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FOR DETERMINATION

From the Department of Medicine,

The use of radioactively laleled red cells
for the determination of the vl cell volume
(Vebc) has gained wide acceptance since jts
introduction by Haln & Hevesy (1940). Of
the procedures currently in use, the method
o Sterling & Gray (1950), utilizing auto-
genous cells labeled with radivactive sodium
chrpmate; (Ce#1), meets most adequately the
basic Y’qlu(lcmcnls for blow! volume meas-
urement by the dilution principle: a) that

| the “indicator”, in this case tagged cells, can

Ibecome evenly distributed in the entire bloud
volume within a reasonable period, and b)
that none of the tag is lost from the circulat-

;g blood during mixing. Tl rate of Toss of

(et from the tagged colls is so slow that
the lapse in time between their injection aned
the estimation of their dilution in the subject’s

' This work was supported by grats (F-1271

| md RG-3666) from the United States I'ublic

Hekth Service and by funds from the American
Heart Assoctation, the Mamerey atnl San Frawineo
Heary Associations aaud the Connmittee on Reseandh
o the Universty of Califoriia School af Medivine
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EXPERIENCES WITH THE RADIOCHROMIUM METHOD

OF RED CELL VOLUME!

pr'R. WENNESLAND, E. BROWN, ]J. HOPPER, JR, K. G SCOTT, J. L. HODGES, JR
ann B BRADLEY

the Cardiovascular Research Institute,

the Rodioactivity Rescarch Cénter,and the Department of Statistics, University of Califorsis,

Sun Francisco and Berkeley, Califerma

{Recerved for publication December 18, 1961)

blood is not critical, as is the case with P
(Sterling & Gray 1950). In subjects without
hemolytic disorders, the apparent volume of
distribution of cells labeled with Cr8t even
24 hours alter injection is no more than
5 per cent greater than the volume estimated
within an hour of the injection (Sterling &
Gray 1950; Nomof, Hopper, Brown, Scott
& Wennesland 11954; Mollison & Veall
19055).

One of the principal disadvantages of
wsing cither Cr3! or 132 js that the cells must
be tagged in zitro, which in clinical studies
means that the subject must be available at
leist an hour before the actual measurement.
Mare important, however, is the possible
cffeet on accaraey of damaging the cells by
prowessing them e zitro. As will be shown,
this is not an important source of error 1a
volume  deternwnations (Wennesland, She-
pherd, Nomof, firown, Hopper & Bradley
1957}, except n patients with hemolytic
tendencies. Greater care in tagging is re-
quired if the cells are to be used for studies
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356 R. WENNESLAND ET AL.

Fig. 1. Apparatus for delrvering tagged celis. A =

calibrated 10 ml syringe, 5% inch meedle; B =

aes Tesarvolr  (capacities of upper and lower

chambers 35 mi and 15 ml, respectively); C =

desposable plastic tubimg, s inch diameter; D =
glasy adagpter.

of erythrocyte survival (Hughes Jones &
Mollison 1956).

The following report will describe and
assess a modification of Sterling & Gray's
method that we have used extensively (No-
mof et al. 1954; Wennesland, Brown, Hop-
per, Hodges, Guttentag, Scott, Tucker &
Biradley 1939; Rapaport, Yamauchi, Green,
Rrown & Hopper 1960; Brown, Hopper,
Hodges, Bradley, Wennesland & Yamauchi).
Cell tagging.

About 12 ml of the subject’s OLL- for
tagging cither Tthcrmul before or the mova-

METHOD

g of the test. I canes of seVeTe anem;
blood s drawn to provide an gquiu‘:' 1 itreny
of cells. The blowd is injected throagh g™
cam of & enile 15-mi centrifuge tybe e "“.'
2.5 ml of acid-citrate-dextrose solution. m“h."‘
A soiu(vun comuirmng 0.1—10 ;g of N
per 4C s preparcd at appropricte ingery "7
serilized by auuclave. A volume ot (Vlh
0.5 m} comaining 5075 uC* 4 added o, ":
# the centrifuge tube and mixed by gentle rory.
ot room temperalure fut 45 mitess, ph.mu..
excess Cr¥ are separated from the tagged ﬂlh.'
cenmtnifuging and washing thrice w‘nham“mh
09 per cent sabie sohstion equal to that of "
docauned plasma, at room tamperature  Tj,e by
are resusponded i sufficiant sabioe to mh"“".
vohume to that of the origial blood sannle "
either  used &t ouce of refrigerated om,.iﬂ.“
4-5° C. The suspeimion is kept at roum m..,.ﬂ:
dure for 45 minres or longer before travenmms 1o
jection Strict  aseptic  precaulions are observal
throughout.

Measuring and delivering the dose of tagged colly

The subject’s height and weight are recorded
awd he reckoes W a condortably warm room for m
feast 30 numstes before the test. A wide-bore needie
comnected to 2 small indfusion apparatus (Fig 1
is placed 0 an antocubitad vein. The same nxdweling
meedie is used for dohvery of tagged cells and
wathdrawa! of samples. Enough 09 per can saiwe

is put @20 the appacatus so that the tubing e}

of aér; the lower c'mamber containe 2 ml
die upper about 10 ml. Salme is allowed ta ‘ﬂ-‘u
slowly nto the verm (0 demonstrate the abequay
of the venpuncture befbre the oells jare injecied

' C(ulvcﬂcd by ¢ Radioactsvity Rescarch Cen
ter from Cr“ Iy jiMained from the Oak Ruder
Natiwsad Laborfory.

* The procahme discribed above is the one el

st preseim. When we were collecting the data 1t
“guorted 40 this paper, we wure using a2 plae <

tillation detector i which only 12 per cont of the
gamma disintegrations of Cré! were observed ®
oous, so that 150—-200 uC of Cr were neehed
for 12gRiR.

* Tubes are fastened to a phomograph b
revolving at 33% rpm.

srabie

CRM M O oK B AT o Kk e NIRRT ¥v7

serile ragged-cell susparn s diawn froam.
red test tubee e wineho o was tagged e

e 2T e which has been calbrated for con
lw& Van Slyke 1932} A kg neadlk
is sulmtituted for the needhe el
fer. Exactly 10wt of the suspension
lower chamber of the

(P'dets
. anhes)
o the trmsler 4

o Jetpverad into lln‘ hs -
’ ratus (sec g 1) The synoge aml
- wmm] hree tres with a totad of 810
oo :I‘in: taken from twe upper reservorr. The

uspENSI and washmes are allowad to flow
o from the lower reservair fide e vein
'”’." fotlowed by @ simal wr bolhle {alunit
st m) which hoips to sweep the lul.mu: clean The
e the 20 Dulible esers the vom is noted s the
s of the i it mixing petiod /\[u-.‘ e,
e nate of infusion s redical 10 the wminnan
acded 10 PESUNC PAHCICY of the ueedle (10 dsoyn/

ande 07 tews). The vl portisas ol the I;uFqu

il suspevmon is rescrved for nanruml ol M-
[ |

radoactivity. !

Sampling and mu'nli»‘ny

Bloxd m;plcs m“l Aaken _)ﬁ NARILes Of mone
sher the beginomg of the mining pernel Usindly,
two samples are takenr at an miceval of S ominimcs
od the results averawrst 1o prevenm dilution ot
Iy hlaud\vd'l sabeie, the mlinuat s discomiensl
- s#ulls before sawnplimg The first 2 3 ml
o bhed s discarded. A 5l samphe is then tahen
wd tramlerred 1o @ test tube containigg Hotla's
evabate mexture (Heller & DPaul 1944} Dupheand
Wazrobe tubes are blied, 1oppa] with a simall diops
of mnetadd ol aand comtniogal for ) nsikHcs
30 ¢ pm. {distaece from L i 1o centn
fuge coter = k3 cm). They are rewl o te o
ol the cell cohmmr. Two sl of the well-nised
wmple are deliveral by calibiated pipette e o
Wt tube (12 mm aterixd huaneter) sl countoed

tewce w2 well scimsllation counter?. Two 2ol

\ .
The thickimess of the butiv vaat 1y recondd
W correclion 15 applicd wnless st exeeads | nan

* With aur present equipament, 35 per co of the
tuma rays fron the Cr*' are observal s connt
N wflic i luv\l)cr of conts (416G o ote) an

el to lanr the st fluctuations ol
Cureg 1o L 16 per cem

Pottits of e ol cell suspenseon, dilwed
150 wath distilled waler, are cowned i the same
nonwr. Coumtinges ol blooal aid cell susperswon are
altcomted 1o mmze the wiiuence of  powible
Moctuations 11 the seostavity of the couiter.

Calculations

Ax50xV

VO (ml) = m

where A amd B oare (ke averages of the observed
counits pet sevmsl per ml of the diluted cell suspen-
~ion @l of the bload specimens respectively, and
Vothe volinie 1 mil of cell susporssun drected
Cell vodimie (Viln) is the product of VCr*t and
the Jvc;ﬂﬂ(' of the two lematocrit readings of the

Camnphe. At this slage RIS coirvemanr to compace

the ddrervasdl Vile with tike predicod cetl vohume
ol o bealthy sdyect of the same weght, height
aml sex, an estihlnbed by ouor studics weth this
method m 21 bealthy nen (Wenneskasd et ol
1959) aeml 101 women (Brown e al). “Predicted
vornal’ values for Ve can be foud by a2 con
verment graphue methok (Wemmeslaad ¢ ol 1959,
Wimtrobe 196, Brown ef af) or by the following
[STTUCNL T
Por wmen: Vide (ol 2= 86 x beight  (cm) +

IBox woglt (hg) - KO (5D 190)

For women Vibe (nd) = 7 5 x heigint (cm)

3 X weight (kg o3 (S D. 134)

I shoukl be mted that troe cell volmme s
shightly  swiiller thae Vide  as cakubsted atmve
Invarse the ool coluunn of the hanatocrnt tidses
frome which the vahae is calculated contan 25
er et of teapped plavna (Keeve 1952, Chaphin
& Mol 1952 Fhaogh, Tevme & Faerson
19S5 Grogerson & Ravwwom 1959) aid the buffy
ot Is ek b e the Swenson it reading. Our pre-
diction stonban b (W onkeskand et gl 1959; Brown
et al ) were propanvd withoot correctioss for trap-
ol plasiie bocaise e siggle factur i3 minbaomly
dpphicabbe (ULt & Mollivon 1952 ; Ebaugh ef al.
1958) 0 Alter oboival Ve bas been compared
with e “pradutcd ponnal” for the sdyect, a
sntabile Cotrecten Lactor foe trapped plasia may

sz
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be used to determine the “irune” Vibe, if desired
(Reeve 1952; Chaphn & Molkison 1952; Ebaagh
et al. 1955; Gregersen & Rawson 199). The om-
tents of the bubly covat tepresent only 0.5~1.0 per
cent of the aell vohame i calthy propie (Wintrobe
1961), and we have found the top of the cell cotumn
casier to caad than the imterface botween red aned
gray layers. Therefure, we hrave followed the prac-
tice of Reeve (1952) w our studies of mormal sb-
jects. Hematocrit readings can be corrected appro-
priately when the buffy coat excoeds | mm.

RESULTS AND DISCUSSION

Lvaluation of sources of ervor and
comments on lechnigu:.

Errors of measuring a volume by the dilu-
tion technique can be considered in two cate-
gories. First, is the accuracy of estimating
the amount of indicator added, in this case
tagged cells. 1f the dose administered is
smaller than supposed, then the volume
appears larger than it really is, and vice
versa. Included in this category are a) meas-
urement of the volume of cells injected, b)
the accuracy of counting the radioactivity of
the tagged cell suspension, and ¢) hidden
ersors, such as loss of some of the tagged
cells {rom the circulation in vivo, as might
occur if cells were damaged by the tagging
procedure and were phagocytized or other-
wise removed from circulation. The second
category of errors relates to the measurement
of the dilution of tagged cells in the blood.
Included here are a) the time and technique

of blood sampling, and b) the accuracy {of

estinating the radioactivity of t
Since the measurement of radi
critical to both the estimat 1 of
delivered and its dilution i

will be (‘nu:.idch_ﬁr;s‘l.'." ‘

Errors in measurement of mdioumwv
With the plane scintillation counter uxl.d.
during collection of the data reported here
10 ml of the tagged cell suspension gcncm";
yielded a total of 20,000—30,000 Counts;
second!, providing a good contrast betweey,
the blood specimens and the backgroyng
radioactivity. The counting error averageq
1.6 per cent (Numof ¢t al. 1954), Samples
and standards were placed in dishes, 42 mm
in diameter, for counting. Variations in the
distribution of the tagged cells in relation to
crystals of the counter caused by sedimenta.
tion could be obviated either by twirling the
dish just before counting or by hemolyzing
the cells. We found the latter unnecessary,
Thirteen duplicate samples were counted .
oune member of each pair was frozen ang
thawed, the other agitated by hand. The
mean difference between the hemolyzed and
agitated samples was nil, and the standard
deviation of the mean of the differences was
0.18, or about 1.5 per cem of the average
counts per second of the 13 hemolyzed speci-
mens. This result also shows the approx-
imate size of the variations that can be ex-
pected from pipetting and countjng "errors
combined. ! S ,'1 '

Errors in measuring the administered doke
of tagged cells. Thé two most important
changes, we liave made in the method are
a) tagguig (‘n cdlis the day before instead
of the day ol Thrz periment, and b) using
the infusion apparatus and indwelling ncedle

for administration of tagged cells and for

sampling. Tests were made to assure that

! With the well4ype scistillation detector wow
boig uved, the 10 ml of tagged ocoll suspension
yiokh 50,000--00.000 cvrnns/socund.

—
ether innovation mnpars e accmaey ol
e method.
1. Overnght storage ol Lyped cells \We
eler to study the paticnts before then
Leakfast so that their mictibolic and circula-
status will be as uniform as possibile.
sgeing the cells in the alternoon and stor-
¢ the suspension overnyht i~ convenient,
pecially for tests on lospitahzed patients.
(able 1 shows that after overnight refrigera-
o0, the supernatant saline contains less than
)2 per cent of the radivactivity of the whole
wpension. In animal experiments described
mewhere (Wennesland ¢t ol 1957), we
sowed that although some of the tagged and
drigerated cells may be canght in the Juny,
wer and spleen of recipieit] animals, the
ggree of such cell loss is] ipsufficient to
flect Llood volume deternmnations. When
«ls stored for 1 dpy were injected into dogs,
e total loss of la‘k}m zitio and m Tivo was

Table L. Loss of Rudiochromunn (Crit)

Wr U’e‘T(fggL‘d Cells to the Supernatant

’qlue ‘akd_ to the Infusion .1ppardtus after
‘6——’20 Hours" Storage.

No of | Radioactivity m
Losa of Ce* to:  |obnerva- of total dow
wons | NMan | s b
Supenatant saline .12 0132 (IR RE}
lafusion spparstus®
Synnge 15 [IRY] 0026
Glass bulb 10 Dol w2
Tubing " (V1 07

* Detormined by measuring the vadicactivity of
Yahogs, whiclh weore sepeatcd piil the conms
dacrved  when each portim of appatatis wis
%ced directly wn the scimillation comrter dul 1ot
Her sagrmlecandly from  the backgromnd  radio-
Illvn’_

less than 03 per cent (Wennesland ¢t ol
1957). The toss of Co3t from the blood dur-
i the first 24 hows after injection of ¢ells
tapged and stored by our mcthod averaged
5 per cent in 8 healthy subjects (Nomof et al.
1954). Mollison & Veall (1955) found a
sinilar rate (6 per cent) in 16 experiments
where the blood was returned inunediately
after tagging. Overnight storage therefore
appears not to have any disadvantage, at least
when dealing with normal blood!. Hughes
Jones & Mollison (1956) believed it was
unlikely that the early loss of Cr¥t was due
to the handling of the blood, because they
found equal rates of loss when blood was
tagged in vilro and in vivo.

2. The infusion apparatus. The import-
ance of a clean venipuncture and of accurate
mcasurement of the amount of injected tag
has long been recognized (Price & Longmire
1942). The radivactivity left in the tubing
aud glass bull adds about 50 per cent to the
very small amount left in the syringe
(Table 1), Variation in radioactivity re-
maiing i the entire delivery system are
quite small (Table T).

i ottro hawlbog of the bloud, mevessary
all the radiwactve celldaggug ethods, may ceuse
indeterminime errors (n estimating Vebe of patwents
winh henwlytc tendencies unkess checked by micas-
ucctmots of oell vurvival. In a large clinal ex-
peoce with the method, we hiave had to adaadon
the test o rare ovcaymrs because of visible bemo-
Iysis of e tagged cell sispenston. The patians
intinlly bad vl discave, asud the hemolysis occur -
el carly s the tagehn procedure (overnight stor -
ae was et awohved) This obwervaiom rases the
prossibality thid e o hemolysis may be accen-
tooded @l be an importas source of error e pa-
1ats with hemwlyine teindeixcies due to extracor-

pescedar factons,
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Table Il. Average Hematocrit and Cell

Volume (Vrbe) of Blood Samples Collected

10, 20 and 30 Minutes after Injection of
Tagged Cells in 27 Healthy Men.

Time of .
. Hematocrit Vibe
So::‘lmq % cella i
10 44.54 2.06
20 4.4 2.06
30 44.56 205

Errors in collection and timing of blood
samples. 1. The indwelling needle. This has
the further advantage of obviating hemocon-
centration resulting from repeated veni-
puncture and tourniquet applications. The
phenomenon of “spontaneous hemodilution
following veunipuncture”, which has been de-
scribed repeatedly (Gibson & Lvans 1937;
Hanua & Marshall 1955) and has been ob-
served by us under different circumstances
(Brown, Hopper, Sampson & Mudrick
1958), is not found with this procedure. In
27 experiments, samples were taken 10, 20
and 30 minutes after delivering the cells. No
downward trend of the hematocrit readings
was observed (Table 11).

Two suspicions arise about the indwelling
needle and the infusion apparatus: a) that
blood drawn for sampling might be conta-
minated by accumutation of Cr® in the needle
and vein near the site of injection and b)
that the samples taken shortly after discon-
tinuation of the infusion might be couta-
minated with saline. The following exiTri-
ments were therefore done. '

In 19 tests, oue sample jw, Al:\kcdl from
the indwelling needle in th sutlllwl (in-
fusion discontinued for 30 '_«£:n 5 and the
first 2 ml oflbluodrdisc rded). A second
\L . J,

-

sample was taken from a distant vein, with
care to avoid the cé[ects of tourniquet stasiy
(blood taken no less than 30 seconds alte
releasing tourniquet; first 2 ml discarded)
Table 111 shows that the Vrbc determineg
from blood taken from separate sites wag the
same although the hematocrits of blood froy,
the freshly punctured veins averaged | scale
division higher. To test whether the differ.
ence resulled from contamination with salig,
from the infusion apparatus, we compareq
the hematocrits of two successive 6 gy
samples taken from the same needle afte,
discontinuation of the infusion. In 15 experi.
meds, the first sample was not significanﬂy
more dilute than the second (Table IV),
Thus, it appears that the indwelling needle
can be employed without fear of contaming.
tion of the sanples by cither saline or Cro,

It has long been known that significant
hemouconcentration can occur when blood s
taken during the application of tourniquets
(Peters, Eisenman & Bulger 1925). When
no particular care was taken to prevent
stasis, €. g., when blanks were drawn to de-

Table HI. Results of Mea.sweénqnt; on
Blood Samples Collected from a‘n 'anu,/’ellnl‘q
Needle and from a Newly Placed Needlp

a Distant P’A'ilin 32 lfx’ffrimcnt:. .
| Specitnen Collected from:
: [ Differ-
F iling | Newly Placed ence
Neddle Needle

! | Mean| $.D. | Mean| § 1. {Mean|s ¥

Hematocrit

% cells 4530 | 3.40 [46.40 | 330 | 1.1010]
Vibc, liters | 2081 030} 208 } 031 ] 0000
Vpl, liters 252 | 041 | 242 037 | 010f0

v

CRM ML 110D FOR DETERMINATION OF'RED CELL VOLUME ol

Jemine residual radicactivity from carlier

riments, the hematocrit was sometimes
dus(i(:.:;lly elevated. In one case, the cleva-
jion Was as much as 7.8 scale divisions (aver-

in 87 cases, 2.5). This artifact does not
tect the determination of V'rhe since the
'ﬂsurcment i; based on the radivactivity
and the hiematocrit of the same sample. The
garived values, Vpl and Vwb, however, can
pe seriously affected (Table 1),

2. Time and number of samples. In direct
stermimations of Vpl hased on a single
ample, 10 minutes is usually cousidered an
sdequate mixing time (Noble & Gregersen,

1946). However, three revent studies involv-!

ing the use of rapid multiple sampling have
shown that fluctuations in th¢ concentration
of tagged cells or radivactive idinated al-
bumin may continue for fomger than 10 mi-
autes, and even as long as 25 mimtes, after
injection of tags, ‘even in healthy subjects
(Pritchard, Moir & Maclntyre 1955; Funk-
hauser 1957 ; Tuckman, Fimerty & Buch-
'ﬂufh 1959). In 27 experiments i which
\Qamplcs' ere taken 10, 20 and 30 minutes
after injection of the tagped cells, mean Virbe
was the same at each sampling time (Table
If). The variation in radioactivity hetween

Table IV. Hematocrits of Tiwo Successive

6 ml Samples of Blood Laken from Indicel-

Img Necdle after Discontinuing the Saline
Infusion i 15 L vperonents.

T 7l|cm.nocnl, "o cells

First sample :I‘l:;:g Ditference
Mean 422 423 1008
Range | 380480 | 3s0-4w1 | -03- 08
S.D. 13 34 027

the 3 samples in a single experiment in 1his
series, however, was significantly higher than
in a succeeding 103 experiments in which
samples were taken at 25, 30 and 35 minutes
(S.D. of a single reading = 52 ml in the
first 27, and 36 mi in the succeeding 103 ex-
periments). As long as at least 10 minutes
are allowed for mixing and the subject has no
circulatory disorder, errors due to premature
sampling not be larger than 1—2 per cent
(Noble & Gregersen 1946). We prefer to
wait 25 minutes or longer for the reasons
outlined abuve and because there is no pro-
blem with loss of tag when using Cré!.

Three samples were taken at 5-minute
intervals in 103 experiments on healthy men
(Wennesland et al., 1059). Analysis of the
differences between individual results showed,
for Vrlx,

standard deviation of a single value
= Jo ml,

standard error of mean of 3 values

= 21 ml

These volumes are small in comparison
with the standard deviations of the mean
predicted cell volumes for men aud women,
190 and 134 ml, respectively (Wennesland
et al. 1959, Brown et al). The S.D. of a
single value, 30 mi, represents less than half
of the mean difference between results of
repeated  measurements on individual sub-
jeets, 80 ml (Table V). Thus, the result
obtained from a single sample is accurate
cnough for most clinical work; we take 2
samples, primarily as a safeguard against
loss or hreakage, and average the results.

Mixing may be delayed to an important
degree in a number of pathological condi-
tons, and premature sampling gives spur-
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Table V. Cell Volume (Vrbc) at Normal point. Vrbc was measured in the Usya}
Body Temperature and as Found by In- before induction of anesthesia ang h;u Nay Table VL Kepeated measurements of cell and whole blovd volume 1n 17 healthy
jecting a Second Dose of Tagged Cells after  mia. A second duse of tagged cells w:)‘. * men ok 3 1o 31 week int -
Kectal Temperatu od Fallen to 27-28°C. a Elvey s S " Whole Bloo
: emp re H len to 27 ‘8 C afl.cr rectal temperature had falieq aboy, tnvesssd | e Ceils Whole Biood
Two Patients Subjected to Hvpothermia for  10° C. Vrbe appeared to be 71 berween | ool
Surgical Operation. lower during hypothermia than jul:r Ceny Subject  f easure- ‘n" l-'m‘md Dlﬂ:lnncc ChAnu/ c l"o\lmd DI“CII’CI'ICC Change
. . . - . P s ' °° 4
= e oo " to its induction. Similar results were 0(,‘:“' _,,.,,-—-._2"‘ -
Subject Rec Tame | Vibe | Tonet®  in 3-of 4 splenectomized dogs studied dm'i"'l < :;5 %;; 019 78 3;;’ 0.39 75
*C in. ! % cella experimental hypothermia. A
. e 186 005 27 P o011 26
v T I I B BT B N O
First dose 80 ss | 10| 412 ibili . )
firdirt ns o o " Reproducibility and nlalw_c maynitude of ; WK 167 0os 10 410 010 24
Second d 274 16 | 13| 46 component somrces of error. 22 400 162 0.04 24 ;2? 0.0s 13
269 12 | 12| s ] + N :‘;‘; 0.01 0.6 189 0.06 1.5
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st : . 471 ire : .
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! ‘ 13 0w 42 (Y 50
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sultant “mixing curves” are nearly always define the outer limits of experitnental ersor 1 44K i 86 ous 45 416 014 s
flat !ny lhf: cf‘d of wl an hour. Cawtion is  or beyond, since they are affected not onh 13 A6 214 o 51 455 0.09 20
required i interpreting results from tests by all the components of the method but by ‘ 455 203 446
made .dunlng shock or hypothermia Irausc passible changes within subjects. Differences 9 ::2' ::: V.06 33 :(I); 0.13 12
there is evidence that portions of the visculary  wf|the same nuagnitude, however, have beeu l " 07 219 o .1 469 0.47 160
.m:c may never be reached by the tagged colls|  folind by others who repested measurenents - 442 228 Sie
in these conditions (Rodbard, Saiki, Mafin' ot shorter intervals. Those measuring VCr¥ 7 :,”, ;;: 002 09 :;\I; o 48
& Young 1951; Prentke, Olney, 'Anz & reported  differences of 0.4—10.0 per can T 182 394 64
Howard 1954). Thus, the mixing curve may (Reilly of al. 1954), 4 per cent (Liisenberg 1" 472 115 oo ¥ 369 o
b.e flat, bug the pljse v d volume of distribu-  1954) and 2—8 per cent (Walser, Dulffy & 3 :‘.: ;:: 013 o8 :7): 03 85
tion repr ts gHe tifculating, rather than  Grifiith 1956). The experience with P3 hes M 008 9 . 0.23 52
lljt “ﬂ'_(ﬂ. ceR volumk. Observations on two  been similar. Differences between  paired 3 008 ;l 018 41
Ia supjﬂ:lcd to hypothermia before measurements were 0.1—6.2 per cent of cells
lsurgwa’ i’l’ocedlllts (Table V) illudrate tlis (Chaplin 1954), 3.5—7.5 per cent of cells ® Unarrected for trappal plasiig wd read 1o the dop of the cell cokanm




PRIVACY A

362 R. WENNESLAND ET AL.

Table V. Cell Volume (Vrbc) at Normal

Body Temperature and as Found by In-

jecting @ Second Dose of Tagged Cells after

Rectal Temperature Had Fallen to 27-28°C.

Two Patients Subjected to Hypothermia for
Swuryical Operation.

i Rectal Mg Hamato-
Subject | Temp. | Tieme | V| " crie
°Cc min. % calls
First dose 380 £1] 1.60 4.2
of cells 378 6$ L6l 410

Second dose 14 16 1.4 LX)
%9 n 1.42 4“6
267 2 1.4 4.9

!ini dose 7 st 193 421

of cells na 59 195 4.4

Second dose 270 15 268 50.6
26.7 25 261 50.6
262 62 21 9.2

iously low values (Nylin & Hedlund 1947 ;
Brown, Hepper, Sampson & Mudrick 1951;
Reilly, French, Lau, Scott & White 1954;
Uritchard ef al. 1955). In cases of congestive
heart failure we take samples at intervals of
15 minutes for one hour or longer. The re-
sultant “mixing curves” are nearly always
flat by the end of half an hour. Caution is
required in interpreting results from tests
made during shock or hypothermia because
there is evidence that portions of the vascular
teiee may never be reached by the tagged cells
in these conditions (Rodbard, Saiki, Malia
& Young 1951; Prentice, Olney, prtz &
Howard 1954). Thus, the mixing curve may
be flat, but the observed yol distribu-
tion represents the cirgulati ather than
the total, cell volume. Qbservations on two
patients  gubjected "9 hypothermia  before
surgical p}txte-ﬁ;rg-yfalﬂe V) illustrate this

7/

=

point. Vrbc was measured in the usuaj wa
before induction of anesthesia and hypoyy,e,
mia. A second dose of Yagged cells wag given
after rectal temperature had fallen aboy,
10° C. Vrhc appeared to be 7-~10 per cemy
lower during hypothermia than just Piot
to its induction. Similar results were obtaineg
in 3 of 4 splenectomized dogs studied during
experimental hypothermia.

Reproducibiity and relative magnitude of
component sources of ervor.

In three experiments, subjects were given
a second dose of tagged cells immcdia[dy
after the first.- Differences between first apd
second Vrbe were 0, 90 and 50 ml, or 0, 45
and 3.4 per cent.

Seventeen healthy men were subjected 1o
second or third tests after intervals of
331 weeks in order to avoid using the
larger amounts of radicactivity needed for,
immediately sequential measurements (Tai

ble VI). The mean of 20 differences was’

77 ml of zells, or 3.9 per cent (mnge, 10—
190 ml; 0.6—88 per cent). [ Thex v/rcsxut\-
define the outer limits of experimental estbr
or beyoad, since they are affected nol only
by all the compopeits of thg method but by
possible changﬁs within subjects. Differences
of lhe ; gnitude, however, have been
found bjlz:h{r} who repeated ineasurements
at shortér intervals. Those measuring VCr#
rdported differences of 0.4—10.0 per cent
(Reilly et al. 1954), 4 per cent (lisenbery
1954) and 2—8 per cent (Walser, Dulfy &
Griffith 1956). The experience with P3* has
been similar. Differences Letween paired
measutements were 0.1—6.2 per cent of cells
(Chaplin 1954), 3.5—7.5 per cent of cell>

MATERIAL REMOVED

(l5| AMELHOD FOR DETTRMINATIONOF I Db Vol UNME

Table VL. Repeated measurements of «cll and whole blood volume in 17 healthy

men at 3 to 31 week intervuls.

33

Whole Blood

ll:::r::"\ lirnwto- Uells
. . N N
Subject measure- u.." Found [Ihflcsence] Change Foumnd |Dilerence] Change
ments ° 1 1 %o ! L by
472 244 " S48 039 15
5 470 228 u1e ? 479
; 434 1 86 430 o
- [ 27 P [ ] 2
1 w o 016 8y P o 169
N 1.67 410 0 24
7 . 008 30 01
n o 1ol w24 M 008 1
4 ol e won 0.6 o 006 s
I b wul 06 Yo 00t 03
:NH 181 In 0.04 11
o Ao 176 vus 15 167
Moy 19 duw 020 50
B Wi 202 R 42 420
24 52 1w 013 57 0N o .7
4 213 400 s
6 o 304 v 42 Y 0.16 3
12 w1 . uiv 55 i 054 12
10 :“'Z :::; wa 0o “::: on 77
443 17X 402 5
13 s | o H.UR 45 TS 0.14 3
404 214 455 0 20
13 458 203 L 34 140 09
440 I K2 404
9 452 e (M, 33 W17 0.13 32
9 :;‘; g;: ] 41 :‘;x 047 10.0
7 1:: ;i'; ol Y ::‘3 023 45
\
wo 182 . Va4 o4
10 172 175 w7 3y Tow 025 [
3 102 134 s
3, s 205 on i i 03 8
Mean B wos 1y 0.23 $.2
LS 0us 23 018 41

® Unoorrected for trapped phasima aiml vead to the dop of the <ol column
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(Samet, Fritts, Fishman & Cournand 1957)
and 5.7 per cent of blood (Berlin, Hyde,
Parsons & Lawrence 1952).

The data presented earlier make it clear
that with our procedure used in healthy sub-
jects and animals, errors in Vrbc due to the
in vitro handling of blood and to the tech-
nique of administering the cells and of sampl-
ing are very small, totaling well under 1 per
cent (Tables I, I1I and 1V). With an aver-
age counting error of 1.6 per ceat (Nomof
et al. 1954), the error ansing from estimat-
ing radioactivity of the average of two blood
specimens, compared to that of the tagged
cell suspension, is less than 2 per cent. At
least 2 per cent of the average test-retest
variation remains to be explained.

The S.D. of the hematocrit of a single
blood specimen, measured in duplicate, was
0.27 scale divisions in the 103 experiments
where 3 samples were taken. The experience
is about the same as described by Wintrobe
(1934), from whose data it appears that the
maximum expected variation of the test as
performed in vitro is 0.86 per cent. Our
practice of averaging the duplicated hemato-
crits of 25- and JO-minute samples lowers
this source of error. An indeterminate error
in calculating Vrbe from the radioactivity of
whole blood selates to the quantity of plas-
ma trapped in the cell column. With normal
blood and uniform procedures of anticoagula-
tion and centrifugation, this quantity might
be expected to represent a constant fraction
of the cell column. However, from the diffi{
culties encountered in measuring. this fraction

(Chaplin & Mollison 1952; lnugh! 2 1’1
1955; Furth 1956; Gregersey F:j s
1959), this expectation may,uoL Justified.

Such error coul i@t}&iﬁrr amount to 2

per cent or more. Au error, probably nog ex.
ceeding one per cent, arises from assumip,
constancy of the fraction of the cell colyp,
occupied by white cells and platelets, or from
errors in estimating the thickness of the
buffy coat (Reeve 1952; Wintrobe 1961)
Vpl and Vwb are derived values and un-
certain to the extent that the observed hem,.
tocrit of blood taken from a large vein o
artery differs from “true” body hematocyjy
(Chaplin, Mollison & Vetter 1953; Grege,.
sen & Rawson 1959). Tourniquet stasis of
dilution of samples with saline or anticg.
gulant solutions can seriously affect Vg
and Vpl without affecting Vrbc. In repeateq
determinations (Table VI) we found thy
Vwb was less constant than Vrbe. This can
probably be accounted for by the lability of
Vpl and its dependence on body water and
cardiovascular phenomena. Because the ratio
of body hematocrit to large vessel hematacnit
is affected in several clinical conditions where
blood volume is an variable
(Brown, Hopper & Wennesland 1957), our
prediction standards for healthy men and
women were prepared without applying cor-

mportant

rections for this discrepancy. If V((=:r" s,

thus considered to be Vwb, and Vpl k= Viry
— Vrbe, observed values can be compared
to the values derived from the prediction
chaits and equations (Wennesland et ol
1959; Brolvn ¢ )

“True” lejl vedafes about 110 per cent
of VCr81, although' the relationship is not
canstant} (Chaplin et al. 1953; Samet ¢t ol
1957). Failure to correct for the hody hemat-
ocrit: venous hematocrit ratio, or the as
sumption of a ratio not applicable under the
circumstances of the study, will lead 10
errors in estimating “true” Vwhb fsom vee

-

CRINE o ke
e
ek Bematoctit, amowsting ey meh s
j0 per cont i healthy subjectsat rest, 20 e
cent in cases of cougestive heart failure
(Samet et al. 1957 Brown o2 al. 1957) and
g per cent with massive splenomegaly
(Fudenberg, Baldini, Mabioney & Dame-
ek 1961). Birkeland (19060) las pointed
ot that wheg blood volume is calculated
from the hematocrit and a measurement of
anly cell or plasma volume, crrors due 10
pistaken assumptions about the bady hemat-
ocrit: venous hematocrit ratio will be greater

when the hematocrit is high than when it 15
tod

low. In many chinical situations it is desir-
sble to make separate mcasurements of cell
and plasma volumes. : !

h
'

SUMMARY |

We have described in detail a modifica-
tion of Sterling and Gray's Cr' methud for
bood volume determination with which we
have had considerable expericnce. The dose
of Cré needed for tagging 1.2 ml of the pa-
Iqu:t'* blfbd need not exceed 50--75 uC if
3 wdll-type' sgintillation counter is used. The
ugged cell suspension is usually stored over-
wght so that the test can he done conven-
#tly before breakfast. The cells are del-
nered from a small infusion apparatus
theough an indwelling needle which is alwo
wed for sampling,

The over-all error of the measurement of
«ell volume, as shown by repeating the fest
dter intervals of 3 to 31 wecks, averages 34
et cent. This compares favorably with re-
whts obtainggls vith other madifications of
e Crst method and with "2, even though
'b‘bng time interval between tests i this
::’Yth:"owcd the possibility of within-sub-

nges of cell volume.

N KRB vy s

The miagor somnces ot error are aj the
determmation o vadactivity of blood speci-
mens and tagrged cell saspension, and b) de-
ternination of the cemtrifuged hematocrit,
particularly with respect to the percentage
of trapped plasni in the cell column. Failure
o measure accuritely the volume of tagged
cell suspension delivered to the subject, a
sctious potential source of error, proved to
he relatively unimportant with the technigue
wael Errors teliting to the collection and
handling of Llood for hematocrit determina-
tons amd i the prediction of the “body
l'u-m:\ln‘cr'il:vnmm hematrocrit  ratio  can
vaterially affect the estimation of blood and
plasma volumies, but not cell volume.
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