909), while the
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plasma volume increuases s a result of decreased
excretion of sodiun énd water by the kidneys due to
inpaired cardidc function (Varren and Stead, 1944). The
exect mechanism caeusing the impeired excretion is unknown.

2. Congenital Heart Disessce.

Three children with congenital heart lesions were
studied in this group, with resulte as shown in Table 18.
Case 100 wag a baby with morbus caeruleus., Cese

102 had & patent ductus arteriosus, confirmed at

operation. These two had essentielly normal plasma
volumes, with high cell volunes, which finding agrees

with results recorded in three cases by Seckel (1936).
Case No. 101 was found to have & marked incresse in both
cell and plasma volumes; This child however probably

had congestive cardiac failure. ‘The lesion was thought to
be a patent interventriculasr septum, and at the time of
investigation she was cyenosed, and slightly dvspnoeic,
ané in addition to enlargement of the liver, had moist

réles at both lung bases.

Summary.

The blood volume has been investigeted in four
children with rheumatic carditig, in four with carditis
and congestive cardisc failure, and in three children
with congenital heart lesions.

In carditis, the plesma volune showed & tendency
to be raised, incregsing as caerdiec failure approeached.
In congestive failure the rise in plsasma volume

everaged B0 per cent.



The cell volurie in cerditis and congestive
failure was not found to be oonsisten?ly reised, in
contraast to the findings in adults.

In congenital heart disease the cell volume was
merkedly increased, and the plasms volume normal,
except in one child who was considered to have developed
congestive cardiac failure, and showed a markéd

increase in both cell and plasma volumes. -
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Section 5,

Blood ¥Volume in Gastro;enteritiq.

It is now well recognised, that the dehydration
which 1s the predominant feature of‘gastro—enteritis'in
infants, is far from heing & simple problem of withdrawsl
of fluid from & closed system of vascular channels. The
concentretion of the verious blood constituents does not
necessarily show & rise in proportion %o the fluld loss.
The ascessnent of the degree of dehvdration either hy
clinical or chenicel means is g difficult problem, and

) v

so far remains unsolved. It is not within the scope of
this thesis to discuss the problem fully, b@t_it can be
pointed out that clinically the signs of dehvdration and
toxaenia often become inextrioabiy mixed, and the problen
becomes even nore coenfusing when peripheral circulatory
failure (shock) supervenes. If the blood volume tends to
fall, sone of the interstitial fluid, along with the
plasna, forms whet is known as the extra-cellular fluid
(Marriott, 1947). TUnder certein conditions, the intra-
cellular fluid (i.e. fluid within the cells) ney share

in the fluid withdrawel, as judged by the considerable
loss of potessium which nay occur in the diérrhoeal,
stools (Butler, Mclhann and Genble, 1933). It should be
ointed out that potassium is held in solution in the
intrecelluler fluid, and sodium in the extracellular
fluic. Trevious workers howvever, have obtained varied
results for plasmae volume in gastro-enteritis. Darrow

and Buel'map (1028) in fiye croes, found the nlusna
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Table 20.

Gastro~enteritis.

Plasma Volume, per cm. Blood Volume, per cm.
 Case rer cent ‘ ' per cent

Actual |[Expected|deviation ||Actual|Expected|deviation

ml. ml. ml, ml.

103 3.68 3.9 -6 6.34 6.15 +3
104 3,08 5.8 —6 €67 ©.0 +11
105 5,03 0.3 -5 C.C £.5 +5
106 4,57 5.1 -11 8.31 8.1 +&
107 4,00 4,7 ~14 .96 7.3 -19
1C8 3423 2.6 —10 0.15 2.7 =10
109 Z.82 4,75 -20 | €.70 7.4 -10
110 3.06 2.9 —22 4,59 €.0 —-24
111 3491 5.5 —29 7.04 9.0 —a2
112 ||z.67 | 5.0 —27 6,55 7.9 -18
113 2.9 4.7 —38 6 .25 7.3 —19
114 2.57 4.3 —41 5.28 6.8 —23
115 3.28 5.3 —36 .84 8.0 —32

Expected plasma volumes per cm. were read

from Graph 10 (healthy children).

Per cent devigtion =

percentage difference

of the actual from the
expected values.
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volures 4o be low in the acute stage of gastro-enteritis,
with increase on recovery, and in another case, a high
plasna volume decreaésing on recovery. In a group of
eleven dehydrated infants, MeIntosh, Kajdi and Meeker (1931)
demonstrated plessma volume increase on recovery in five
ceses, no chenge in three, and an &ctual decrease in the
remaining three.

The number of children investigsted in the present
series, thirteen in 211, is unfortunstely small, becsuse
of the difficuldty of finding suitable cases. If the
children were severely dehydrated, the riethod was carried
out only when an intrsvenous drip was gcing'to be given,
as the procedure might have been prejudicial to their
chences of recovery. Severely dehvdrsted infants were
chosern, ss they were norevlikely to show blood volumne
changes than the milaer cases. Blood was withdrawn from
the enterior fontenelle in the first three babies, but in
the others, fron the external Jjugular veins, as the
fontanelle blood was open to tﬁe criticisn 6f being
diluted with cerebro-spinal fluid. The difficulties of
withdrawing blood in dehvdrated patients are too well-
known to require eleboration.

In Table 19 the results obtained in the thirteen
dehvdrated infents sre detziled. Table 20 shows the
percentage deviation of the plesma and blood volumes in
ml. per cm. of height, fron the average for normal
children of corresponding height. These average or

evpected values were read fron Graph 10. The figures



Graph 21.

Ilasma volume 1in gastro-enteritis.

5T GO

Height -— Crw»5,

. . . Gastro-enteritis cases.
— Average normal curve of
plasma volume per cm. related
to height. (Graph 10)
In every infant with gastro-enteritis, the plasma
volume lay below the normal average, although in

some instances, it did not lie outwith the limits

of normality.
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for plesma volume havé been drawn out in Greph 21. The
plasne volume in all cases showed a reduction which in
seven was below rinus 15 per centy, The three children
(Cases 113, 114, and 115) whose plasna volumes were
reduced to levels below 70 per cent of normal, all died
shortly after admission, despite the administration of
intravenous fluid by continuous drip.

Discussion.

On first exenining the results of the investigations
in these dehvdrated infénts, one was impressed by the lack
of conformity between the biochemical findings, the
reduction in the plasne volume,.and the degree of dehyd-
ration judged by clinical methods. in attempt has there-
fore been meae to assess the conditions influencing
each of these factors, and thereby explain the apparent
anonalies in the results.

1. Degree of Clinical Dehydration.

Probgbly the most important problen in gastro-
enteritis, from the viewpoint of the prectical paediatr—
ician, concerns the question of correlation between the
degree of reduction of the blood volume, znd the degree
of dehydration which can be estimated bv clinicel examin-
ation. Derrow end Buckman (1928) found low plssms volunes
in &ll the infants of their series showing clinical
dehydration. McIntosh, Kejdi and Meeker (1931) found no
correlation between the two, and concluded that the volunme
of cireulating blood need not necessarily show s decreuase,

even in the presence of narkea dehycration. XHight of
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the oresent series (Ceses 103,105,106,106,109,113,114 and
115) shdwed three pluses of clinical dehyvdration, yet five
of these (Céées 103,105,106,108 and 109) were found to hgve
only slight reduction of the blood volﬁme (Tebles 20 end 21).
Of these five, there was no apparent Teason for the dlscrep-
ancy in Csse 103. In Casesvloe and 108 the estimations were
not done until the day after admission, by which time each
infant had drunk 500 nl. of helf-strength ssline, and there-
by had probebly increased the plasna volume. This would sugg-
est that the plasma "hydration" i1s completed first, and that
only then do the interstitia; gnd intracellular fluids have
thelr volumes restored. ZIxperimentsl work with dogs subject-
ed to water and salt depletion, separstely and combined, led
Hopper, Tlkington and Winkler (1944) to conclude thet there
was a definite tendency for the plasma volume to be main-
tained at% normal levels. ‘The renaining two infants of the
group showing éevere clinical dehvdration, With‘only slight
reduction of plaéma volume (Ceses 105 and 109), both had

iron deficiency enaemis, &s judged by the mean corpusculer
heemoglobin concentration, end therefore probebly had

high plasmns volumes before the onset of the gastfo-emteritis
(see Section 6). In addition, Case 109 had & renittent
pvrexie, and fever tends to induce a rise in plaesma volume
(Pinkston and Gregersen, 1935)., The three children who died
(Ceses 113,114 and 115), were those who showed the greatest
recquction iﬁ plasma volume, all over 36 per cent. The feact
that in two, the fateal outcome was noh prevented by adequsate

intravenous fluid (plasma and 10 per cent glucose in 0.5 per
‘ cent sodium



- 687 -

chloride solution) suggests that when the plusma volume has
been reduced to a certein level, probably below 70 per cent
of normal, mere restoration of the blood volume is insuffice-
ient. By that time, profound changes have probably teken
plece in the intracelluler protoplasn, partly due to ectuzal
breakaown of proteins because of dehydrution and insnition,
and partly due to the withdruwal of intracel}ular fluids

and loss of potassium, which has been shown to occur in
severe gashtro-enteritis (Rutler et al., 1933).

"he degree of reduction of the plasna vdlume should be
regarded as & neasure of the loss of fluid from the extra-
cellular fluid compartment, which consists of plasma plus
interstitial fluid. In this respect, the previoﬁs nutrition
of the child will have some influence on the magnitude of
the drain on the svuileble body fluids, which can be with-
stood. It has been showq/that chronic food and water
insufficiency ceuses & gécrease in both extra end intra-
cellular fluid volumes;?ﬂopper et al., 1944},

2. Tlasna Proteins.

If the process of dehvdretion were simply bne of
oontraction of the blood volume, with resultant incresse in
the concentration of each constituent, one would expect &
very different series of results from that seen on studving
Table 21. Ceses 111 to 115 had the grestest redauctions in
plasma volume,Ayet did not have high plesma protein concsent-
rations. The serum protein concentration of "normal”

infents in hospitel averaged 7.08 grams per cent, with s

range of €6.04 to 8.0 grems per cent (Rennie, 1935).
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At the other extreme, Cases 10¢ and 107 had definite
elevaetions in plasma protein levels in the presence of only
slight dehvdretion. ITn contrast to ﬁhese findings, Bridge,
ohen and Scott (1941) in a study of the dehvdration in
diarrhoeal diseases, considered that in & general wav, the
serum protein concentration reflected the degree of
dehvdration. TUnfortunately, one had no rneans of forming
an estinate of the plésma protein level prior to the onset
of the dehyvdration, other than by deduction fron fhe
history of the feeding given by the nother. sAmong the
hospital class of patients, the practice of giving diluted
feeds still continues, and this was found to hold for
Cases 103 and 11l. Estinmations of the proteins cerried
out after full hydration are of little value as an index
of the plasma protein level before the onset of the
illness, as by that time the protein netabolisn has prob-
ably been influenced by the treetment of the gastro-
enteritis i.e. adnministration of water and half-strength
seline only, followed by snall, gradually increasing
nilk feeds.

There appeared to be sone correlation however, between
the length éf the illness, and the degree of plasma.protein
elevation (Table 21). "The three longest illnesses, Cases
105, 111 and 114, had the lowest protein concentrations,
though the converse did not hold true, nsnely that &ll the
children with & short illness had high values (see Cases

112 and 113). VWith regard to the length of illness,

lMarriott, Hartmann and Senn (1935) believed that



Table 22.

Gestro~enteritis.

Bstimations on two children

(a) while dehydrated (b) after recovery.

Case 111 Case 112
©.9,46 20.9.46 [116.8.46 | 22.8.46
Plasma volume, ml. 289 419 242 3628
3lood volume, ml. 521 655 432 593
Plasma proteins, .94 6.6 €.8¢€ €.01
g. per cent
Blood N,F.I., 50 25 120 48
mg. per cent
Total circulating 17.67 26,23 16 .6 21l.76
protein, grams
Eaemoglobin, 11.8 1C.4 12.2 10.11
g. per cent
Haematocrit reading, 44,5 3€ 44 39
per cent
srythrocyte count, 4,55 4.2 5.05 4,4
millions per c.mm.
Total haemoglobin, 59.9 €g.12 52,7 59.95
grans
.C.V,, c. microns o8 85 87 89
+.C.Hb.C., per cent 25 28 28 26
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anhydreemia existing for sone tine ceused plasma protein
destruction. Derrow and Buckman (1928) ststed that an
actual "loss" of proteln occurred éecondary to reduction
of plasma volune, and thet the protein was returned to
the blood stream durinrg recovery. Experimental work
on dogs, hes producéd evidence of a sinilar nature,
that during salt depletion, protein disappeers from the
circulating plasma (Nlkington, Danowski end Winkler,
1946).7 In wwo of the children of fthe present series,
the plasma volume @and protein concentration were estinet-
ed, firstly during severe cehydration, and secondly, when
hydration hed been accomplished (Table 22). Both showed
an increase in total circuleting protein on recovery.
In one child, Case 111, this increase may have been due
te nérmal protein synthesis, as a gsp of three weeks
intervened hetween the estimetions. In the other infant,
Case, 112, the experinents were separeted by an interval
of only six days, ané the beby hal had no plasma trens-
fusions which nmight have disturbed the hormal distribut-
ion of proteins in the body.

To sumnerise, the factors influencing the plasme
protein concentration in childreﬁ with gastro-entefitis are
as follows:-

(a) Simple contraction of the blood volume with

| resultant haemoconcentration.
(b) The degree of inenition existing prior to the

illness.



- 70 -
“(c) The durstion of the illness.
To these mayv be euaded a fourth -
(d) The effect of toxecmie on the rormal synthesis
of proteins by the liver.

It may be concluded from the above studies that the
concentration of the plasme proteins forms‘a most ﬁnTEliable
index of the degree of dehyvuration in infants; MeIntosh,
Kejdi and Meeker (1931) and isldridge (1941) came to

similer conclusions.

3. Haenoglobin, Ervthroevte Count, and Packed Cell Volume.
The haerioglobin concentretion did not indicete
haernoconcentration proportionste to the arount of plasna
volume contrection. Mackeay (1933) found thst the average
heenoglobin curve for artificially fed infents rose from -
70 per cent (Haldene) at three rionths to 75 per cent at
six months &nd renained sround thaet level for the rest
of the first year. (In terms of &bsolute haenoglobin velues
the rise was from 9.66 grems per cent. %o 10.35 grams per
cent.). This low haenoglobin range in normal infants
must be remembered when assessing the degree of haemno-
concentration in dehydration. In the present series, two
children were recognised &s being wvery definitely enszemic,
even in the presence of dehydration - Cases 107 and 110
(Teble 21). Other two jCeses 105 end 109) had haeemoglobin
values just above the nornal average, and on the basis of
haemoglobin level alone, the question of dehydrstion
might have been disnmissed. In sctusl fact,.hoth had

rnoderete decrees of plasna volune reduoction. The
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exlstence of the milder dégre,s of anasemia obviously
could not be diagnosed from exanination of the haemo-,
globin concentration alone in gastro-cnteritias. The
calculation of the meen corpusculsr haemoglobin concent-
ration, however, wés of value, as seen in the two cases
of mild enasemisa under discussion, in both of which the
result was 24 per cent. (The normal range for adults is
given as 32 to 38 per cent. by Whitby and Britton, 1939b.
For infants however, the range is probably lower, and
using llackay's figures for haeroglobin (1933) and
Cleland's results (1941) for haenatocrit reasdings in
healthy infants, the figures for mean cofpuscular 1a8no0-
globin concentration lié between 26 and 30 per cenb.)
Lldridge (1941) also concluded that the haermoglobin
concentration was only of velue in assessing déhydration,
if the degree of nutritional aneenia present could bhe
estimsted.

xcept ih'the two severely anaenic infants (Ceses
107 and 110) haematocrit‘readings lay at levels above
norral, as judged by the findlngs of Clelend (19¢1),
who stated that from the age of three months £ill about
eight months, the hsenatocrit resding fluctuated between
35 and 38 per cent. The ten healthy infants of the
present series, however, had an average packed cell
volume of 41 per cent. Iven with this letter figure as
a basis for conparison, «ll, except the two severely

enaemic infants already mentioned and Cese 108, had

&%)

resdings above nornal. The packed cell volume has the
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advantage over haemoglobin as an index,of dehydretion,

in: that in nutritional énaemia, despite nerled

reduction in beemoglobin concentratibn, the nunber of
erythrocytes may be only slightly decreased. Consecuently
the heenatocrit reading mey show no reduction as a result
of the anaeriia, except when the latter is nicrocytic.
Apart from nicrocyrtosis, esnother factor which may lead to
erroneous interpretations of the haematocrit reading, is
the swelling of individual cells which may take place
under the influence of acidosis (Pexton, 1935). Evidence
of this increese in cell size was found in the present
series, where the average mean corpuscular volume was 91
cubic mierons, four of the vaiues being above 94 cubic
microns (Meble 21). (Vhitby and Britton 1939c, give the
normal average as 86 cubic microns, with a renge of 78 to
94). ~

4, Blood lon-Protein Hitrogen.:

In eleven of the thirteen children with gastro-
enteritis, estimetions of the blood non-protein nitrogen
were made (Taeble 21). 4ll except one, (Case 103) were
found to have a definite elevation above normel. In Cases
112, 113, and 114, i.e. ﬁhe infants who had the greatest
reduction in plesma volume, the levels ranged from 120 to
151 milligrans per cent. Young and McCence (19425
reported thet the high levels of blood urea found in
gagtro-enteritis were due not to definite renal damage,

but to the fact that only a very small amount of weter
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was avalleble for excretion. On this account, the anount
of uree excreted wess very snsll, since the kidneyvs of
infants had & very poor ooncentrating power. e results
of the present series seem to follow these conolusions
closely, as the highest blood non-protein nitrogen levels
were found in the children with the lowest plasm& volumes
and therefore probably the lowest urinery ninute volumes.

The problems which have already been discussed, are
related to dehydration, which however, is not the only
outstanding clinical manifestation of gastro-enteritis.
Many infants ere judged to be toxic, as well as dehyd-
rated, this quality of toxicity probably depending on
the severity of the precipitating infection. Vhere
this factor predominetes, the plasme volume will prob-
&bly be reduced to & lesser degree then in dehvdration
alone, es Ebert and Stead (194lc) found that the plesma
end blood volumes were not reduced in the oirculatory
foilure caused by infections. Case 103, for exemple,
was thought to he very dehvdrated clinically, but in
actual fact showed only slight reduction of blood volunme.
For two weeks prior to admission, the c¢hild had ha@d an
acute infection of one maxillary sinus, and was diagnosed
in the ward as having broncho-pneumonia with secdndary |
gastro-enteritis. On retrospect, the clinicél description
should probably have been - Mg severely toxic infant, with
slight dehydration®.

aApert from the presence of toxeemisa, periphersal

circulatory collapse is corrion in gastro-enteritis, end
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its severity may be related to the fact that the
"d;hydration", so called, is a mixture of salt and water
depletion. PFure salt depletion in untraunatised aninsls
has been shown to cause & furm of peripheral vascular
coflapse like that seen in traumatic shock (BElkington et
al., 1946). In simple water depletion, sufficient to
produce & sinilar reduction in extraceliular fluid volume,
peripheral collapse was not found. The chief difference
in the two conditions would appear to lie in the different
electrolyte concentretions of the extracellular fluid
compartnent. The hypertonicity induced by water depletion
is correcfed by withdrawal of water from the cells. The
hypotonicity of the extracellular fluid induced by sealt
depletion remains uncorrected, since the éell membrane

is relatively impermeeble to electrolyte ions (Marriott,
1947). One of the nresent sefies, Case lll,‘probably
anproached the condition of pure salt depletion as

nearly as 1s possible for an infant with gastro-enteritis,
where 1n addition to chloride loss, there is elways a ‘
marked loss of base in the stools. This child hsd been
given boiled water only, in adecuate amounts for a week
before edmission, and for the week previous to that, had
had one ounce feeds of nilk which were nostly vonited,
i.e. for fourteen days, her intake of salt was practically
nil. 'The striking featureé of the clinical condition on
admission were the extreme hypotonia bf the ruscles and
mental state approaching coma-vigil. Although the child

had been given e plentiful wester inteke, she was still
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dehydrated clinicaelly, and had & low plasma volune.
surmnary.

Thirteen inferts suffering fromvgastro~enteritis
have been studied, and the findings reéorded for plasma
volume, blood volume, haemoglobin concentretion, haemat-
ocrit reading, blood non-protein nitrogen and total nlasms
proteins.

The plasma volumes in the infants with gastro-
enteritis were found to be consistently below the normal
average for healthy children of the same height. 1In
three very severe ceses, the plasme volume reduction
averaged 38 per cent.

An attempt has been nade to correlate the above
findings with one another, and with the degree of
clinical dehyuration. In general, the severity of the
latter gave no indication of the degree of reduction
in the plasna volume. The plasma protein concentration
was found to be unrelieble as an index of the degrée of
dehvdration; mnore reliance could be placed on the
hesematocrit reading. The haemoglobin perceritage

occupied & position mid-way between these two, in

importance,
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Section 6.

Blood Yolume in Aneeriia.

Since blood volune estinstions were first practised,
meny ¢ivergent opinions have been held regarding the state
of the blood volume in anaemia. Heldane and Smith (190C)

sing the carbon monoxide inhalation method, found that the
blood volume was markedly increased in anaemia, and con-
cluded (&) that the blood mass increased as the percentage
oxygen captcity diminished, ahd (b) that aneemic blood was
one to which plasma had heen added, and that it did not
contain & sneller total quantity of haenoglobin. In
another publication (1900) Snith altered thelr previous
conclusion, by stating thet the decrease in number of
ervthrocvtes end in heenoglobin concentration could not be
regarded as due merely o increase in plasma. "Serous
plethora" in ansemie was also recorded by Keith, Rowntree
and Geraghty (1915), along with rather low figures for
total blood volume, in secondary ensenia, and also in two
out of three cases of pernicioﬁs gnaemia. Bock (1921)
confirmed these findings. Further work with the carbon
rionoxide method (Flesch, 1922) gave support to the'théory
of inverse relationship exlsting between the percentage
oxygen capacity and the total blood volume. Plesch even
stated categorically, "Je geringer der H§mogloﬁingehalt, un
so grészer ist die Blutmenge.ﬁ In several patients with
secondary anaemia, he found a true "thinning" of the blood

‘i.e., high total blood volume associated with normel total
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haenoglobin conftent. It 1s difficult to understend why
Heldane &na Smith, and Plesch, using the carbon nonoxide
nethod, should have obtained such highltotal blood volune.
results, as the error in the riethod tends to give apparently.
low values (see Part z). Later workers, with the dye methods,
were all egreed (1) that in secondary anaeniuss regardless of
aetiology, the plasma volune was incréased, and the total
blood volume slightly below normal end (2) thet in pernicious
aneenia, the plasre volume was agsin increased, but the
total blood volume showed a greater reduction then in second-
ary anaemia. For example Gibson, 1939, found the total
blood volume in Addisonian ansemia to be 14 per cent below
the normal average. (Brown and Rowntree, 1928; Gibson, 1939;
Gibson, Harris and Swigert, 1939.)
Results.

The present series. included twentv-gix children suffer-
ing from anaenia of verious types, &nd also two bables with
congenital haemolytic anaemis whose findings will be
discussed at the end of the section. The various conditions

investigated and the number of cases in each, are &s follows:-

Diagnosis. lio. of Cases. Table.
Iron deficiency anaemia 15 ' 23
Leukaemia | 4 3 24
Hodgkin's Disease 1 24
Aplastic anaemia 3 24

Idiopethic huemolytic _
anaenia 2 25

Post-heemorrhagic anaemis 1 25

Macrocvtic anaenis 1 25
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e results obtained showed that in children the
average plasma volume weas high in encemia, and the

averege total blood volume was normal..

Plasma Blood
ml. per kilo nl. per kilo
1 lNlormal children |
Meen - 47.8 83.5
Renge 55.8-58.4 62-113
Standard devietion  5.83 10.39
2 Anaemic children
Mean 63.8 . 87.3 -
Range 55.9-77;5 - 64.,7-110.5
Stenderd deviation 7.0 9.9
Difference between ‘
means l6.0 3.8
Stenderd error of
difference 1.52 2.26

It is evident that on a weight basis, there was a
very significant increasse in the plasma volume, while the
"~ blood volurme averege was essentielly normsl. VWithout
exception, the anaenic children had plasme volumes
definitely ebove the aversge normal (Graph 22)}.

As the children in the group varied greatly &s
regards percentege of axpected welght, two of the coelisc
ceses being only 54 snd 58 per cent, the results were
re-celculsted in terns of devietion per cent from the
sverage nornel unit volume per cri. 8t each individuel
height (teken from Graph 10), ant: will be expressed as

such throughout the section. For plesme volume,




Graph £2.

Plasma volume, in ml. per kilo, graphed against the

blood haemoglobin concentration, in grams per cent.
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In every child with anaemia, the plasma volume lay
above the normal average, although in some cases it

was not outwith the limits of normality.
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similar results on the whole, were obtained, while =

0

recards blood volume seversl interesting points of
difference were nade manifest.

Per cent deviation from average,
normal, unit volume per cCri. Haenatocrit

Average Values.  Plasma Cells Blood per_cent
Entire series +29.0 =37 41,7
1. Iron deficiency +20.7 -20.1%4% . 32.4
2. Leukaenis +68  ~65  +2,9 17.8
Hodgkin's : v
Disease +44 ~12 +21 31
7

3. Asplastic ansenia+2l 62 <=l4 17.8

4. Haemolytic
anaenla +35.5 ~-46 *1.5 - 21.5

5. Post-haenorrhagic
anaenia +43 -56 +1 ' 19

6. Mscrocviic ~
anaenia +10 ~72 <25 11.3

It is clear from the above analysis that the plésma
volume showed a narked increase in all tvpes of anaemiasa
in children, the percentage rise varying from +10 per cent
in the necrocytic aneemia to +60 per cent in the leukaenisa
cases. The average total blood volume for the entire
series again showed no marked or consistent change fron
normal.

1. Iron deficiency group.

The ansenias concerned fell into two divisions, those
purely dietetic in origin, and those secondary to infection.
The two types have been classified together uas 1t was felt
that the blood pictures were essentially similar, i.e.

both had & nornal or low mean corpuscular volume with e
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low me&an corpuscular hsemoglobln concentrstion. It should.
be pointed out thaet the infection group did not include
children with fever, but merely children who had &
history in the previous 6 to 12 months of recurrent
inferctions, with the exception of Case 157, a fensle aged
one year asnd three months, who hed pyvuris with dehyd-
ration and,acidosis,

In the following tébles, and throughout the section,

Hb. = haemoglobin concentration, in grams nper cent.

R.B.C. = red blood count expressed in millions per c.nm.

L}

P.C.V. = haeﬁatocrit reading, per cent.

M.V.C. = nean corpuscular volune, in cubic microns.

M.C.Hb.C. = mean corpuscular hsemoglobin concentration,
per cent.

Plasma, cell, and blood volunes are expressed &s
deviations per cent from the normal average unit volunes
per cm. of height (Graph 10).

Mutritional snsemis, Per cent devietion
from normal

No. Hb. R.,B.C. P.C.YV. M.C.V. l.C.Hb.C. Plasma Cells Blood

g.per mills ~per C.p- pEr cent

cent per cent

C.m.

116 4.5 2.6 28 107 16 +15 31 -3
117 5.8 3.02 31 102 19 +24 -1¢  +10
118 8.8 4,02 36 90 24 +22  +5 116
119 7.0 4.4 32 72 28 +22 11  +9
120 4.2 3.2 23 72 18 + 26 S
Coelliac Diseass. |
121 7.2 3.7 32 86 25 +7 -32  ~9
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lo.  Hb. R.B.C. P.C.Y. I1LC.V. 1.C.Hb.C. Plasma Cells Blood

Coel .4c Disease.

125 9.0 4.52 35 77 25 $24 =18 49
Secondary anaemiés{

124 4,5 4751 37 83 12 +15 -6 +5
125 7.0 3.0 31 100 22 27 26 +4
126 6.3 3,29 32 a7 20 +23 =18 +7
127 5,9 2,74 30 109 19 -9 -52 =27
128 7.6 3.99 36 90 21 +6 ~18 -4
129 5.6 4.1 35 85 16 +33 -6 +16
Ulcerstive colitis.

130 7.0 3.3 29 88 24 +74 -6 +40

™his anaemia wes probebly of nixed aetiology, partly
dietetic in origin and partly post~haemorrhagic.

Conclusions.

The plasma volunes were increased in all the iron
deficiency anaemias with one exception, (Case 127) a child
who wes acidotic at the time of estimation; The totel
blood volume in the majority vaeried between +10 gnd - 10
per cent of normal.

In adults, using the Evens blue method, Gibson, Harris
and Swigert (1939) obtained similar results in hypochromic
anesenias of varied aetiology. Thev found the plasma volune
to be high in all their patients, while the blood volumne
was raised in 33 per .cent, and in 67 per cent was decre&sed
as ruch as 18 per cent below normasl, !clMichael, Sharpeyv-
Schéfer, Mollison snd Vaughen (1943) in four adults with

hypochromic sneenia found marked reduction of the total
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blood vélume. Their nethod however was the concentrated
corpuscle haermoglobin technigque, which, in their hands,
aiso gave rnuch lower volunes for perhicious anaenia than
those generally found with the dve method. Results with
this method in the present series, end the inhersnt
fallecies involved, will be discussed later. Unfortunsately
the only availeble references to children have been in
iéolated cases, Seckel (1936) found the plasme volume
low in "constitutional" anaenias, and high in infective
aneemias, while Lﬁcaé and Deering (1921) reported & very
high plasme volume and high blood volume in an older child
with anesemlia, the zetliology not being stated, énd incresase
of plasma volume with normal blood volune in three
infants with secondary ansenia.

Response to treatrent.

Under treastment with iron e gradual reverssl of the
changes noted in the anaenic stage took place.
Unfortunetely, several estimations were not possible with
the small children, but two hed repeat estim&tiqns per-

formed once the haemoglobin was within normal limits,

Case_ 128 | Cease 130
Age, in years 2% 1 9/12
I)Eite 4-10.46 28.10046* lBo 12-46 23»1@4?

g. per
Haemnoglobin 5.6 l10.8 4.2 12.2 cent
Irythrocytes 4,1 4.88 3.2 4.65 mills
N pET T o DM

Haenatocrit 35 43 23 46  per cent
17.C. V. 85 88 72 98  c.p.
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case 178 - Case 130
hge, in vears. 2% 1 9/12
Late 4.10.46 28,10.46 13.12.46 20.1.47
M.C.Hb.C. 16 25 18 26 per cent
M.C.Hb, 15.6  22.1 13.1  26.2 9y
Absolute C.V. 402 450 201 510 ml.
sbsolute P.V. 748 597 673 598 ml.
Absolute B.V. 1150 1047 74 1108 mnl.
motal Hbh, 64,4 113.1 36,7 135.2 grams.

M.C.V. = nean corpuscular volume, in cubic microns '
M.C.Hb.C. ‘= nean corpuscular haenoglobin concentraticn per

- centb.
M.C.Hb. =& mean corpuscular haenoglobin, nicro micrograns.

c.v.,P.V.,B.YV., = cell, plasma, &and blood volumes
respectively.

These estimations showed how importent it was to know
the state of the blood volume before one could judge
adequately of the progress in ansemnie. In Case 128, the
lisenoglobin percentage did in asctual fact give & true‘
indication of cure, s it was doubled, and so also was the
total circulating hsemoglobin. The cell volume, however,
was not merkedly increased, but each cell contained one
and a half times the amount it held previously. Case 13
showed the total circulating haemoglobin incressing to
about 400 per cent of the previous level, yet the haeno-
globin percentege was only trebled - this anomaly being
due to the fact that the e#bsolute blood volume had been
increased by about one third of the original value_» The

final absolute cell volume was‘cnly 200 per cent of the

original, and seemed to contradict the 400 per cent
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increase in total haemoglobin, until one exenined the mean
corpuscular haemoglobin, which was finally doubled in each
cell,

From the analysis of these two cases, the futility of
expecting full knowledge of the progress of an ansenia
from the usuel test-roon estimations, wés made
unnistakably manifest,

2.leukeenia group.

Per cent deviation
from normal.

case Hb. R.B.C. P.C.V. M.C.V, M.C.Hb.C. Plesma Gells Blood

131
132
133

Hod

g.per nills per c.u. per cent

cent per c.mr cent

3.7 . 1l.21 9.4 178 36 +95 -74  +22
4.2  2.05 18 81 23 +26 =61 =10
3.3  1.19 13 110 25 +83 =60 +24

gkin's Disegse.

134

7.3 3.4 31 91 23 + 44 -12 421
The striking fesature of this group waé the great‘
incresse of plasma, pearticularly in two of the cases,
which raised the guestion of whether the dye particles
night have been removed by the abnornal leucocytes'inrthe
circulation. One cannot exclude this possibility, but

there is sone evidence ageinst it in the fact thet Cases

131 and 132 were aleukasemic, and that in addition Case 131

could have had very few deposits of leukaenic tissue in
his body, as neither liver, spleen nor lymphatic glands
were enlarged at the time the blood volume was estimeted,
nor did marrow puncture revesl typical leukaenic

infiltration until seversl weeks later. ileith (1923)
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found e high plesna volume n adults, in six cases of
nyveloid leukaenia, and in one out of four ceses of lymph-
atic loukasenis, and put forward the sugrestion that the
presence of the enlerged spleen &nu liver, presunably by
furnishing a greater area of sinuses and sinusoids, night
explain the rise in plssma volune.

rz

3. splastic anesenia.

Per cent deviation
from normal
No. Hb. ER.3.C. P.C.V. M.C.V. H.C.Hb.C. Plasma Cells Blood
g.per nills per C.u. per cent
cent per c.ram cent

135 6.9 1.9 25 131 28 +29 =38 -1
136 4.8 1.5 16 101 30 +22 =68 =15
137 4.6 l.44 12.5 &6 36 +12 =79 =28

Results in this group showed a definite tendency for
the totel blood volume to be recuced, in spite of incressed
plesma volume. In this respect, they differed from the
iron deficiency groun, and the contrast was obviously
assoclated with the state of ﬁhe‘absolute cell volume. In
the iron deficiency group, although several cases had
comparable reductions in hsernioglobin level, the circulating
cell volﬁme was only slightly decreased (average haenat-
ocrit reading 32 per cent), the reaction of the bone marrow
to iron deficiency being to produce cells slightly smaller
then normal, snd poorly filled with haemoglobin. In
aplastic ensemia, on the other hand, the cells are well
filled but &re produced in ever decreasing numbers (average

haematocrit reading 17.8 per cent).

The difference between the total blocd volumes in
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aplestic énaemia'and leuksdenie could not be explained so
readily. Here the cell volume decreases were of'similar
negnitude. Why there should be the marked difference in
plasne volume results was not obvious, though the rate
of progress of the Gisease might have some influence.
Judged br the history given with the children on adniss-
ion, the‘leukéemias were all of nuch shorter duration
than the aplastic ensenlss when the blood volume viaes
estinated. It ney be thet sn aneenis of rapid onset
evokes an lncresse in circulsting plasme sufficient to
neintain the blood volume, nore readily than & chronic
aplastic type, in which there is sone evidence that the
éardio-vascular srvstem rescts to reduction of total
haemoglobin by contracting the total blood volume slightly
(Gibson, 1939). |

4, Haemolytic &nsemia.

Per cent deviation
from normgl
MNo. Fb. R.B.C. P.C.V. M.C.V. IM.C Hb ,C. Plasma Cells Blood
g.per nills ner Cop, per cent
ccnt per c.mn cent -

0 + 39 -67 =5

138 2.9 1.35 14,7 109 2
139 6.3 5.46 28.4 82 22 + 32 -25 +8

Case 138 had a subacute haemolytic anaemia, of the
Lederer type, which had been progressiée for one month
following extensive impetigo of the scalp, while Cese 139
hed a history extending over sone yveers, and was classified
es chronic idlopathic haemolytic ansenmia. From these two
estimatioﬁs, it was clear that in the children with

beemolytic anaemia, the plasna increase was such thet total



blood volune wes meinteined at chbout the nornal level.
Recent work on maleria (Feldnan ana Murphy, 1945) demonst-
rated thet the plasma volume was unifoermly incressed curing
the active pheses of the disease, when blood despruction’was
occurring, end thet it remained high and even increased
after the paroxysms, thus proving thst the incresse wos notb
due to fever alone (Soule et gl. 1928; Pinkston and Greger-
sen, 1935),

5. Post-heemorrhugic anaenia. Per cent deviation
from normal.

Mo. Hb. R.B.C. P.C.V. 1,C.V, M.C.Hb.C. Plasma Cells Blood.

g.per mills per 07“' per cent
cent per c.mm. cent '

140 5,0 2.2 19 86 27 + 43 -06  +1
This child, & boy egecd eleven veers, was admitted
following &n at*ack of heenatermesls and melaena due to &
peptic ulcer. The blood volume was estinated on the.fifth
duy after hsemorrhage, which nust have ceased on the day of
aanission, Jjudged by serial tests for occult blood in the
faeces. By that time the blood velume had been fully
restored, requiring wbout a Tifty per cen’t iuncresse in the
plasma frection. ‘In a series of adults, following
haemnorrhage from the stomach &nd duodenun, Bennett, Dow,
Tander &nd Vright, (1938) found that dilution had become
meximal in the majority a few hours after cessation of the
heeriorrhage. The time required however, for blood volune
restoration may be rmuch longer in some instances, as shown
b7 Wellace and Sharpey-Schéfer in controlled haemorrhage

(1941), and by Dacie and Homer in battle casualties (1946).
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The process of blood- dilution ray continue for seven deys
following cessation of the haenorrhage.

6. Macrocvtic anaenia.

Per cent deviation
from normal
lo. Ib. R.B.C. P.C.V. M.C.V. M.C.Hb.C. Plasma Cells Blood
g.per mills per c.u.  per cent '
cent per c.,rm. cent

141 3.4 0,99 15.5 115 21 410 =72 =25
This child wes a coelisc dwarf with nacrocytic

anaemia, which responded to treatment with parenteral

liver extract. He showed the same volume adjustnents as

do gdults with pernicilous snaenia, nanely moderate increase

in plaesma volume sccompanied by reduction in total blood

volume. After six weeks, once the snaemnia had responded

to treatment with intraruscular liver extract, the

complete blood investigation was repeated with the

following results.

20.10.45 6.12.45

Haenoglobin 3.4 11.3 grams per cent
Ervthrocytes 1.35 3,94 millions per c.mn.
Haematocrit

reading 15.5 47 per cent

M.C.V. 115 119. c. microns
M.C.Hb.C. 21 24  per cent

Absolute cell
volume 131 520 mnl.

sbsolute plasna o
volunme 712 584 nml.

Absolute blood
volune 843 1104 mnml.

Total haenoglobin 28,7 124,8 grams.
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T™e results of the finel estiretion of the plasma and
blood volunes were within normel linits for the ehild's
height. One interesting feature wes that the nean
corpuscular volume was still high at the second estimetion,
whereas in perniclous anaemia there is a steady decrease
in the size of the erythrocytes produced during recovery

(Gibson, 1939).

Congenital haemolytic anccmla.

Case Hb. R.B.C. P.C.V. Plasna Blood
g.per nills per  Absolute Per cn. Absolute Per cm.
cent per cent, nl. ml. ml. ml.
C.mri.
142(a)9.4 3.7 35 197 4,28 303 6.5
(p)B8.9 2.6 28 228 4,96 - 319 6.93
143 13.6 4.8 57 180 3.47 418 8.03

The results in these infents could not be expressed
a3 per cent deviation from normal, becesuse no standards et
this age were avallable, Case 143 was only 36 hours old
and had no clinicel sign of haemqusis at that time, a&lthough
the diagnosis from the blood picture was definitelf
erythroblastosis foetalis. In view of the high heematocrit
reading one can assume that haemolysis was slight. This
baby's blood volume has therefore been teken as being
within normal linits.for the second day of life.

Cese 142, wes investigated (a) when four days old and
(v) when thirteen davs old, each time imnediately before
transfusion. Conpared with Case 143, the plasma volune
was high on the first estimetion, sand had incréaéed on the
second investigation by which time the infant's condition

hed deteriorated. The increesse was probably more merked
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Plegsrme Proteins in snsenia.

Cese  Ditgnosis. IT.2. 1. T.P.2.
rng.per cent g.per cent
116 Iron deficiency eansemls 44 7.8
118 Iron deficiency snaenis 40 6.4
119 Iron deficlency ansemis 57 | 4.6
120 Iron deficiency ensenia 31 6.5
121 TIron deficlency enaenig 39 v 7.6
122 Iron deficiency ansemie 21 6.8
128 Iron deficiency eneemis 36 | 7.0
29 Iron deficiency sneenis 34 . 8.0
131 Leuksenis | 53 ‘ 7.35
132 Leukeeria 63 | 6.4
155 Leukaemia 53 4.9
135 Aplastic ansemia 29 6.1
136 Aplastic enasenmis -39 6.4
137 Aplestic ansenis 26 . 6.8
138 Heemolytic aneemia 31 l 5.7
139 Haemolytic ensemia o 38 6.2
140 Post-haemorrhagic anzemia 36 . 5.4
141 Mascrocytic eneemia | 70 , ‘ 4,35

N.P.N. = blood non-protein nitrogen

T.P.P. = total plasme proteins.
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than wes apparent, es Caese 142 was only 46 cm. long and
ase 143 was 52 cm. i.e. normally, in health, Cese 140
would heve & smaller blood volune than Cese 143,

From these figures one may deduce that the cardio-
vascular system of new-born infents reascts to ansemie in
a siniler manner to tha% of older ohildrén, nenely by
augmenting the plasme volure.

Plasma Proteins in Ansenia,

The blood non-protein nitrogen and total plasms
proteins were estimated in eighteen of the asnsemic child-
ren (Teble 26). The average figure for the group wes low,
6.3 grans per cent, and the range‘4.55-8.d grams per cent,
(Rennie (1935) obtained for normal children en average
serum protein level of 7,42 grams per cent in older
«children, and 7.08 grems per cent in children under two
. yesrs of age).

The lowest level, 4,35 grams per cent, was found in
Case 141, the coelliac dwarf, who prohably hsad & true :
dietary protein deficiency.. It is interesting that no
oedema existed &%t this very low level. The patient with
post-haerniorrhagic anasemis (Cese 140) had also very low
proteins - 5.4 grems pér cent - indicating thst the fluld
inflow into the blood stream to restore the blood volume
was poor in protein. ITbert, Stead and Gihson (1941)
sugrested thet the initiel dilution of the blood following
heemorrhage was effected by fluid with & low protein
content, and fhat once the blood volume wes restored to

nornsl, proteins were added to the circulation,
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the amount added being dependent on the protein stores
(Beattie and Collard, 194Ps). “Me aplastic and haenolytic
angenias were also‘associated with lbw protelns in this
series, while the iron deficilency groﬁp shoWed no definite
tendency, the levels being spresd over & wide range.
£1lthough the general sverage result for plasma protein
concentration was low, 1t 1s unlikely that sny child head
a protein deficiencyv sufficient to prevent haemoglobin
formetion - with one possible exception. It has been
shown in enaemic dogs, that & low protein intske will
linit the production of haemoglobin, even in the presence
of excess of iron (Hahn and VWhipple, 1939). The exception
was the child with macrocytic anaemia, whose plasma
pro%tein concentration was 4,35 gramns per cent. For ten
days, he feiled to respond to treastmen®t with liver. extract
and iron. He was then given a blood transfusion; and ten
days later, while still on liver and iron, his blood
regeneration sterted. It is possible that the daily inject-
jons of liver extract, and the proﬁein from the blood
trensfused, were zll recuired to raise his protein stores
to & level at which heemoglobin formstion could begin.
Unfortunately, there 1s no verificstion of this.hypothesis,
es the plasma proteins were not estimated again until the
child was cured of his snuenmia.

Discussion.

1. Comparison with other results.

The results guoted sbove for anaemias in children sare
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gonewhst ot varience with those of Iolllcheel, Sherpey-
Bohﬁfef, Mollison snd Vaughan (1940}, who found thet fthe
total blood volume was Teduced in chronic znseplgss rererd-
less of eetiology. "eir series, however, dJdid not include
any patients with nutritionel anaenia, end moreover, only
edults were investigated S arpey-%chgfer later correleted
the reduction of the blood volune with the incressec right

auricular pressure znd incressed cerdisc outpub which he

found with experiments using cesrdiec catheterisation,; end

buds

with the incressed nercentsge oxvgen utilisation seen

=
=2

81l cases of sneemis (Sherpey-Schéfer, 1944). In view of
the fect that the resting minube oxygen consumption in
anazenis ﬁﬁs not decreased, he sroued thet the minute oxygen
supply must therefore be meinfteained at norpal levels, nrob-
ably by & physiclogicel adjustment of fthe cardio-vasculsar
system involving the factors mentioned sbove, (a) increased
cardiac output (b) incressed oxygen utilisstion =% the
veriphery ¢nd probebly (¢} reduction in blood wolume, since,
at & glven rute of flow, th@ avelilable oxygen dspended on
the concentration of heernoglobin i.e. the reduced snount of
haémoglobin in eirculstion would thus be concentrsted. I
the above findings are correct, how is the incresse In
cardisc output effected in the presence of reduced blood
volume? The caraiec output is governed br three main faot-
ors {1) the wvenous return to the heart (2) the force of

each syvstolic contraction asnd (3) the hesri rete.

of the peripheral blood pressure alse nleys a part in
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the regulating mechenisnm (Semson Vright, 1938). Vith regard
to the first fector, venous return, it would seen thet
diastolic filling would be nore readily meintained with e
normal blood volune than with one riarkedly reduced. (Some
of the patients reported by liclichael et al. had blood
volunmes reduced to sbout 50 per cent of normal). If how-
ever,:the blood volurie were ih actual fect, reduced in
aneenie, the cardiac output wouluw htve to be increased by
means of & narked rise in venous pressure, a narked
accélgration of the heert, or both. Increase orf pulse rate
is of course a well-known concomitent of anaeriia, but in
chronic ansemia, the cardisc acceleretion'is only of rioderate
degree. Right auricular pressure, on the other hand, wasg
found to be increased by Shearpey-Schafer (1944), the level
being regerded as & high normal. Figures published later
(Sharpey—Schafer, 1945) gave results for right auriculer
pressure in ansenies varying fron the norngl level of ninus

4 cc. of seline to e&hout plus 20 cc. of seline measured
from the sternal angle. Brannon, Merrill, Yarren and tead
(1945) however, found no significent rise in right euriculer
pressure in chronic ansenis, and no correlation between the
former end cerdiac output. Indeed, in two of their petients,
the right auriculer pressure tended to rise during recovery,
and wes ecconpaenied by increase in the red cell count, &nd
by decrease in the cardiac output. With regerd to the

seconc¢ fector, the force of each systolic contraction

depends on the stretch to which the cardisc rmscle fibres

gre subjected, and will therefore increase, with increase
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in diaestolic filling up to a certain linit, heyond which
incressed filling leads to recuced cardiac output (Starling's
denerveted hesrt lung preparation). Results published by
Sharpey-Sohgfer (1945) on the responsé of anaemic petients
to transfusion, showed decreuse in cardiac output,
subsequent to the inerease in right auricular pressure
caused bv the extra filling of the vascular bed. This could
‘be regarded es e#idence that these patients in thelr ansemic
étate before transfusion; must have been very nesr the
stretch 1linit of thelr cardliac rmuscle fibres. Once again
it would seem that & decretsed blood volume would with
difficulty cause the requisite degree of diastolic filling
and distension, unless in the presence of & very high righ%
auricular pressure, which has been shown not to exist.

"he method used by IMcMichael, Sharpey—Schgfer, Molli-
son and Vaughan, when the low blood volume results were
recorded in anzer:iia, vas the concenbtrated cofpuscle hsemo-
globin method (vide Pert 1). It was accordingly decided to
try some experiments with this technique, immediately
following en estimation with HEvans blue. 4 small trensfus-
ion of packed red cells was injected fairly repidly, during
thirty to forty minutes, by rmeans of a 20 cc. syringe
connected by stopcock and rubber tubing to the bottle of
blood. T™he exsact volume injected was noted. The other data
reguired were the haemoglbbin vaelues of the blood
trensfused, and of the patient's blood imnediately before

end after the transfusion. The arnount injected veried of

course with the size of the patient. The formula used for
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the celeculation was obtained in the following nanner.

If x

H

initiel blood volune before ftransfusion,

V)

1"

volune of blood transfused,
Hby = haemoglobin concentration of the transfused blood,
Hby = haemoglobin concentration before trunsfusion,

haemoglobin concentration after trensfusion,

5
o
]

then by equeating the total quentities of haemoglobin;
XFby ¢ Vilby = ( x & V) Hbo

Hence, ' x 7(Hby= Hbsp) (Hill, 1941)
Hogz - Hby

The following tebls shows the injected volumes and

haeroglobin values, from which the celculations were nade.

Mable 27.

et et =3

Blood Transfused Blood of Recipient.

Case  Anount Hby | | Hb1 . Ibg
ml. g. per cent g. per cent
141 175 7.0l B 4,42
’ 80 9.85 1

131 (1) 230 11.6 — 1.7 | 3.74

(2) 165 15 | 3.03 6.02
130 160 12.98 8.05 9.73
133 125  17.37 3.3 4.50

144 210 18.79 7.54 9.54
The first four children have already heen diécussed,
Cerse 131 had the procedﬂre done on two occasions. Case 144
was & child with nephrosis, on whom the dye estimation
could not be performed because of opacity caused by the lipoid

content of his plasma,
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The results obtained by the two methods are contrested
below.
Téble 28.

Evans blue | C.C.Hb. method
Case Absolute B.V. MlL.per kilo Absolute B.V. Ml.per kilo

141 843 74.0 869 76,0
131 (1) 1147 84.3 896 1 65.9

(2) 1366 103.5 496 39.0
130 2730 6.4 309 9.0
133 1801 89,2 1341 66.53
144 . - - 9m 81.1

congo red.
Of the five sets of results with the two methods, only

one gave compsrable figures, (Case 141), while in two,
(Ceses 131 (2) and 130) the results obtained with the
concentrated corpuscle method were obviously ridiculous.
Mclfichael and his co-workers thenselves pointed out, thet a
serious source of error in the forrula proposed by Hill, wes
the occurrence of plasme shifts, as the red cell volume in
man was constant aéart from the nornal removel of effete
cells, end the addition of new cells from the bone marrou
(Fbert and Stead, 1941e). They accordingly modified the
forrule in the following menner. If y cc. of plasna leave
the biood before the final estination of haemoglobin, then

by equating the total amounts of haeroglobin,

XHbl ~+ V.Hbv = (x 4+ 7 - ‘y)H‘bg
Hence X = V(Ib, - Hbs) vHbo
-+
Hbe - 1y Hby - Hby

If there is & shift of fluid into the circulation

during the transfusion, Phen the ¥ fraction becomes =

(=
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‘negative quantity. 4Ls McMighael end his colleagues

demonstrated, if y - 100 ml. and Hby

——= &,
Hby = Hby |
then the original blood volune calculeted would be too low
by as much as 1 litre. &s the fractlon Hby approaches
Hby - Hoy

unity, the error is reduced to its ninimum., This 1s nost
likély to occur in cneenic bloods. ILven with the last
proviso however, there ney be & large error, which is
indeed seen in Case 131 (2) (Tebles 27 and 28). In this

instance Hb, - 2, the lowest velue for the series of

oy - oy

five estimations, and vet the calculated blood volume was

only one third of that found by the dye estimetion, due to
the large value for y, the fluid shift. In a series of
eight anasemias, in whom the plasma volunme was investigated
before and &fter a concentrated cell transfusion of 450
ml., Dyson, Plaut and Vaughan (194<4) found the expected
post-transfusion level for‘blasma volurie in only one, an
ihcrease of 262 to 442 ml. in four, end a decrease up to
255 ml. in the remaining three. |

In conclusion one ney state that owing to the ease with
which fluid shifts can occur, &end the negnitude of the error
thus introduced, the concentrated corpuscle haemoglobin
method cannot be relied upon to give sccurate results.

£. Blooda Volume Regulstion in .ntenia.

Fror the results renorted in the verious tvpses of
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angemia, one may conclude that in children there is &
definite tehdenoy for the blood volune 1to be naintained
g%, or but slightly below, the nornsl level for eszch
individual.

™he correction of blood volume decrease following
heenorrhage could teke place theoretically in two ways -
firstly by the discharge into the circulation of red cells
from & "reservoir", or sécondly, by the addition to the
blood stream of plasme from & "plasma pool".

With regard to the existence of an erythrocyte
reservoir, Ebert and Stead {l94la) investigated the effect
on the blood volume of exercise, of injections of
epinephrine, andlof controlled hesenorrhage, in hunman
subjects, several of whom had undergone splenectomy for
therapeutic reasons. 1lio evidence was found of the
eiistence of blood reservoirs in man, unless in petients
with pamhologicel enlargenent of the spleen (Ebert and
Stead, 194le; Giffin and Brown, 1929).

The fact is well éstablished, that the plasna
volune nay be nurkedly incressed following haerorrhage,
and elso in chronic esnsenia. This increase probebly
depends in part on an inflow of extracellular fluid,
and in part‘on a recistribution of circulating plasne.
The latter adjustment would seen to be effected by
capillery constriction in areas of great vascularity
e.g. rmiscles, liver (Robertson, 1935), pulmonary bed
(Glaser and McMichael, 1940) and subpapillarv plexus of

the skin (VJollheim, 1931). Bv reans of this constriction,
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the major part of the “deudY plssns which lines the
capilleries snd which normally enounts to about 20 per
cent of the total body plasna (Hahn et al., 1942; Ebert
and Stead, 1941b) will be returned to the sctive |
circulation.

Anelysis of the plasma and blood volume results in
the series of ansenmias has suggested several fectors which
probsbly influence the degree of plasmna volurne increase.

(é) Speed of onset of the enseniea.

Following & sudden reduction in haenoglobin as in
haeriorrhage, the plasms inflow is such that the total blood
volume is restored, if the available body fluid is sdequate
(Boycott and Douglas, 1909; Robertson and Bock, 1919s &nd b;
Wellace and Sharpev-Schéfer, 1941).

In chroni¢ anuvemias also, the speed of onset may play
a part, since in the haemolytic ansenis group one child
gave a much shorter history than the other, snd had & higher
plasma volume increase.

(b) Available body fluid.

In this connection, it is known that in haenorrhage,
restoretion of the blood volume is more quickly effected
if fluids are given orally in unrestricted amount (Robert-
son and Bock, 1919b). Thirst probebly comes into pley only
when the avsilable interstitial fluid has already been
drained to augment the plésma volume., It is interesting,
thet Case 148, the child who had subacute haemolytic

anaenia of one month's duration, &and in whon destruction



of 67 per cent of her cell volune had occurred, wes
reported by her nother to have been very thirsty during

the perioc of increasing pallor. In pernicious antsenies,
Gibson (1939) noted that there appeared to be certain
linitetions to the increase of plasma volume when compared
to hypochromic anseniass, and that larger increases could

3> inferred that the

o~

be obtained by forcing fluids. H
tissues in pernicious anaemia were in a state of chronic
mild dehvération.

(c) Degree of reduction in cell volume.

Excluding the children with leukeenia, one might
suggest that the total blood vélume is fully maintained
only when the cell volume decrease does not exceed>minus
60 per cent. RBeyond this iinit, plasma volume increace is
only rnoderste (cf. aplastic ansemies and macrocytic ansenis,
where the plasme volume increase was plus 21 end plus 10
per cent, accompanving devistions from normal in cell
volume of minus 62 and ninus 72 per cent respectively).

In the iron deficiency group, on the other hend, where the
reduction in cell volune weas slight the totgl blood volume
was fully naintained. Robertson and Bock (1919a), suggest-
ed that in ansemia, two distinct tendencies in relation to
blood volume could be observed, namely the restoration of
the blood nass to ensure efficient working of the cerdio-
vascular svstem, and the inhibition of dilution to

prevent lowering of the haemoglobin concentration. These
authors stated that the restoration of the blood volume

prevailed until the haenmoglobin concentration was reduced
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to about 20 per cenv.
(d) Increased oxygen ubilisation.

The incressed oxvgen utilisstion at the periphery
which accompanies ansenia, will ensure greater reduction
of venous blood, and the relatively higher osnotic pressure
thus induced, may cause a greater rcturn of extracellulur fl-
uid to the vescular channels.

Surmery.

Blood volume estimations were performed on twenty six
children with anaemie of various types. The plasme volume
was found to be incressed in &ll the classes of ansemis
investigated. The totel blood volune was maintained &t
normal levels in iron deficiency eneemia, leukaenisa, &nd
in hsemolytic end post-hesenorrhagic ansemiss. In aplastic
and mecrocvtic ansemias, the total blood volume wes recuced.
Explanstions of these differences heve been suggested.

The results of tohal piasma protein estimations in
eighteen cases, gsve an Bveruge below normal.

different findings of !lcllichael, Sharpey-ﬂmhgferw

F
3

Mollison snd Veughan (1943) and of Sharpey—ﬁchgfer {1944
and 1945) in chronic ansemisa in adults have been discussed,
and an ettenpt hes bheen mede to Justify the results of the
present series on phvsiological grounds.

The concentrated corpuscle hzenoglobin method
advocated by McHichael et al. (1943) was carried out in

five children with ansemis, the results obtained

demonstrating clearly the fellacies of the techninue.
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Analysis of the results for the different types of
angemia has suggested variéus factors concerned in the
reguletion of the plasma volume in énaemia (a) speed of
onset of the disease (b) anount of avéilable body flulid
(¢) degree of reduction in cell volume &nd (d) inéreased

oxygen utilisation at the periphery.



Fluid Shift in Two Cases of Anaemia following Transfixsion.
The following two cases of anaemia have been described
in view of the completely different resx)onse to blood tran-
sfusion, the one reacting by the addition of fluid to the
blood stream, and the other by the loss of fluid. The
initial blood volumes were determined by the congo red method
after which the concentrated corpuscle method was applied
following the technique described in the previous section.
Case Histories.
(1) Case 141 (Table 25) aet. 6 years, was a coeliac dwarf,
53 per cent of expected weight and 86 per cent of expected
height. He had a severe macrocytic anaemia, which failed to
respond initially to liver and iron. The blood picture was

as follows (20.10.45) :-

Haemoglobin 3.4 g. per cent
Erythrocyte count 1,35 millions per c.mm.
Leucocyte count 7,000 per c.ron.
Haematocrit reading 15.5 per cent

Mean corpuscular haemoglobin 21 per cent

concentration

Mean corpuscular volume 115 «c¢. microns
Mean corpuscular diameter 8 microns
Total plasma proteins 4.35 g. per cent

Blood volume before transfusion (congo red)
Absolute volume -843 ml.
Unit volume -74 ml. per kilo of body weight

-8.9 ml. per cm. of height.

(This part of the work has been accepted for publication
in the "Archives of Disease in Childhood").
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Lverage velues. for healthy children of the same height
Absolute volune = 1,125 ml.
Unit volune = 11.8 nl. per cr. of height
Blood transfusion vias given on Oct. 20th., 1945, using
bank blood, 175 ml. of which had a heaerioglobin value of 7.01
&. per cent, and 80 nl. a velue of 9.83 g. per cent.
(2) Case 131 (Table 24) aet. 2 vears and 3 nonths,wes sdnit-
ted on Nov. 6th., 1945,with a history of increasing psllor
and cervicsl lymph gland enlargement, of three monthst' dur-
ation. The condition proved to be one of sleuksenic lyrphetic
leukaemia. He wes a well-groﬁn child, 109 per cent of
expected weight, end 104 per cent of expected height.

Blood investigstion (7.11.45) gave the following figures

Haemoglobin 3.7 g. per cent
Erythrocyte count 1.2Y nillions per c,nm.

Leucocyte count | 8,000 pef C MMM

Haematocrit reading : 9.4 per cent

Mean corpuscular volume | 78 ¢. microns

Mean corpuscular haemoglobin 36 per cent

concentration
Mean corpusculer diameter 7 microns
Total plasma proteins 7.35 g. per cent

Blood volume
(a) Before first transfusion (7.)1.45)

Absolute volune 1147 ml.

Unit voluﬁe = 84.3 nl. per kilo

(]

1.2 ml. per cn.
(b) Before second transfusion (21.11.45)

Absgsolute volume = 1366 nl,
Unit volume - 103.5 nl. per kilo
15.7 ml. per cm.
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Average values, for heslthy children of the sarie height,
hbsolute volume = 950 nl.

Unit volune = 10.8 ml. per cn.

He was trensfused on two occesions:

(1) 11.11.45 -~ 230 ml. of bank blood containing 11.6 g.
per went haemoglobin.

(2) 21.11.45 - 165 ml. of packed red cells, containing
15 g. per cent haermoglobin.

Heeroglobin Values in gramns per cent.

Cese 141 Caqg"ls;
‘T (2)
Before transfusion 3.4 1.7 3.03
5 mirutes after 4,42 3.74 6.02
12 hours after 3.51 - -
24 hours after 3.58 4,19 5.7
48 hours after 4,34 - -
mraznsfused blood 7.01 11.66 15.0
. (175 ml.) (230ml,)(165ml.)
+ ,
2.83
(80m1.)

Using the asbove haemoglobin values, Hill's formula vie s
applied to calculete the initial blood volunse.

X = TJ(IIbv' - I{bg)

(Mi11, 1941)
Fbs - Hby

where x initial blood volune

4
n

volume of blood transfused

Hb, = heemoglobin concentration of the transfused blood

>
n

haemoglobin concentration of the patient before
transfusion.

haemnoglobin concentration of the pestient after
transfusion.

5
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Tn neither of the children, ¢id the initicl blood
volume cealculated bv Hill's Fforrmla +tslly with the results

obtained hy the congo red nethod.

Case 141 Case 131
mi. (1) mI. (2)
Initiel B.V. (céngo red) 843 1147 1366
Initial B.V. (Hill)
teking Hb, &t five minutes 869 - 896 496
" " " 12 hours 10,167 - -
" wooor 24 00m 5,447 690 575
mooow o w48 m 964 - -

As shown‘in.the discussion of the ahaemia section,
fluid shifts form & frequent source of error, when using
Hill's formula. From the results shown above, the following
conclusions were drewn,

1. VIn Cese 141, no significaent fluid shifts took place
during the transfusion. The results at 12, 24, and 48
hours, however, were obviously too high, that for 12 hours
ridiculously so. Therefofe'it was assuned that fluid hed
been added to the circulation in considerable amount
following the transfusion.

2, In Case 131, in botk instanées, fluid must have left
the blood stream dufing the actual transfusion. 4After the
trensfusion, fluid continued to leave up till 24 hours,
while afer the second, a small amount of fluid wes added to
the ciroulaﬁion during the 24 hours ensuing.

The modified formula of llclilchael, Sharpey~$chgfer,

liollison, anc Veughan (1943) discussed in the previous
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section, waé then applied to caleulste ¥, the armount of fluia
shift, by substituting for x, the observed initisl blood
volune estinated by the dye method. |

X = V(iby - Hbp) yHbe (lieMichgel et al.,)
+ 1943

Hbz - Hbil Hbp - Hbl

The following results were obtained:-

Case 141 Cese 131
ml. (1) nl. (2)
Tnitial B.V. 843 - 1147 1366
Volume trensfused 255 230 165
Fluid shift ¢—
during transfusion 0 137 432
0-12 hours after . 4292
~135 +61
12-24 hours after - 61
24-48 hours after - 209 - -

+ sign indicates addition of fluid to the circulution

- sign indicetes withdrawal of fluid from the circulation.

Tt is understood that the figures calculated for the fluid
shift should not be regarded as accurate, but they serve to give
an estiméte of the direction and nagnitude of the volune
changes concerned. |

Discussion.

These two patients, who were alike in exhibiting & very
severe degree of anaemia, showed an interesting contrast in
thelr post-transfusion response. ‘"wo main points of difference
existed, which may help to explain the dissimilarity in
reaction.

1. The initial state of the blood volunrne differed in the two

-
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children. Case 141, the coeliac dwarf with nacrocybhic
anaeria, whose reaction during the first twelve hours wes
that of fluid addition to the blood, had & bloocd volume
which was & low normal when related to welght, but when
related to height, wes definitely below everage for children
of his height. The latter forns & better basis for compar-
ison, &s the child weg 53 per cent of his expected welight.
Cese 131, on the other hand, had en initial blood volume
which was rather high, and the response to transfusion wes
thet of fluid shift to the tissues, the exact opposite of
what occurréd in Csse 141. It has been shown, that when the
blood volume 1s at & normal level, transfused serun tends o
leave the circuletion within one or two hours (Sherpey-3 schafer
- end Wallace, 1942a). Sihilanly , With transfusion of whole
blood in chronic angenis, the added plesma ma v disaprear
even during the transfusion, particularly if the rTate of
givin

is slow (larriott and Kekwick, 1940).

20

. e ot}cr factor which ney explein these results 1g the
different relationship existing in the two uatlents, between
the plasre protein levels of the blood of donor and recipient.
If a petient is transfused with blood of & higher protein
content than his own, there is 1ikelv to be a transference of
fluid from the tissues to ecvuallise the osmotic pressures, and
corversely, & transfused blood of lower protein content will
tend to cause a fluid shift to the tissues (letcalf, 1044).
Teliing an average of © g. ver cent as the tonal protein

lavel of bank blood, it will be seen that Case 141 hed a

plesns protein level well below this (4.55 g. per cent),

O
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end Caese 131 considerably ebove (7.3%5 g. per cent).

The failure in Cese 141 %o retein the additional fluid
after forty-eight hours, nay be due to the fact that the added
"protein was rapidly withdrawn from the circulation to nake
good the deficiencies in his protein stores, which considering
his state of prolonged nalnutrition, were probably low |
(Chang 1932; Medden end Whipple, 1940; Ebert, Stead and
Gibson, 1941; Beattie and Collard, 1942Db).

That some of the fluld removed from the plasma as a
result of transfusion, may enter the red cells, is demonst-

rated in Case 131 (Dyson, Plaut and Vaughen, 1944).

Dete M.C.YV. ' M.C.Hb.C.
c.microns per cent
7.11.45 78 ' 38

10.11.45 Transfusion

21.11.45 114 ‘23

21.11.45 Trensfusion

28.11.45 - 109 ' 24

In view of the recent work on the increased oafdiac
output, and poor cardisc reserve in chronic anaemia (sherpey-
Schgfer, 19443 Funter, 1946) and the dangers of trausfusion
finless by slow drip (sltschule and Gilligen, 1938; Sherpey-
Schéfer, 1945), it isrinteresting to note that in these two
petients, blood wes syringed into & vein at the rste of
gbout 5 ml. per ninute, and that neither showed any aaverse
reaction. Both cases before transfusion however, showed such
extreme pallor, that it may be concluded that the

corper.satory vaso-constriction was well-merked. During the
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trﬁnsfusion; distinet flushing end heat of the skin were
noted, but without venous engorgement, indicating thet the
dilatation of previously constricted vessels had enlarged
the vascular‘bed sufficiently to accommodate the incressed
blood volume (Sherpey-Schéfer and Vellsce, 1942b).
Sunnary.

"he difference in the behasviour of the blood volume
following trensfusion in two severély angemic children has
been studied. In one case, fluid was added to the
circulation; in the other it was withdrawn.

The suggestion is niede that the results can be
expleined by the difference in the initisl blood volume of
the two patients, and in the plasme protein levels of the

' blood of the donor and recipient.




Conclusion.

For the incividual groups of investigations, the
results obtained end the conclusions drewn have been given
at the end of each section, and need not be reitersated.

Throughout the studles, 1%t has becone riore and rore
apparent, that ¢ knowledge of the blood ?olume is essentisal
for a complete understanding of many of the processes of
metabolism.‘ '"his is probsably especially true of infants
and young children, where the mechanisms of defence sgainst
disturbences of acid-base balance are relatively inefficient.
In blood diseases, too, it is evident that hasemoglobin wvalues
can only be given their true significance if assessed along
with the volume of the circulating blood.

The modern nethods of estimeting plesma volune,
especially since the introduction of Hvens blue, are
relastively simple, and reasonably‘free from error. Vhen

* . RE. v
these nethods sre used in conjunction with the recent
advance of employing radio~sctive substances to estiﬁate the
red cell volune, it is to be expected that more iﬁform&tion7
of a vagluable cheracter will be obtained in the future,v

concerning blood volume chesnges in health and disease.
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