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Trewre s w0 @roning interest i measurcment
of the civenlating blood volume in health and
discases Judaing from merous publications.
this procedure s now  commonly applicd in
clinieal practice. Several excellent revicews

e and chapters in books 5 e been
written on the subject of blood voliume sinee

World W 1.

contusion and doubt about the significance ol

Nevertheless, there is still some

blood volinme mcasurement. interpretation of
resultse and application to patient care. The
basic difficalty woises from Lk of understand-
ing as to what is actuadly being measnred and
the inherent shortecomings of the methods cm-
ploved.  According to Gregersen and Rawson,
and rightlv so. “Nethodology has been. and
stll s of st importanee to anvone inter-
estedd in determining blood  volime  or in
evaluating results reported by others.”

From the point of view of the anesthesiolo-
wist, the significance of blood volume measure-
ment i the surgical patient is best sinnna-
rized by Sjostrand ! virfations in the
blood volume  between ditferent individuals
and under different conditions in one and the
same individual aply that the pulmo-cardiae
A smadl total blood vol-

ume implies @ decreased pulmo-cardiae hlood

blood volume varies.

volume, and as o consequence a decrcased
cirenlatory reserve and an inereased risk that
the cardine output in connection with an alter-
ation o the blood distribution or a bleeding
shadl be insaflicient. The same effect will
also be apparent inan incerease of the intra-
thoracic pressure as by artificial respivation
with positive pressare. ... It s therefore
important to realize o0 that the blood vol-
mne can be Tow. and i sueli s the case all
cliorts should be made to compensate this by
pre-operative blood transtusions. 1t is Tike-
wise important to keep the blood  volume
nnder control during and after surgical opera-
tions and to pay attention to the incisions

e Albert is Divector of the Anesthesioloay Re-

search Laboratory, Departiment of Ancesthesiolooy
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which mavinfluence the  distribution ol
blood, © 0 Althongh the above principles
are recognized. prctical application has heen
delaved due to the Taek of simple practical
methods for determining the blood volime,”

Todin we have practical methods for meas
uring blood volume, and the purpose ot this
review is to stummaoize the pertinent aspects
of blood volume measurement which oe o

interest to the anesthesiolowist.

Blood Volume and Circulation

Blood cireulates in the vascular system by
virtue of the pump action of the heart and
peripheral muscle action. Cardiae outpid s
the product of stroke volime and heart vate,
The stroke volume varies with the amonnt of
blood that returns to the heart during dias-
tole. i Irom these considerations, there
wonld  seemn 1o be a definite relation he-
tween venous return of blood to the heart.
venous pressure, and the volume of blood that
fills the vaseular system, Alteration in venouns
returne would  directly atfect cardiae ontpuat
and the dviaamies o cirealation,

The high-pressare arterial svsteny acts as a
rescrvoiv of relatively fixed volume and con-
tuins approximately 20 per cent of the total
blood volume,  Inan adalt, a0 30 per cent
reduction in coterial capacity would displace
a relatively small volume of blood  (230-300
mboy.

appreciabh affect total volume, volume  dis-

This blood displacement would ot

tribution, or venous return,

The capillary bed contains about 5 10 7.5
per cent ol the total hlood volumne. Fxchange
of water and envstalloids between the intra-
vascular and extravascnlar spaces tihes place
at this Tevel of the vascular svstem and altera-
tions in blood volume ocerr Liere as an acate
adaptation process in order to maintain filling
ol the vascenlar hed,

The low-pressure venous svstem contains 75
per cent of the total cirealating blood vol-

.

Hre, Venous vessels passively evpand 1o
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accommodate Lorae volinmes of blood. contract
actively to condorm to w redaced volime, and
maintain venons pressure and adeguate senons
veturm to the ot Redaction or inercase in
cirenluting blood volinne of 5210 per cont i
o normo-volemice individual is compensated for
cither Dy netive contraction or passive disten-
Hon ol the venous bed with no changee in cen-
fral the

heart, Refles adaptation in venons capaciiy

venous pressure or o venons return to

with o intact aatonomic ners ons system fone

tions normallv . within cortain limits, abont

[0 per cent chanee i civenlating volume,

v erload of the circulition by 1525 por coent

will inercase venous retorn. cnlarge cardiie

volime and i the presence of aoweakened or
dinnaged nivocardiom, lead to ey cardiae

Failore and poloonary cdema, b the presence

of o reduced blood volime 15223 per cent.
venons return to the hieart s Timited: Glling of
ciodive elionbers i imadeqguate. resulting i o

reduced cardine output.

Venomotor Tone

venons tone alter distensibility
the

reform

Changes in
chiaracteristios of vessels,
the

v\ chunoe e venomoton

NCTIOTS VOTHOLLS
the
the

presence o aoreduced or elevated cirenlating

])]t'\\”l(‘_ .”l(l VeThons ”()\\ to

hieart. tone in

blood volame nan produce a0 marked altera

tion in venous relin and cardine Hilling during

diastole. Stadies onasolited venous strips in

[ T

vivo and on hand volme have shown

thaet stimalation of the sKine paing by perventi-

Ltion. positive-pressure breathing, low Py, .

and chilline raise venomotor tone and redoce

TR

venons distensibility . Catechokunines, and

in particular norepinepline. have o noked
constrictive effeet on the venons svsten, cans-
e aoreduction inovenous capacity and worise

in venons pressare. Noderate Byvpovoleniia

[SHRNN l]li’]'&"“l'(‘_ IH' Illll\l\(’ll l)\ l)\(‘l’il('[i\" N

nons constriction. limiting venons capacity and

Haintani e or Cy el Fdsing Venous prossire.

v orise i Py and deaes that depress sy

[m!]u'!l«' tone rediuce venomotor tone aond
venous vessels tend to distend readilv ander
pressure resulting inoa lowering ol venous

prossure.! Changes invenomotor mechn-

nistus that alter distensibility cod thereby the

capacity ol the venons svsteme iy ecasihy in

duce i w0 normoveleniie patient. Benods

N\
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P
manic changes siimualating either Livpovolemia
or hnpervolemi,
Tachveardia

Tachycardia shortens the diastolic period
and the duration of venous inflow. and filling
chambers

ol curdiae is correspondinglyre-

duced. The stroke volume is reduced. but the
cardine ontpot iy remain normal or even in
crease owing lo the product of stroke volume
thmes cardine rvates With by povolemia, the
pressure gridient for venous vetiomn, the differ
cnce between the peripheral and centeal ve-
nots pressure. s redueed. cardine volume s
dimninished. wnd the stroke volumne s redueed
to the extent that even swith an incereased e
dice rate the cardiae ontput is diminished,
'[‘.l('ll\('.“’(“ll II]”,\ .'l].\() l]ll\(' o ll(l\(‘l’,\(' (‘II(‘('( ”I
hy pervolemie conditions owing to an incrcase
I pressure aradient and venons return with
over-filling ol cardiac chambers. Beduction in
cicetion time causes mcomplete cmptving of
cirdine chambers, o aradial increase in end-
svstolic residual solmme and blood  accemmnin-
Fition. Pulimonary edema will ensue as a result

of hack pressurve into the pudmonary cirealadion.

Red Cell Volume and Plasma Volume
I&l(“)([

pliastma volumes,

the sume o red cell and

“(‘(I (‘&‘”\ II(H'I]):!”} (l() not

volime s

cross the capilliry membrane o constitule o
static volume. w filler of the vascular space.
The vates of red cell production and destrue-
tion normally proceed at w regnlar and hal-
anced pace. Changes in red cell volume are
seen as a chironie adaptation process o hye
poxia or as compensation for loss of red cells,
The normad rate of envthropoicsis or red cell
destrnction does not appreciably alter ved ecll
volime doving the interval of o measurcment.
On the

cell volume owing to hemorhage or hemolysis

other hand, acute redoction i red
is not readily compensated Tor by mobilization
from reservoirs or rapid red cell production.
VL this time mcasurement is apt Lo be fanlty,
To compensate tor a redaction in cellular vol-
e, plasima vohne rapidiv espands to fill
the vascular system,

water-contatning

Plasma is essentially Pro-

tein and ervstalloids, The capillioy membrane
is {reely permeable to water and ervstadloids,

and there is o constant vapid transter ol large
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Filtintion

Tuereased filtration
Arteriolar dhilaation
Risc i hyvdrostitio pressire
”i\w Hvenons- [res~Tre

Iheerease i llration
Artertolar constrictiog
Phecreised venon- pre s

(RIS Hdrostatie pressure
.r T pressire
o] Cotloidad osotne Jrressnr

\Alsilrh-tl [RESH fH\|H||M', Co~odlenan.

Phvsioloey, Muvo Clinge
quantities  of  water, voteims and hich
moleenlar weight ervstalloids cross the capil
Loy membrane in a0 selective manner which
varies depending on the strictine ol the men
brane i diferent arcas. I the liver the
capilliey membrane i freely permeable to
protein while the choroid plesus is guite im
permeable, The net decrease or inercase of
plisni water content depends on the eatent
to which the processes of filtvation and re-
Uider

normal conditions. the mean effective capillan

absorption of water wre o halanee,

pressure and the effeetive oncotic pressure are
incquilibrinnm and plasma volime s kepl
relatively stables Filtration predominates when
intracapillioy pressure visess the net resalt s
a loss ol water from the intravasceulanr space
and o contracted plisie volme, This s
seen with o rise i hivdrostatic pressire, with
arteriola dilitation. and o particnbaor. with o
FISC i A CHONS pressure,s - v reduction i
intracapillioy pressure is seen with soteriolar
constriction: or loss of  venomotor tone with
reduction in venons pressure. cansing retention
or reabsorption of water brom the extravasenlar
space and expansion of the plasma volinne,
The osmotic pressare ol plasmas the foree
that tends tooretain water in the introcasenla

bod. varies with the quuantits and size ol the

Fitteetive CO FAlective 112

! Do He

Siehinye toree

Leabsonpton Plision Voo

Diecerenscd ['A':\Iv\m'[rliml
Deplenion plisne protein.

[RIERRTHIE

Tt ed reaborption
Freressed pla-ner oot

TIERSSIIE Tricne o oo

s per onad comomreation o I G0 \Walai Prate on ol

protein molecules,  Chanoes i osmotie pres
sure alter the balance hetween filtration and
reabsorption. which s reflected as chimeos in
plisima volume.  Depletion ol plasn pro
teins in chronic imfections. debilitating disease,
liver damace or inflinmation and traomma that
ater capilliey membrine permmeabilits to pro
tein, alter plasia osmotic pressure. cansing
arcater filtration, Toss ol swater and reduction
in plasia volume® Finadlv . one shonld
not overtook the fact that the capillary mem-
brane is under regnlatory mechanisms whicl
aftect both capillioy tone and the permcability
characteristios. The s total of those fae-

tors is shown o table 1

Mechanisims That Regeulate Blood Volume

Blood volime is maimtained ot o fairly con
stant Tevel by o inl«‘]l»]‘(‘\ ol sy mechua

ST, Varions receptors, bave heen
credited as sensors inoreanlating fluid bhalanee
Osmorcceptors in the diencepladon sensitive
to changes in phoma osmolarity, inked with
the posterion pituitary antidinretic Lormone
terd to retain water. These receptors an
ot volime sensitive bat seem to play a part
i water reculation when o volinme chanwe
produces a shilt in osmolarity .

Recoptors, “volonmcters” sonsitive to chanees
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PROPOSED SCHEME FOR NEGATIVE FEEDBACK MECHANISM
FOR CONTROL OF ALDOSTERONE SECRETION

Renal Afferent Efferent 5
eren
Arterioles ) ona Renal
Afferent Signal + Signal Aldosterone
> 9 and JG cells g glomerulosa » Tubule
Decrease in renal Renin- of Cells
arterial pressure (?) macula densa | angiotensin adrenal cortex
and,‘or renal blood system
flow - Na retention
Increase in BY
Increase in BP
Increase in RBF
Feedback Path
{1, | ¢, pvtaclomeralar, B blood volume, B2 2 blood pressare, nd BB,

renad Blood How
Scerction. Physiologist 50 65 19620

in volime, botly vasealin and extravasenlar,

have Tone been soueht. Distension of the tho-

racic venie cava and richt aoricle produces
This is reversed
It has

been postulated that impnlses originating in

dinresis and Joss of water. '

when the vena cava is less distended.

receptors located in the right auricle and vena
to the

central nervous svstem regulate pituitary se-

cava and transmitted  vine the vagi

cretion of antidinretic hormone  and  aldos-

terone scerction brome the adrenal cortes, Tt
was later discovered that the vagns plaved o
limited role in transmitting afferent impualses

from the right anricle.-? \Varions sites for

volume receptors have also heen

e the deft

system, and

suspocted

atrivnn, in the central nervons

throuchont  the yvascular tree,
There s ample evidence o support the view
that there is an independent volime recepton
mechanism in the kidoney which is sensitive 1o
variations i vasceular distension. in the after-
ent renal domerudar arterioles. A\ decrease
in streteh o the atterent venal wteriole re-
leases renin from the pintaglomerular cells,td

activittion  of  the  renin-angiotensing system.”

t Reproduced by pennission of Davis, [ O

The Control ot Aldosteron:

and production of angiotensin 7 which acts
on the zona glomeralosa of the adrvenal cortea

Aldos-
terone acts on renal tubolar cells to promote

to stimuliate seerction ol aldosterone.

sodinim retention and in turn reabsorption of
water. This svstem is w negative feed-back
svstem whereby an inercase in voliime, hlood
pressire, or renal flow canses distension ol the
adterent venal arteriole which in tien depresses
release of renin (fig, 1),

The rate of seerction of aldosterone s also

A ow

stimulates

regulated by the plasma sodinm level,

socitum intake  or - hyponatremia,
while sodinon overload depresses aldosterone
seeretion, No definite  relation has - been
established between potassionn levels alone or
sodinm Tevels and ol

in combimation with

dosterone seerction.  ACTH plavs some part
in the biosvuthesis ol aldosterone, althongh
the exact mode of wetion has not been es-
tablished.

The liver plavs an important role in regn-
lating  blood  volume 5 Antidinretic hor-
mone, aldosterone and the varions hormones

that tend to maintain homeostasis are inacti-
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vated by thie diver, Assuming that these
reaulatory hormones e prodoced  and - se-
creted at aconstant rate, with an inerease in
blood flone vate throngh the liver, the rate ol
mactivation is increased and the blood level
of hormones reduced: the result is loss ol
water by dinwesis. With o redaced blood fow
throngh the Tiver there is o rise i blood Tevel
ol these vegnlatory substanees cansing reten-
ton of salt and water and expansion of the
plasima volime, Besides  reeulatineg blood
levels of neurohormones, the Tiver s YeSPOTINI -
ble Tor protein svuthesis which divectly adtects
osmotic pressioe and retentiton of water in
the intravascalar space.

The complesity of Blood volune regulation
becomes still more intricate when one tries o
assess the effect of anesthesic on blood vol-
e Stress reactions due to anesthiesia and
operation. depressimt action of drugs on the
central and peripheral nemvous syvstem. or
newrohormonal release. and the duration and
stte of action ol droas. dl tend to atfeet the

interrelated mechanisms.

Hematocrit

Hematoerit represents the voluine occupicd
by red cells expressed as pereentage in
given sample of blood. The pereentage varics
inversely with the plasma volune,  Hemalo-
erit determinations have heen utilized to indi-
cate red el volmme 7 and blood loss as
guide to replacement. This would e aceept-
able it expansion i plasima volime oceurred
simultaneconsh and volimnetrically 1o compen-
sate tor the volume of blood vemoved from
the intravasendar bed. Replacment of Blood
loss by expansion of the plasma volime would
alter the proportion of red coll 1o plasimi
volume, and hematoerit valne wonld corres
spondingly be reduced. The extent of hemo-
dilution. however. varies  considerablv and
depends on the quantity. of blood Tast, pre-
existing volome: and availuble fhaid i the
extrivascular space Hemodilntion inay be
arcathy delaved or conccivabl absent. 7 and
the corresponding drop in hematocrit, minimal
and often considerably deliuved. when blood
loss i incirred onca previously existing Inpo-
volemias Tow total body water, anemia, in the
elderly debilitated patient = or in the presence

of « hivperactive venomaotor tone

BLOOD VOLUNE

233

Red eell distribution thronghont the hody
varies with the caliber of the vessel. ™ Hene
toerit determined ona venous blood sample,
the Targe vessel hematoerit LV, is ot
representative of the ratio of  red cells 1o
plasima within the entive vascular hed. Whole
hody hematoerit (AWBID is obtained by micas-
uring red cell volume and plasiae volume
separately s and iss on the average, Tower than
the venous Liematocrits

Red Cell Volume
Red Cell Volume + Phisiia Vol

WhHH

The ratio WBH LVH is .91 A )
The factor 17 depends greath on the value
obtained for the WBH which in turn varices

with the acenracy with which plasnia volume

RN

cane be measured. = Althongeh this value s
climed 1o he constant, it may vy i e
Low values =110 have been reported in plico-
clivomoeytoma. marked vasoconstrictive states.
and higher vadnes in discases of the hemato-

poictic system and during pregnaney e
Dot

Distribution of Blood

The blood reservoir, Tow pressure vasenlar
space, plays an important role in reculating
venons return to the heart, At the heart Tevel
the cardiopnlmonary vasceular space can ae-
commodate 20=25 per cent of the total ciren-
lating blood volime,  Below heart tevel, there
are the splanchic arca cineluding the liver and
splecn) s the Tower extremitios. and the Tarae
venous  conduitss The subpapillary venons
plesiises that serve o regulate body tempera-
ture are on the body surfaces. The major
portion ot the cirenlating blood volume can
heaecommodated i the viseeral space alone,
Gravitational forces tend to pool blood i de-
pendent portions of the bodv: o clhuange in
position. from supine to crect. inoa normal
conscious individual. canses 300=1000 ml, of
blood to accumulate in the lower  oxtrenti-
ties, 1 mi to P compensate Tor this diver-
sion of blood and in order to maintain venons
pressire and venous return, SO per cent of
the volume pooled in the lower extremitios s
diverted  from  the  Tesser cirenlation= hload
reservoir located at heart Tevel =t Thas the
cardiopulmonary reservoir serves as a0 prin

source ol blood to adjust for o change in ca-
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Crele ot Pvents i Hy pervolenig

CTneomplete Emptying

Cuardine Chambers

Venons Retirn

’ [II"I'(':I~!'(‘

ARTITITS

HEY PIERVOLENTA -

Foneorcement

s Pulmonary s Clseous

Chngestion

Neentive Proessure
Tt pulnmonar

pacity or sohnme deficit in the contral corenda-
With o reduced cirenlating Blood vol-

]l](l()(l

tion,

wne. the codiopulimonas conlent s

markedv redueed.
Irom these considerations seyeral nportant

points crerge, With Toss of venomotor tone.

Blood  reservoir areas tend o distend more

readilv: and under the effect of anesthesia Targe
quantitics ol blood can be pooled i dependent
This s particularly

portions ol the body.

important when deading with hvpovolemia,

Slowy

Trendelenbura position

induction ol anesthesia in o 15-degree

seems a Jogical ap-
proach to this problen,  Sudden chanves in

position nay divert blood  ta reservoir areas

and canse cireulators collapse,
be care in lowering the legs

There mnst

from the tithotonn position. or leveling the
table when the patient bas heen in Trendelen-
On the other

lumd, o patient with Inpervolemia will not

bire posttion during operation,

tolerate the Trendelenbure position for any
lenatl of time: and polmonary edema and
cireulatory Tailive can be precipitated swhen
venons rebirn tooao weakhened mvocardinm s

suddenlvincreased,

Clinical Evaluation of Blood Volume

Standird methods currenty ntilized o cling-
cal practice o estimate deficiencies in blood
volume Tunve proved of limited value,

Vienows Prossure. Changes in venons pres-
sire donot acemrately reflect clanges i vols
wtne, Active venomotor tone tends toeqgnate

venons pressives @ steady s venons et of

CCardie Vaolime
[hereased

CRefles Arteriodar -
Constriction

- Cardine Ontpuat
Redieed

MYOCARDEANL
FATLURE
C=tgnant Hyposia - o ndd
CEREBRAL
[DIRIDAYIAN

I'nehange Hypoxemin

Redieed

CPULAMONARY
[DIRIDAYIA

Dlood to the heart thos compensating for varia-
tions in blood volume. i

Tilt Tests. Response to the head-np tilt
test. i or blood

pendent reservoirs of the bodye to improve

mobilizadion of from de-
venous return do not ahwavs reflect the state of

intray aseular vohune,
Blood P'ressure and Pulse Rate.
enconnter a rise o blood pressare and Jow

One may

pulse rate with blood loss or a drop in pressure

with slowing of the pulse vate. Tachyeardia

is not invariable.  One cannot rely on pulse
rate. blond pressure. or pulse pressure alone
to indicate changes in blood volume.  Tu se-
vere hemorrhage, of course. the elinical signs
are diagnostic,
Hematoerit Changes.
pansion of the plasni volume to compensate

As noted carlier, ex-

for blood Toss procecds at a variable vate and
extent. depending upon the rate and quantity
of blood lost. veno-
motor tone. and the state of hvdration greatly

The hema-

Frmotional veactions.
alter the hemodilution processes.,

tocrit can remain temporarily within nornal
limits in the presence of active and extensive

hlood Toss.

Blood Volume and Pulimonary Exchange

I hivpovolemice states, the Dlood content of

the  cardiopulmonary bed s reduced. shant

svstems come into being diverting blood from
large areas of the ang capillary surfacc. phys-
iologic dead space increases, and effective
Flevation of

further

waseons  exchange is reduced.

intrapulmonary pressure may reduce
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Venous Retarn

> Redueed

S Cardine Filling

Reduieed
s \soconstriction

HY POVOLENTA

» Pulinonary Cirenlaing ~ Pulmonary
Blood Volume Redoeed

POSTTINE PRESSURILE
INTRAPULMONARY

blood flow through the pubnovany hed
venous return to the hewrts 0 One free
quenthe encommters a steadilv: declining blood
pressire in hypovolemice patients during anes-
thesia when respiration s assisted I inap-
propriate intermittent positive pressure on the
rebreathing bag, This can be alleviated and
venous retarn improved by introducing in the
respiratory evele a negative Pressure on en-
piration, ™

The complications that may arise from Tiv-
pervolemin are just as serious as those encom-
tered i by povolemice conditions, Froguently,
under the cffect of wnesthetie drmgs, the two
conditions  cannot  be clearls  distincuished.
With Tvpervolemia the voline of the lesser
circulation is relatively inercased. and effective
gaseons exehange across the palmonary men-
brane reduced. An obstructed airvay, possi-
blv e dncrease i negative intrapulmonary
pressurec mav precipitate: pulmonary edennn
and cardine failure i the presence of a de-
Tables 2

and 3 present the eveles of events i Livpo-

pressedor discased mivocardiun,

volemia and Ty pervolemin and the distarh-

ances produced.

Vasopressors and Vasodilators
The eflcet of vasopressors on blood voliime
will vary aecording to the site of action of the
pressor agent. whether the constrictive effect
is predominately on the venons o arteriad side
of the civculatory bede Norepinephrine pro-
dices marked venous constriction fo e

qa o rise D

venous pressure, vreater filtration

BLOOD N OLUNE )

s Curdine Ot

S Tissue Perfusion
l'\‘l'(l'“’l"l

dead Spaee - Gas Fxehanee
Frieressed

Cvele o Pvents inc Hy povolenis

A ‘u!‘«)ll:”'.\ Flow

Reduced Redued

MYOCARDIAY,
FATLURE
\nende Hyvposin - atd
CEREBRATL
HYPONTA

s Hyvpoxemin
Ledueed

the capillary Tevell wnd the finad onteome,
reduction in plasima volue, T contrast, an-
giotensin HE&20 5wt a0 predomanant of -
teet on the arterial side of the saseular svstem
and precapillary sphineterie constriction, tends

to be associated with an increase i

plasma
volnme. This response may be related to the
angivtensin-uldosterone mechanism noted pro-
vionush,

With o reduction i svmpathctic tone, vis-
culr resistance and venous pressire. there s
a wreater reabsorption of fluids e the capillin
level trom the extravascular space with eapan-
ston of the plastia-blood volume. ™ & Redie-
ton in venomotor tone in the presence of
reduced circulating blood volume will resalt
- marked pooling of blood. a dvop in ve-
nous pressure and venous retume and iimpair-
ment of cardive ontpuat. The indiseriminate
nse of blocking agents in the presence of vpo-
volemia to overcome vasoconstriction and im-
prove tissue perfusion may, therefore, produce
calastrophic: results on homcostatic mechas

nisms,

Drugs Utilized in Anesthesia

Chariges in plasta volime with drues com-
monly ntilized for preanesthetic mcdieation
and fo induce anesthesia can be deduced from
the effect these avents have on the cardio.
vasealar system, related presexisting conditions.
blood volume  deficit or overload, and the
amonnt of - expendable extravascalar Huid.
lne view of the forces that reoulate filteation

and reabsorption at the capillioy membrane,

o
~1
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evelopropane and  ether. which raise venous
pressure resulting inoa loss of water from the
intravasceular bed, tend to reduee the plasi
volume, Thiopental, morphine and to o lim-
ited extent. hadothane, tend to redoce venous
and systemie favoring re-

pressure PHeSSUre

absorption of water and inerease i plasina
volime, o7 I'rom bleedinge cyporitents in
dogs, with moderate blood Toss. halothane and
thiopental mav seem more advantageons than

eyelopropane or ether These results are
i all probubilitv the outcome ot fluid shifts
at the capilloy Tevel the amount of Huid re-
serve available from the extravascolar spaee.
and the effeet of the agent on nnvocardial

contractility vtable -,

Tanne b Changes in Plasma Volune
with \nestheties
Morphine Tnercased
Cyelopropane Redueed
Fiher
carly Redueed

Lt [nerensed

Inereased

Thiopental
Hedothane
Spinal
level T H
5 Inerensed

No 1']1:\[];{1‘

. -~ B
Adupted Tron our own observation and Price

dnd associates)”

Infusions

A

mowater? (l()('\ not inerease Il(ll']llil‘ ])I;l.\l]lll

Normal saline solation (009 per cent

volume tor i appreciable Tength of time
but is nsetul in restoring swater and salt Tosses,
Five per cent destrose inowater temporarihy
dravws fuid into the intravasendar space Trom
This ix tollowed by

fliid.

preparcd awith high moleenlay weleht ervstal-

the extravaseular space.”
dinresis and rapid loss of Infusions
loids tend to maintain an clevated plastia
volume for longer periods. 12 to 24 hours.=
The significance of these observations is that
in o dehvdrted patient. normal saline would
he the

rapid

infusion of choice.  For emergene

expansion of - blood  volume  following
Blood Toss. dextran or polyviny Ipyrerolidone in-
fusions are indicated, but one should rememn-
ber that a subsequent transtusion to replace
e o aen-corving clenients of - blood iy

l)l'(l([ll('(' (‘I’l’('”]ll[(}["\ [R2Y ('I’l()‘l(l.

Aresthesiolngy

N ALBERY Mar. Apro 1063

Methodology

Direct techniques lor measuring blood vol-
nme consist of  exancuination and  extriction
of adl available Tiemoglobin frome the body.
This procedure has been used in animads and
in eriminals after death.

Indireet techniques torm the basts of pres-
cnt-day measurements of blood volume, Fur-
licr attempts 1o measure blood  volume by
dilution ot blood were impractical and  the
results tnreliable, o order to obtain ameas-
urable chanee in blood clements, Targe quanti-
tics of diluent had to he infused into the blood
stream, Blood dilution measurement of blood

volume is hased on the following equation:

) =0 Voluie of Diluent
“|(m(] \ulll[lll‘ - ,
SR
where: C) - initial concentration of blood cle-

ments and C o final concentration ol hloaod
clemients atter administration of o given vol-
e of diluent,

based  on the

Present-diay methodology s

dilution principle whereby circulating blood
volume s the diluting vohime for mecasuring
a change in coneentration of o known tracer
clement introduced i o small volne into the
blood stream.  In essence, this is the reverse

ol blood dilation  measurement  mentioned

above.  Blood volume is caleulded aceording

to the Tollowing equation:

. '| BN Volume of Tracer
))llnul Vohooe = (-

¢,

total wount of tracer administered

where: € concentration  of - tracer,
Volume
and Co=final concentration in blood.

Prevequisites of tracers atilized Tor indireet
measurement in vico by the dilation principle
are:

(1) The tracer should be casily. aceurateh
and quantitatively identified in blood.

(21 The tracer should be able 1o be ad-
ministered in concentrated solutions volume of
tracer solution should be small so as not to
affect the overall blood volame.

3y The
clleets and should nol be reactive or altered

tracer should have no harmful
in the presence of hlood.

(1) Above all.

into the Blood stream. shoudd remain in the

the tracer. when introduced
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intravaseubi spuce for the duration of the
measurement,

Radioactive tracers have definite advantages
over dves. Radioactive analvsis of tracers s
spectfics and the tracers can be casilyidentified
and gquantitatively measured inminate concen-
trations. Discoloration or changes in the con-
stituents ol the blood sample do ot interfere

with quantitative mceasurement of the fracer,

Measuring Blood Volume by Dilution
Methods

In order o measure total circulating blood
volime, two tvpes of tracer material should
be useds cach mcasaring primarily the coms-
ponent ol blood in which it is distribnted: o
plasmi protein-hound tracer that is distribated
in plasia andc therefore, measures privarily
plasma volume, and a red cell-hound  tracer
for measiring - primarihv - red  cell volime,
Blood volume s the sum of these two meas-

urements, plasma and red cell volume.

Plasma Protein-Bound Tracers for
Meceasuring Plasma Volume
OF the many tracers that Tave bheen used
to measure plisma volume  the (wo  most
commonly used plasma protein-bound  tracers
are Fvans blue ¢T-1820 -~ and radioactive

iodinated  human albumin (1413

RIS A e e

serum
Hich-moleenlar-weight dex-
tran e has been used. but chemieal
anadvsis for this tracer is Taborious.

Coertain diflicaltics wre encoumtered with the
behavior of plasma protein-hound  tracers in
blood.  Plasmia protein-bound tracers cross the
capilliy membrane into interstitial space and
are detectables in measurable quantitios, in the
Wphatic system within minutes from the
time  of njection. ™ Therelore, a0 Loger
volume is actially measured. the actual plasina
volume plus a0 portion of the extravasenlar
space thiid The rate at which the tracer
is lost frome the intravascular space depends
upon  the changes that occur ine capillary
permeahility TEor which vary with changing
physiologic conditions and existing pathologic
states,

Inoorder to correet for the rate at which
the plasmia protein-bound tracer s lost from
the intravasenlir bedl several blood sanples

are withdrawn analvzed, the concentrations

BELOOD NVOLUNE, 230

plotted waainst time and extrapolated to give
concentration at zcro tmes There is doabt
as to whether one achid v meisures troe
plasima volime and the validits of these meas-
urcments are questionable Plasiae volumie,
when measired with cither Fyvans blue o
-EST gives identical resnlts. NMeasaremeoents
of plasma voluome performed i normiad indi-
viduals with 12131 and high-molecular-w cight

destran Caverawge molecalar weight, 191 -
9000 show o difference of 6 per cont. o lower
volume measurement with destran, Measire-
ment of plisnae volume in edematons patients
resulted in volumes that swere hicher by 9.3
per cont with 1131 than with high-moleenlan-
weicht  destrans s The sivnificance ol this
observation rests on the taet that there are
alterations in- capillary pernmeabilitn and the
riate ob transter of tracers across the capillan
membrine will vary with the size of the maole-
cules These differences in plasima volunme
measurement definitely adlect the I factor
noted in the section on hematoerit,

Red Cell-Bound Tracers for Measuring
Red Cell Volume

Normallyv. red colls remain in the cirenlation
and do not ceross the capillioy membrane,
Owing to the areat affinits for Licmoglobin,
carbon monoxide has been used as 0 trcer
to measure red cell vobmnes o e Gy
bon anonoxide s introduced into the circula-
tion: by inhalation in harmless concentrations.
The teelmique vests upon aceurate meastre-
ments of carbon monovide in hlood and in the
rebreathing bag. The diflicults encountered
with carbon monoxide is that imvodlobin and
othier pigmients tend to absorb the s 0 and
volume  measirements are. on the average,
1O to 12 per coent hicher than with other tech-
niquesc Although correction factors have
been introduced. CO- s rareh ciiploved for
blood volume measurement in this country

Ot the various vadioactive isotopes presenth
available tor labeling ved  colls, o390 o
s the onlvoone which Labels red cells
i vivo, Red cells Tabeled with P32 i~
e and K2
not commonly nsed i clinical practice. Chira-
minn-s ] e

are unstable and wee

o fiest introduceed by Sterling
and Grave o has auined wide use for

Tabeling red cells. Hoevavalent salt of Cr-310.
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vapidhv penctrates the rod eclls inevitro and
vl s e bemoglobin radical: it s only
libherated when the red cell is destroved. The
chirominm is chuanged to o reduced form which
can no longer penetrate the red cefl e
brane and s exereted vapidly.

Labeled red cells, once introduced into the
cireulition. min freeh with the cirealating
red el volume and repeated sampling show
no loss ol concentration anless there s blood
loss.  Successive  measurements ol ored el

volume arce accnrate and reproducible.

Simultancous Measurcments of Plasma

and Red Cell Volume

For investicative work two tracers, ™ cach
distributed in their respective blood companrt-
ments e ased: o dve tor phisma volume and

The tech-

time constnning.  For

labeled cells tor red celt volune.
nique is tedions and
rontine meastrements in clinical practice and
for the sihe of convenience. one tracer is cotu-
monh used to casure blood volume, The
dilution of the tracer is considered to repre-
sent the specific component of the blood vol-
e, and by measiing the hematoerit of o
other component, cither

blood  sample. the

plasni and red el volnne, iy cadendated.
Use of a single tracer to measure blood volume
introduces crrors. The magnitade of the ervor
varies with the teelmigue nsed and the come-
partment ol blood which is printarily measnured
and nsed as a0 basis oo calentate both compao-
therefore, measured

nents, Blood volume s,

cither by o plasnichematoerit or ved el

hoematoerit calenlation,

As already noted, proteine-bound . trieers

priveailv measure plasna volimne and  this

cntails the inherent crror of loss of tracer from
couilibration

the intrivasculinc bed daring

time. i order to compensate for Toss of

protein-bommd  tracer from the intravisenla
hed  during mining  tme, three samples of
Dlood e taken.

plotted versus thne and the corve extrapolated

aathy zed concentration

to scro time in order to obtain the correeted
concentration betore disappearance from the
intravasenlar bed. Eatrapolation of - dilation
crirves s ool alwans as simple as it seems,
The heratoerit in taen neny be crroncons dae
withdrawing  the

to technical dithienlties in

hlood \.HIIPI('_ Venons hematoerit does not

NOOALBERY

Ane-thesdology
Mar Apr. 1963

reflect the distribution of red cells thronghout
the body and s corrected to represent whole
body hematoerit. Venous hematoerit is first
corrceted for trapped plasma == 20720 by an
approximate average factor of 0.96 and for
daneapprosvineite body Tiematoerit fuctor of
091

plasima volume meastrement should becon-

Red cell volume calenlated from a
sidered inacceurate,

Blood
tracer imderestimates the total volume by 10

volume aneasured with a red eell

per cent. The same veservations apply to the

hematoerit in this instance. The measured

itsell is accurate and  the

A l().\\ ()l. !)l()()(‘ can ])(‘

red cell volome
results reproducible,
detected by a delicit in red cell volime ob-
tained with Tabeled eells.

[t onr experience over the past sis vears
with blood volume measurcents performed
in o varicty of pathologic conditions. we have
found  that i o single tracer is to be nsed,
the red el method  gives reprodncible and
Other

voice a similar opinion.  For evalnation ol

reliable measurements, investigators
srgical patients preoperativelv ® daring opera-
tion and  postoperatively s Tabeled red eells
seem to serve the purpose best. Simple teeh-
miques © have been developed wherehy either
hanked cellsh
with Cr-31 are utilized or the patient’s cells
within

cells (O-Rli-negative tavued

tageed and prepared for reinjection

minntes.!  To reduce  errors in volumetrie
mcasurement of aliquots for radioactive anal-
vsis, all blood samples are analvzed ina plastic

coil)’
Normal Values

Differences in the normad values obtained
tor blood volume stern from the variety of
methods cmployved for meastrment and the
bodv paramcters used in the cadeulations: <8
body weight. Tean body weightt Lieight and
weight  squared #t or

weight s hieight and

cnbed. or surface arca. Normal values vy
according to age S sexs environmentt
N Busi-

callv, blood volmme is a function of body meta-

peoromioecten and phivsical activity.
bolic reqguirements A= 1 as difliendt jnan
ever changing dyvnamic svstene sueh as the
Lo body, to provide values according {o
Bod

chinige in the presence of pathologic states.

A strict scale, requircments vary and
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Volume

N BLOOD VOLUME RAN

Inonr Ldboratory we Tove established mini-
mal values based on measirement o blood
volue with tageed ved colls and on bods
weight, Althongh the valnes presented  in
table 5 scem Tower than the average reported.

Taser 50 Optimal Vidues for Normal Blood
Volume in Milliliters per Ponnd

of Boady Werght

Men Waren
Red coll volume 12.0 1.0
Plasmia volune 1IN0 Jih.0
Total volune St 270

These valnes may be maodified o carreet Tor:

che Weighe Toss: Marked weight loss within 6
maonths normal values taken at original
weight. Gradoal  weight Tos< over o longe
period normal values taken o present
weight and radsed 1010 13 per cent,

20 Obese and Short normad vidies rediecd
by HO per cent,

G Elderls patiem
T per cont

normal values redieed by

these figires are presented only as a0 cuide
for evalvating @ minimal volime requirement.
It is our opinion that the minimal require-
ment Tor red cell volume i a patient who is
to undergo operation should he 10 ml. of red
cell volume per ponnd of body weight: and
as - general vules inoan adult patient, Tess than
1000 ml of red cell volume invites tronble
during the anesthesia.

Blood Volume Changes in Pathologic
Conditions

It is not alwians casy to predict what the
blood volume change will he in pathologic
conditions.”" During anesthesia. a labile blood
pressure or Hluetuating pulse rate have heen
seenin cither Tivpo- o hivpervolemice states.
With loss of fnidt in diarrhea, s or peri-
tonitis. Hne expects to find a contracted plasima
vohume,  With bhed rest 0 sedentary exist-
cnees clronie intection and active bleeding,
the red cell volune mav be low.  Chronic

hypoxias™  pulmonary insullicieney, cardio-
vasenlu wnonadios == e with arterio-y cnons
shunts. ™ are associated with hy pervolemian and
polvevthemia,  Thpervolemia is often seen in
individuals with repeated small hemorrhaae,

Table 6 presents blood volume  measure-
ments oblained on two paticnts. Both patients

presented identical histories of vaginal bleed-

g Patient A showed a marked conmpensa-
torv response with an inercase in plasma vol-
tne: Alll(l o I)]()(l(] I‘l'l‘]il('('“l('ll( Moas l'(‘(lll]‘l'('(].
Patient B showed @ decrcased response: she
required 1,000 ml. ol blood  preoperatively
to compensate partiallv {or pre-esisting defi-
cieney, and additional replacement during op.-
cratiot,

Blood weasurements performed in the pre-
operative period serve to determine the estent
ol deficit or plethoracin plasmia or red cell vol-
ume The vidues obtained are vadhiable for
the anesthesiologist i the management ot 1he
patient during the operation. 1t helps to deter-
mine whene how el and what fraction of
blood should he aiven, and whethier cardiovis-
eular and pulimomary complications may be ex-
pected owing to o deficit or inerease in cirenlat-
ing blood volume. I the postoparative period.
it iy important in establishing  the origin of
refractory hiypotension and shock o000

Many athors have stressed the importance
of blood volume measurements before, duringe,
and - Aollowing  surgical  procedures, i 0
This iv purticnlarh true in the very voung
and i the geriatric patient. " Postoperatiye
mortality and morbidity in the geriatric paticnt
can begreath reduced when these patients
are prepared preoperativels and carctully ol-
Towed  with blood  and Hluid  replacement.
guided by blood volime measurenment.,

Blood Loss During Operation

The amount of blood lost during an opera-
tion can be evaluated by collecting and micas-
aring the blood i suction hottles, by extrac-
tion of hemoglobin from sponges. or comparing
bodv weights hefore and after operation. The
vilues obtained are helptful. hut do not veflect
the amonnt of blood actiadly present within
the intravasculiar space 1t o given time. Blood
volume aneasurements assess the wmount of
circulating blood provided that active bleeding
is not taking plcee. A patient with pre-existing
Inpovolemia may not tolerate blood loss ander
anesthestio while o pationt with hypervolenia
many tolerate a reduction in circuliding hlood
voltme with Titthe effect. A paticot it aood
physical condition can tolerate well o0 23 per
cent deficit i red coll volume,

I present-day air-conditioned and Tnmidity -

controlled operating voomns. water Joss 70 by
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Blood Volnoe Meg~irement< from Two Patients

B2 vear old) FoOWE 16 povds
Uterine fibroids

=potty bleeding

Ilective ll)‘ﬁl('l'('l'l()[ll_\

P, 120 70

Pulse: 75

Het.
Heb, 155 w0 100 mib.

Noral Mensvired Per Cent
Vahies \nlies Devintion
1,200 2047 [
Ut 1o
Foosl H

<ured red coll vobime with Cre=51 Bheled ved eclls

Plisnn volume abtained by subtracting red cell volume fronn ealeulated total blood volume.

She required no blood during

Conse 12 Comprensation for repeated hlood Toss by limiting vasenlar hed o the vedueed blood volhime

throneh visoconstriction

evaporation tron exposed viseerse and esten-

sively dermded body srfaces may be cons
siderable. and ay present problems in the
Facessive water Joss

postoperative period,

alters the proportion of red cell to plasn
volume and o vise i hiematoerit Tonnd e
Lter drops rapidhy

moediately postoperativehy

with Tvdration. This gives the false fimpres-
sion that blood is beinge lost and compensated
tor by hemodilution. Cooling during opera-
tion also wives o false sense of seenrity in the
immicdiate recovery period. Beduced body
temperature canses peripheral vasoconstriction
and  hemoconcentration which may be s
interpreted in relation to blood replacement
tor loss during operation.

Blood losses during varions surdical proce-
dives love been reported by many authors,
There is o definite relationship between the
amount of blood Tost. desterity of the surgeon,
duration of operation. metabolic: rates infee-
tion. and condition of the tissues. Blood Joss
i tiomue is dnvariabh onderestimated: ae-

cimulation ol blood or plsmia in the soft

tissues  and postoperative  oazing canmot - be

predicted  nos determined by henatoerit
change, visual estimation. or weight measare-

nicnts,

Tawo pints of whole Blood given prior 1o operation. one pint during the operation

Comment on Routine Fransfusion for
Elective Surgery

Blood. red cells in partienlar. is w vare coms-
modity for which there is no substitute. For
replitcement of the oxvgen carryving clement
of blood. one must rely on haman volunteers
as the onlv souree of supply. In recent vears
the use and misuse ol blood has led to an
appeal against promiscuons transfusion with
special emphasis on the single transtusion ™!
The hazards associated swith hlood transtusion
Are nanye However. one point will be
stressed Tierer the correet approach isc that
hetore blood is withheld or administered, one
should establish beforchand. by blood volume
measurement. the  guantity and fraction of
blood necessary to correet a given deficite A
single pint of blood may mean survival in the
cvent that o volume deficit exists. or death
follows inadvertant overload, [t is extremely
difficult to establish beforehand, from o hema-
hemoglobin concentration or

toerit reading,

red coll count. what the blood volume is. or the

volume of red cclls or plasma actnadly ciren-

lating i the vascular bed.,
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Conclusions

Fromme observations gathered over the past

vears and reported in this review . the follow.

ing conclisions mayv be drawn:

Dy Chrrently accepted Taboratory tests do

not indicate the amount of blood cirenlating

in the visenlar bed: the onlv Jogical way to

establish the tact of Blood deficit or overload

is

measurement of  the circulating hlood

volume,

(29

OF the methods presenthv available to

determiine blood volinme, it is o bheliel that

the red cell tracer teehnique s the mcethod

of

chaoice.

Labeled cells primarilh mcasure,

with aceuracy, the vital onveen carnving eles

ment of hlood.,

30 One cannot

predict the  deficit

to-or the monnt of blood lost during op-
eration.

Y The

benignity ol the postoperative

cowrse and full recovery are dircetly related

to properly managed supportive blood volume
therapy.,

-

Adwns, 10 P
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