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The use of radioactively laljeled red cells
for the determination of the vl cell volume
{Vebc) has gained wide acceptance since its
introduction by Haln & Hevesy (1940). Of
the procedures cusrently in use, the methid
o Sterling & Gray (1950), utilizing auto-
genous cells labeled with radivactive sodium
chrpmate; (Ce#1), meets most adeguately 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 /)
that none of the tag is lost from the circulat-

y g blood during mixing. The rate of foss of

(et from the tagged colls is so sow that
the lapse in time between their injection aned
the estimation of their dilution in the subject’s
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ood is not critical, as is the case with P3#
(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; Nomaof, Hopper, Brown, Scott
& Wennesland 11954; Mollison & Veall
1055).

One of the principal disadvantages of
wsing either Cr3! or 132 js that the cells must
be tagged in zitro, which in clinical studies
weans that the subject must be available at
leist an hour before the actual measurement.
Mare important, however, is the possible
cffeet on accaraey of damiaging the cells by
processing them i zitro. As will be shown,
this is not an important source of error 1a
volume  deterninations (Wennesland, She-
pheed, Nomof, firown, Hopper & Bradley
1957}, except i patients with hemolytic
tedencies. 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 delivering tagged cells. A =

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

ass Tsarvolr  (capaciies of upper and lower

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

desporsable plastic wbimg, Ve inch diameter; D =
glavy adagter.

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 &
Bradley 1959; Rapaport, Yamauchi, Green,
Brown & Hopper 1960; Brown, Hopper,
Hodges, Bradley, Wennesland & Yamauchi).
Cell tagging.

About 12 'ml of the subject’s OLLl for
tagging cither Tlhcrml bebore or the mova-

METHOD

g of the test. L canes of severe
blood 5 drawn to provide an i
of cols. The bl is injected w1 "™
car of & enle 15-mi Cemirifuge tyhe be ““*'
25 mh of acid-citrate-dextrose sohstion MMty
A whion comuiniig 01—10 g of e
Bev uC s prevarcd 3t approprinte ineryay Y
senhzed by autuchaive. A volume 1xn exi =~
0.5 ml comaiming 5075 nC* 4y added ¢y the
® the centrifuge tube end mixed by BeNtie pogy,.
o room temperature Eur 45 miutess, len...
excess C_f" are separated from the tagged ttlh..
ool and washing thrice with o v(*,.‘h
09 per cent sabme sohtion equal to that of N
docaued plasma, at room temperature The “':‘
are reswponded n sufficiant sabine to restony |:
vohlnehﬂntolﬂnotigidbloodmmk“
either  used at ouce of refrigenated Overnigly
4—5°C. The suspeimion i kept at roun |nn;.ﬂ:
dure for 45 mimnes or hger before travemmn, -
jecthon Strict aseptic  precaulions are Obyervet
throughout.

intmi‘.m.

Measuring and delivering the dose of tagged ¢ely

The subject’s height and woight are recorded
and he reckines  a conortably warm room for m
feast J0 mamstos before the test. A widebore needie
comnected to 2 small indusion apparatus (Fig I
is placed 0 an antocubritad vein. The same nxdweltg
meedle is used for dohvery of tagged cells and
withdrawal of samples. Enough 0.9 per cox saiwe
6 put mro the appacatus so that the ’
of air; the lower chamber containe 2 ml ant
the upper about 10 ml. Salne is allowed to ‘ﬂ-‘u
slowly nto the vem (0 domonstrate the adequagy
of thc vempuncture Lefbre the oclisiare injected

1 Conbverted by gt Rachoactiity Rescarch Cew
ter from Cr“ I3 jiuained from the Qak Rider
Natwasad Labot orly.

* The pruc'chm described above is the one wned

" prosen. When we were colkecting the data rt
~gmorted 0 this paper, we wure using 2 plae <0

tillatins detector i which only 12 per cent of the
gamma disintegratrons of Cr¥' were dt"\d‘:
coumns, 30 that 150—200 uC of Cr¥ were v
for taggng. "

» Tihes are fastened to a phosograph turmal
revolvig at 3J3% rpm.

bivg i free |
S R I

CRM Mo ok Bk s

ile ‘Wj_[ell stsperreten v diawn feon
i
il test tulwe 110 which i was tagped e

red
“‘u‘l“ e which has ey cabbrated for con
’ (Peters & Van Slyke 1932) A g neadle
-t

hes) i sulntitited for e meedhe el

Bl Exactly 10wt of the suspenson

w ‘;:::::_l into the knver Chamer of the e
o ratus (scc g 1). The syrime anl
o wmﬂ three tires with a totad of 810
ﬁ ;‘llx taken from the upper geseevorr. The

i wb wastupgs are allowed to flow
uspensi &

J;)’ frum the Jower reservaiy fido 1k vein
- are fullowed by @ wnial wr bolhile Galenn
ot ml) which trolps 1o sweep the tubnng clean I'he

e Hee air bubble ewters the vem is o] aes the
pgHnmE of the i vt vy period /\Ilvvv e,
e rate of infuskm redined 1o the i
wcdedl 10 BESURE PATICY of the veedle (10 diogn/
e of tess). The unused |~n1‘iuu of the lii!:.uv(‘l
il muspevmon is rescrved for nkr:rmwm ol M-

adioactivity. i

Sompling and cownting

Bl samiples .'n'\,. Naben 25 mamiles or more
sher the (quuibf ol the mining perkel Usindly,
two sanwples are takenr at an micrval of S ominimcs
od the résults averagnl To prevem diltion of
oy oo with sadeic, (e mlirsioan i discontinml
Y y#mlh before sawanpling The first 2 3 il
ol bhoxt s Biscarded A 5 anl samphe s thep taken
od tramlerred 10 @ test tule containigg Hellos
eabate mixture (Heller & DPoaul 1944}, Dupheand
Wazrobe tubes ane falled, 1opgead with a sl oo
uf mnerad ol aad comtnifnged for J i
M0 cpm. {distawe from i Tig 1o centn
fuge coter = k3 cm). They are rewd o the 1op
ol the cell cohmmr. Two b of the well nused
wmple are delivera by cabbeated pipette e o
et tube (12 men dderiad hnneter) sl connted
tewce w2 well scimsllation comter?. Two 2l

\ .
The thickiess of the butis voat iy recondod
W ocoreclion 5 applcd wiless #oexcends 1 uun

t With qur present equipmend, 45 per com ol the
Sumnia rays froan the Credoare obervel s connts
:‘““'nml mamber of contits (4186 o oted an
et to lannt the st fluctoations ol
Cumug o L 16 per ot

N RN ALY

Portis o e sl cell suspensduny, diluved
150 with distilled waler, are cownted i the same
et Coutinges ool blowal aid cel suspernnion are
altcomated 10 punse the wluetse of  pomible
Muctuations 1 ke seistavity of the couster.

Calculatrons

AxxV

Ve (ml) = B

where A aml B oace tle averages of the observed
connits per sevsl per il of the diluted cell suspen-
sions @il of tie Dl specimens respectively, amd
\othe volinie e mil of cell srspoamsiun drected

Cell varimie (Viln) is the product of VCr* and
the average of the two emnatocrit readings of the
snple. At this sLage Ris contvernant 1o comnpace
the olrervesdl Vils with dike predicod ot voheme
ab o bealthy sdyect of the same weght, hieight
aml sex, an estisblnled by our studics wath thes
methodd m 201 healthy nen (Wenmevkaasd et ol
1959) aml 101 wonren (Brown et al.). 'Predicted
wormal’ values for Ve can be fouand by a2 cor
verment gragphne methork (Wemmweslaad e ol 1959,
Winkrobe 1901, Brown ¢f al) or by the following
BITUCETT

Por men: Ve (il 2z 86 x height (cm) +
IO x woht (k) - K0 (S D 190)

For aemmen Vibe (ind) = 7 5 x hweigint (cm) 4
3 x weight (kg o3 (S D. 134)

Boochoukl b oaated that troe cell volume i
shightly swiiller thae Vide  as cakcubsted atmve
Invate the ool coluunm of the hanatocrt tidses
frome which the vahee is calculated contan 2-—S
pr cert of teapped plasna (Reeve 1952 Chaplin
& Malhivm 195320 EFhaugh, Tevie & Faerson
19855 Greperaon & Rawwom 1959) aid the bufiy
Contl i owachdod i e dwensuen it reading. Our pre-
it standbion e (W ok kand ef all 1959; Brown
ctal ) were propavd withowt corrections for trap-
pob plasiia bocase e sigle factor 13 wimbormly
waphicable (U Taplon & Mollivon 1952 ; Ebaugh et al.
1955) Alter ob-onval Vil has beenn conwared
with e “prodintcd ponsal” for the sudyect, a
stabile Cotrocten Lactor foe trapped plasig may
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358 R. WENNESLAND ET AL,

be used to determmie the “iruwe” Vibe, if desired
(Reeve 1952; Chaphn & Molkison 1952; Ebaugh
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 healthy propie (Wintrobe
1961), and we hrave found the top of the cell cotumn
casier to read than the interface botweens red andd
gray layers. Therefure, we brave followed the prac-
tice of Reeve (1952) w our studies of norsnal smb-
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 lechniqu:.

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 2ive, 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 ) the accuracy {of

estimating 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 ctlls the day before instead
of the day o Thrz periment, and b) using
the infusion apparalus and indwelling needle

i

for administration of tagged cells and for

sampling. Tests were made to assure that

! With the well4ype scistillation detector wow
boig wved, the 10 ml of tagged ocoll suspenson
yiokh 50,000--00.000 curns/socund.

—
ether innovation mnpars e aocmaes al
e method.
1. Overnght storage ol Lyped cells \We
eler o study the paticnts before then
Leakfast so that their mictibolic and circula-
status will be as uniform as possibile.
sgeing the cells in the aflternoon and stor-
¢ the suspension overnight i~ convenient,
pecially for tests on lospitahzed patients.
able 1 shows that after overnight refrigera-
on, the supernatant salive contiins less than
)2 per cent of the radivactivity of the whole
wpension. In animal experiments described
mewhere (Wennesland ¢t al  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] isufficient to
flect blood volume deternnnations. When
s stored for 1 dpy were wnjected into dogs,
e total loss of la‘k}m zitio and m Tivo was

Table [. Loss of Rudiochromunn (Crit)

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

’qlue ‘akd,. to the Infusion .1ppardatus after
‘6——’20 Hours" Storage.

No of | Radioactivity m ",
Losa of Ce* to:  |obnerva- of total dow
tons 1 NMan | s D
Supernatant saline .12 0132 IR RE}
lafusion spparstus®
Synnge 15 [IRY] 002
Glass butb 10 BRI w2
Tubing n (VT 07

* Detornmined by measuring the vadicactivity of
Yalogs, whicly weore sepeatcd pil the conms
dacrved  when each portion of appatatis was
%ced directly wn the scimillation comrer dul 1ot
Sfer 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 cells
tapged and stored by our mcthod averaged
5 per cent in 8 healthy subjects (Nomof etal.
1954). Mollison & Veall (1955) found a
sinilar rate (6 per cent) in 16 experiments
where the blood was returned inunediately
alter tagging. Overnight storage therefore
appears not te 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
mceasurement 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
(Talle 1), Variation in radioactivity re-
naiing i the entire delivery system are
quite small (Table T).

Fno1tro hawlbig of the bloud, mevessary
all the radiactve celldaggug ethods, may ceuse
indeterminime ervors (n evimating Vebe of patwents
winh henwlytc tendencies unkess checked by miecas-
uccmats of oell vurvival. In a large clinal ex-
peocwe with e method, we hiave had to adaadon
the test on rare ovcayrxns because of visible bemo-
Iysis of e tagged cell suspenston. The patians
intially bad vl discave, asud the hemolysis occur -
el carly s the tagehng procedure (overnight stor -
ae was et iawohved) This obwervaiom rases the
prossibiliy thid an e hemolysis may be accen-
tooted awd be an impaortast source of error v pa-
1eats with bhemwlyine teindetcies due to extracor-

pescadar 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 .
P Hematocrit Vibe
So::‘lmq % cells i
10 44.54 2.06
20 44.4) 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 counta-
minated by accumulation 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 ndwelling needle in th sutlllwl (in-
fusion discontinued for 30 hdcorids and the

first 2 ml oflbluodrdisc rded). A second -
\L . ”l,

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 frop,
the freshly punctured veins averaged | scale
division higher. To test whether the diffes.
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.
mends, 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 samples by either saline or Cr¥,

It has long been known that significant
hemouconcentration can occur when blood s
taken during the application of tourniquets
(Peters, EFisenman & Bulger 1925). When
no particular care was taken to prevent
stasis, e. 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 Needle

a Distant P’A'ilin 32 lfx’ffrimcnt:. ,

| Specitnen Collected from:
: i 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 ] 0.00)0
Vpl, liters 252 | 041 | 242 037 010[0

I3

CRM M1 110D FOR DETERMINATION OFRED CELL VOLUME 0l

Jemine residual radioactivity from carlier

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

in 87 cases, 2.5). This artifact does not
Jtect the determination of Vrle since the
'ﬂsurcment i; based on the radivactivity
and the hiematocrit of the same sample. The
gerived 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-
pumin may continue for fomger than 10 mi-
autes, and even as long as 25 mimites, after
injection of tags, ‘even in healthy subjects
(Pritchard, Moir & Maclntyre 1955; Funk-
hauser 1957 ; Tuckman, Finnerty & Buch-
'ﬂufh 1959). In 27 experiments i which
\Qamplcs' ere taken 10, 20 and 30 nminutes
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 Taken from Indicel-

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

T 7l|cm.nocnl, "o cells

First sample :I‘l:;:g Ditference
Mean 422 423 1008
Ringe | 380480 | 380-4w1 | -03- 08
SD. 13 34 0.27

the 3 samples in a single experiment in 1his
series, however, was significantly higher than
in a succeeding 103 experiments in which
samiples were taken at 25, 30 and 35 minutes
(S.. of a single reading = 52 ml in the
first 27, and 36 ml 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
samipling 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

= 2} mlL

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, 3o 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 aganst
loss or hreakage, and average the results.

Mixing may be delayed to an important
degree in a number of pathological condi-
tions, and premature sampling gives spur-
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Table V. Cell Volume (Vrbc) at Normal

Body Temperature and as Found by In-

jecting a Second Dose of Tagged Cells ajter

Kectal Temperature Had Fallen to 27-28°C.

Two Patients Subjected to Hypothermia for
Surgical Operation.

) . Rectal | Mixi Hemato-
Subject T'WF.: 'r.": V;bc crit
- o -
C min. Ve cells
-
First dose 0 535 1.60 412
of cells ns [ 161 4.0
Second dose 274 1] LM 4.6
269 k¥ ) 1.42 466
6.7 52 144 4.9
Fust doee 37 sl 2.9% 47.1
of cells 3177 59 195 4*%.4
Secund dose 170 15 268 50.6
26.7 15 261 50.6
262 [}] 273 482

iously low values (Nyhin & Hedlund 1947;
Brown, Hopper, Sampson & Mudrick 1951 ;
Reilly, French, Lau, Scott & White 1954 ;
Pricchard et al. 1955). In cases of congsstive
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
miude during shock or hypothermia I!‘«ausc
there is evidence that portions of the vascul

trec imay never be reached by the tagped n-lh‘s
in these conditions (Rodbard, Saiki, Mahin
& Young 1951; Prentke, Olney, !Anz &
Howard 1954). Thus, the mixing curve may
be flat, bug the pliseaveéd volume of distribu-
tion repr ils me i culating, rather than
the total, vol "Observations on two
*paiicils |subjected to hypothermia before

lsurglﬂ’ irroi:edmes (Table V) illuvrate this

LY

point. Vrbe was measured in the y, uaj
before induction of anesthesia ang hypoy vy
mia. A second duse of tagged cells Wwas gh"
after rectal temperature had falleq aboy,
10° C. Vrbe appeared to be 7—)p per ¢
lower during hypothermia than just p':.
to its induction. Similar results were obig; !
in 3-of 4 splenectomized dogs studieq dug;
experimental hypothermia. n'

Reproducibility and relative magmityde of
compoment sources of error.

In three experiments, subjects were given
a sccond dose of tagged cells immediayg,
after the first. Differences between firsy and
second Vrbe were 0, 90 and 50 nil, or 0,45
and 3.4 per cent.

Seventeen healthy men were subjected 1,
second or third tests after intervals o
3—31 weeks in order to avoid using the
lurger amounts of radioactivity needed fir
immediately sequential mmut&mm# ('f.-.
ble VI). The mean of 20 differences’ was
77 ml of cells, or 3.9 per cent (range, 10
190 ml; 0.6—8.8 per: cent). These results
define the outer lmits of experitnental ersw
or beyond, since they are affected not onh
by @l the components of the method but by
passible changes within subjects. Difierence,

fJthe same nugnitude, however, have beeu
ohind by others who repeated measurenients
at'shorter intervals. Those measuring VCr®
reported  differences of 0.4—10.0 per can
(Reilly ot al. 1954), 4 per cent (Liisenberg
1954) and 28 per cent (Walser, Duffy &
Griffith 1956). The experience with P has
been similar. Differences between paired
measuremems were 0.1—6.2 per cent of cells
(Chaplin 1954), 3.5—7.5 per cent of cells

LT MO TOR D1 TEKMINATION OF KED CRLL VOLUME
/ﬂ’—f T N
VI Kepeated measurements of cell and whole blood volume i 17 healthy
Table men ot 3 10 31 week intervals.
m Heaao- G Whole Biood
subjpet ) easures “;:“ Found JDifferencel Change Found |Difference] (,h-ng:
V ments - 1 1 % 1 1 e
PO IS o0 I 'PURS B T B+ IR 75
1.86 430 .
SR IR I I B BT R
40
SR TR R I I B
4 s Tes o0 06 HH 006 1
5 phodl Bl BT 0.6 g eom 03
N e e 005 28 e 004 11
. 13 i e Y 42 1 020 50
- 2 e 0| en 57 S| o 47
v e ™ 0.09 41 P 016 34
o fRe | e | e | s 1o | es | ma
o | M2 ] em 06 1% | ow 17
13 e les | oo 45 Mt AT 3s
' T T 17N IOV R BT YIS I
| S IRTH IRT R (VW RV I PPV T
! 9 :';; i;'“' o . :“’: 047 160
7 1:7\ ;g; 02 09 Z,',f, 01 45
0 s e | ew 39 yu ] e 64
3 ne Yoo 013 68 N 037 S
Mc, [IX1} 3 3y 0.2) 52
‘ 0us 23 018 4

® Uiaurredted for

trapped plasing i read 1o the dop of the cel colmm
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Table V. Cell Volume (Vrbc) at Normal

Body Temperature and as Found by In-

Jecting @ Second Dose of Tagged Cells after

Rectal Temperature Hod Fallen to 27-28°C.

Two Patients Subjected to Hypothermia for
Swurgical Operation.

) Rectal { Mixa Hamato-
Subject Temp. 'l'::;c‘ Vr.h crit
°c min. % calle
First dose 380 £1] 1.60 4.2
of cells kYA ] [} 16l 41.0
Second dose 214 16 1.4 “%6
269 n 142 4“6
267 52 1.4 4%.9
’&u dose 73 st j29s) am
of cells na 59 195 46.4
Second dose 70 15 268 50.6
26.1 b1 2.61 50.¢
26.2 [ 7] 21 4.2

iously low values (Nylin & Hedlund 1947 ;
Brown, Hopper, 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 rte-
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
teee may never be reached by the tagged cells
in these conditions (Rodbard, Saiki, Malin
& Young 1951; Prentice, Olney, Artz &
Howard 1954). Thus, the mixing. cprve may

be flat, but the observedl pol distriby-
tion represents the cirgulatihg, father than
Dbscevati

the total, cell volume. on two

patients ubjected ‘¢ hypothermia before

surgical p}utedurcs yfable V) illustrate this
\"._"“‘ S

point. Vrbe was measured in the usuaj ,
before induction of anesthesia and hypote,.
mia. A second dose of Yagged cells wag Biven
after rectal temperature had fallen aboy,
10* C. Vrhx appeared to be 7-~10 per cem
lower during hypothermia than just Plior
to its induction. Similar results were obtaineg
in 3 of 4 splenectomized dogs studied during
experimental hypothermia.

Reproducibility and relative magnitude of
component sources of error.

In three experiments, subjects were given
a second dose of tagged cells immcdiald,-
after the first.- Differences between first apg
second Vrbe were 0, 90 and 50 ml, or 0, 45

and 3.4 per cent.
Seventeen healthy men were subjected to
second or third tests after intervals «of

331 weeks in order to avoid using the
larger amounts of radioactivity needed for
diately sequential measurements (Tay

ble VI). The mean of 20 differences was'

77 ml of zells, or 3.9 per cent (range, 10—
190 ml; 0.6—88 per cent). [ Thes ""s’ut‘l
define the outer limits of experimental estbr
or beyond, since they are affected nol only
by all the compopeiits of thg method but by
possible changes within subjects. Differences
of the s ngnilude, however, have been
found b h{rf who repeated ineasurements
at shorteér intey

vals. Those measuring VCr

rdported differences of 0.4—10.0 per cent
(Reilly et al. 1954), 4 per cent (lLiscubery
1954) and 2—8 per cent (Walser, Duify &
Griffith 1956). The experience with P3* has
Leen similar. Differences Letween paired
measurements were 0.1—6.2 per cent of cells
(Chaplin 1954), 3.5—7.5 per cent of cells

MATERIAL REMOVED

CRAM ML IO FOR DETTKMINATIONOF I D ob b Vol UME

Table VI. Repeated measurements of ol and whole blood volume in 17 healthy
men at 3 to 31 week ntervals.

)

Whole Blood

‘I:::r::': Irnwto- Uells
. e N
Subiet | mcasure- o Found [thtlcsence] Change Foul |Difference] Change
meits 1 % 1 1 %
472 244 . .18 039 -
5 470 215 vy 7 479
. # 410
N I Il TS B S B LN B
1 wl 197 vle 8y 490 ' -
E1IR Y 1.62 410 o 24
7 A Y 30 01
n o :::f wM | 24 M 00s 13
4 ol Lo wol 06 Tee 006 15
489 10 167 ‘
s | z” 1) vl 0.6 e 0.01 03
T 181 i 004 -
LI T 170 vos 1K 167
45 4 19) 4.0 0 50
1 Wi 202 b 42 420 w0
24 82 mel e 57 Sl om 7
455 21 404 ‘
6 o T4 vy 42 15 0.16 3
H o | R | s LA em | n2
) M o wan ve o on 77
443 1 7% 02 5
u e | 4 HUR 45 10 014 3
4hy 214 458 20
13 455 201 ol 5 14 0.09 |
449 1 .K2 414
9 452 1 xy oo 33 17 013 32
9 " W " i T 047 10.0
0 IR 0 [V R (8 PO (R
)
0 182 . 104 6.4
1 4712 bis uui 3 3w 025 6
H1 192 414 s
3, | _as 208 on i an v 8
Mean b m Yu 0.3 $.2
0nus 213 018 41

® Unoorrected for trapped phasima aiel read 1o the dop of the ol column
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(Samet, Fritts, Fishman & Cournand 1957)
and 5.7 per cent of Llood (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 1, I1f and 1V). With an aver-
age counting error of 1.6 per cent (Nomnof
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 specimien, 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 im 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 relates 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 fract

(Chaplin & Mollison 1952; Il u
1955; Furth 1956; Gregersey L
1959), this expectation may,uo Justifi

Such error couhli&?_&iﬁrr amount to 2

7

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

rections for this discrepancy. If VCr‘l
L vy

thus considered to be Vwb, and Vpl
— Vrbe, observed values can be compared
to the values derived ffrom the prediction
chaits and cquauons (Wennesland et ol.
1959, Brolvn ¢
“True” lej ges about 110 per cent
of VCr8, allhb\ngh the relationship is not
constant} (Chaplin et al. 1953; Samet of al.
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
etrors in estimating “true” Vwb from v

-

‘ ihlly before breakfast.

CRME o e
P
s
amounting teoas il s

and fiematocrit,
10 Pﬂ cent in healthy subjecraat eest, 20 per
cent in cases of cougestive heart failure
(Samet et al. 1957 Brown o2 al. 1957) and
@ per cent with masive splenonwyaly
(Fudcnbcrg, Baldini, Malioney & Dame-
ek 1961). Birkeland (1960) las pointed
ot that whieg blood volume is caleulated
from the hematocrit and a measurement of
only cell or plasma volume, errors due 10
mistaken assumptions about the luxly Lemat-
ocnit: venous hematocrit ratio will be greater
hen the hematocrit is high than when it i
w. In many clinical situations it is desir-
ble to make separate mcasurements of cell

and plasma volumes. ; !

SUMMARY |

We have described in detal a madifica -
won of Sterling and (_,r.ly s Gr* omiethasd for
bood volume determination with which we
have had considerable expericnce.
o Cr¥ nceded for tagging 12wl of the pa-
mM bluo¢ need not exceed 50--75 uC if
3 -dl type s{:mullalnon counter is used. The
u;ged cell suspension is usually stored over-
wght so that the test can he done conven-
The cells

The dose

are del-
apparatus
through an indwelling needle which is alwo
wed for sampling,

The over-all error of the measurement of
«l valume, as shown by repeating the teat
dhes intervals of 3 to 31 weihs, averages 39
Vet cent. Tlus compnus favorably with re-
whs obtajy
the Cp3

nered from a smalt infusion

vith other madifications of
method and with 1'%, ¢ven though

e long time interval hetween tests in this
“udy allowed the possthility of within-<ub-
™t changes of cell volume.

firown, K,

RSN B R T B B RN S BT s

The magor somees ot ettor are aj) the
determination o vuhiactivity of blood speci-
mens and tagged cell saspension, and b) de-
termination of the cemtrifuged  hematocrit,
particularly with respect to the percentage
of trapped plasnin 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 aninportant with the technigque
wsed Krrors seliting to the collection and
handling of blood for hematocrit determina-

| tions ;{u;l - the prediction of the “body

lu matocrfit: venous  hematrocrit  ratio can
nuurnlly affect the estimation of blood and
plasma volumies, but not cell volume.
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