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Reproducible blood volume estimations by 
indicator dilution methods are thought to ap- 
proximate closely the true blood volume. 
However, plasma protein indicators, T- 1824 
or R H E A  may leave the confines of the intra- 
vascular space along with plasma proteins 
and their volumes of distribution are not 
identical with the true plasma volume. Use 
of plasma indicators as measurements of 
plasma volume gives rise to a systematic 
error, which Reeve et aZ( 1) have described 
as the “extra plasma” volume. Labeled red 
cells more accurately define the limits of the 
vascular space, but their application to blood 
volume measurements is not without prob- 
lems. Direct observations of the microcircu- 
lation by Chambers et aZ(2), Knisely and 
associates (3) and others(4,S) have demon- 
strated rapidly moving cells which are dis- 
tributed evenly in the flowing stream, as well 
as slowly moving cell clumps or aggregates, 
and cell aggregates which do not appear to 
move at  all. The nonmoving cells are still 
within the vascular space( 2 ) .  Further, 
studies from this laboratory with labeled red 
cells have demonstrated delayed red cell equili- 
bration after hemorrhagic shock without con- 
comitant delay in mixing of the plasma label 
(6) .  This was taken to mean that, in hemor- 
rhagic shock, some red cells were not circu- 
lating sufficiently rapidly to be mixed with 
the injected labeled red cells within the ap- 
propriate time allowed for mixing( 6,7). Fur- 
thermore, a noncirculating red cell component, 
which may be regarded as equivalent to a 
nonexchangeable fraction, was also observed 
in both experimental and clinical shock 
series (6,7). 

In both normal circumstances and under 
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conditions of shock from hemorrhage and 
trauma, it must be assumed that the indicator 
is distributed evenly within the circulating 
blood volume. A second assumption implicit 
in this type of estimation is that the measured 
volume is the functionally active blood vol- 
ume; that is, the volume which is circulating 
effectively throughout the vascular system. 
Red cells which are occupying space but not 
actively circulating, or red cells which are 
not circulating at  normal velocities obviously 
will affect the circulatory status of the pa- 
tient differently than normally circulating 
cells. 

Possible abnormal distribution of the blood 
volume within various anatomic areas of the 
body are also of import in the analysis of 
blood volume measurements. Sequestration of 
blood in the splanchnic area is said to occur 
in shock from hemorrhage. Further, the con- 
cept of the liver as a reservoir of blood was 
entertained by Krugh(8,9) as early as 1912; 
the liver was thought able to discharge sig- 
nificantly large volumes of blood into the 
general circulation in man on going from rest 
to exercise. 

Measurements obtained with the usual in- 
travenous sampling sites cannot possibly re- 
veal changes in the blood volume within 
various organs and tissues. The present 
studies, therefore, were undertaken in an at- 
tempt to elucidate some of these problems 
by measurement of tissue red cell content 
before and during hemorrhagic shock in the 
dog. A colorimetric method for analysis of 
tissue hemoglobin was devised ( 10) to meas- 
ure red cell content in tissue biopsies. This 
method was compared with an independent 
radioassay method. Serial determinations on 
biopsies were taken over a period of time 
after hemorrhage and reinfusion of shed blood. 
By combining both the colorimetric method 
and the radioassay method on the same bi- 
opsy specimens, information on the equili- 
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bration of red cells in tissues with the cir- 
culating red cells was obtained. 

Methods and materials. 1. Methods (a) 
Animal preparation. Twelve apparently 
healthy, splenectomized mongrel dogs were 
lightly anesthetized by intravenous adminis- 
tration of sodium thiopental. Polyethylene 
tubes (Clay-Adams PE 240) were inserted in 
the superficial femoral artery and the femoral 
vein using aseptic techniques. 

(b) Red cell chromation. On the morning 
of the experiment, approximately 20 ml of 
blood was withdrawn from each animal for 
red cell chromation. The red cells were washed 
and labeled with Cr51 using the Read(l1) 
modification of the method of Sterling and 
Grey( 1 2 ) .  

2. Protocol. (a) Reinjection and equilibra- 
tion of labeled red cells. An aliquot of the 
dog's own labeled cells was injected through 
the femoral venous catheter after which 4 ml 
blood samples were withdrawn from the 
femoral arterial catheter a t  10 minute in- 
tervals. Equilibration of injected, labeled red 
cells in the circulating bloold stream was 
demonstrated by constant radioactivity of 
packed red cells in 3 to 4 successive 10 min- 
ute samples. 

(b) Tissue biopsy technique. The abdomen 
was opened through an upper abdominal 
midline incision, and a biopsy sample of the 
liver was obtained rapidly with a sharp knife 
without previously placing hemostatic sutures 
in the liver substance. Particular care was 
taken to avolid crushing or manipulating 
the liver tissue before and during the biopsy 
procedure. The biopsy tissue was immediately 
plunged into liquid nitrogen. Then hemostatic 
sutures were used to close the biopsy site. 

(c) Method for production of hemorrhagic 
shock. Following control samples of peripheral 
blood and liver biopsy, hemorrhagic shock 
was produced by the standard Wiggers tech- 
nique( 13). Suficient quantities of blood were 
removed to lower the mean arterial blood 
pressure to approximately 5 0  mm Hg. The 
pressure was maintained at  this level for 2 or 
more hours by removal or replacement of 
additional blood. 

(d) Subsequent sampling. Peripheral blood 

ob'tained during the hypovolemic stage. After 
return of the shed blood, blood samples and 
biopsies also were taken at intervals. In  some 
cases additional bhod transfusions from un- 
labeled crossmatched donofr dogs were given 
to replace blood loss from biopsies and to 
sustain blood pressure, and after time was 
allowed for equilibration, repeated blood 
samples and hepatic biopsies were taken. 

3. Analyses. (a) Radioassay of circulating 
red cells. The blood samples were centrifuged 
at  2000 g for 210 minutes. The plasma was 
removed; 0.5 ml aliquots of packed red cells 
were laked in 1.0 ml distilled water. The 
radioactivity was assayed in a NaI well 
scintillation counter. Radioactivity was ex- 
pressed in CPM per ml red cells. 

(b) Radioassay of liver biopsy for red cell 
content. Frozen biopsy samples were pulver- 
ized in the cold. Approximately 1 gram was 
carefully weighed and homogenated in 5 ml 
distilled water. Radiolassay of aliquots of 
homogenated tissues was made under com- 
parable counting conditions. 

(c) Colorimetric analysis of red cell content 
in liver. Chemical assay of tissue hemoglobin 
was determined by a previously described 
method ( 10). Briefly, this method consists of 
extraction of a weighed sample of liver tissue 
(approximately 1 gram) in 1 ml 2N HCl and 
8.0 ml water. The acid separates the proto- 
purphyrin ring from the globin part of the 
hemoglobin molecule, the soluble porphyrin 
part is transformed to ferriprotoporphyrin 
which is distributed in the water phase 
while most od the tissue proteins are pre- 
cipitated in the acid solution. Most of the 
proteins are separated by centrifugation at 
2000 g for 30 minutes. However, after cen- 
trifugation the supernatant fluid frequently 
may remain cloudy. Seven ml of the super- 
natant fluid is removed and 2.0 ml of 1N 
NaOH are added to this solution. By ad- 
ding an excess of base and shifting the 
solution to alkalinity much of the p'rotein is 
dissolved leaving a slightly turbid fluid. A 
few crystals of NaCN are added to the alka- 
line solution ; cyanferriprotoporphyrin is 
formed. The remaining turbidity is removed 
by treating with 1 ml of a 10% solution olf 

samples, hepatic and muscle biopsies were sodium lauryl sulfate. After standing for 36 
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FIG. 1. Effect of hemorrhage on liver red cell con- 
tent is illustrated by data of a representative experi- 
ment. Upper section shows blood pressure (dotted 
line) and volume of bllood removed (solid line) ; 
lower section shows red cell content of liver biopsies 
as measured by chemical and radioassay methods 
throughout the experiment. Time of injection of 
labeled red cells is indicated by first arrow. After 
equilibration of labeled red cells in the peripheral 
blood, biopsy of liver showed .020 and .023 ml red 
celldgram liver tissue respectively by the two dif- 
ferent assay methods. 

Folkowing biopsy, 3576 of the dog's blood volume 
was removed (represented by the second arrow and 
vertical line). This brought the blood pressure down 
to about 40 mm Hg.; as the pressure rose to 50 or 
60 mm Hg additional blood was remloved. A second 
liver biopsy was obtained after about 2 h r  of shock. 
Then, the shed blood was returned to the animal 
a t  time indicated by third arrow and vertical line. 
This partially and temporarily restored blood pres- 
sure. Four liver biopsies at  this time showed liver 
tissue red cell content consistently elevated over con- 
trol levels. 

or more hours a t  4OC a voluminous white 
precipitate forms. The precipitate is removed 
by centrifugation and leaves a clear super- 
natant fluid; there is no loss of color a t  the 
desired wave length. The absorbency of the 
solution is read at  545 mp in a Beckman 
spectrophotometer. This value is compared 
with known hemoglobin standards, treated in 
an identical manner. The content of red cells 
in the tissue is calculated from curves made 
from these standards. 

The mean percentage of recovery from 12 
biopsy samples with various amounts of red 
cells was 103 t 2.2 (SE) % for the chemical 

assay and 102 +. 2.4 (SE)% for radio- 
assay( 10). 

Results. 1. Concentration of blood in liver 
under control conditions. During the control 
period the mean concentration of red cells in 
the liver of this series of 9 dogs was 0.027 t 
-002 (SE) ml/gram liver tissue. The data of 
a representative experiment is illustrated in 
Fig. 1. 

2.  Content of red cells in the liver 
after hemorrhage and retransfusion. After 
hemorrhage, the red cell content usually re- 
mained near control levels. With retransfusion 
of the shed blood, the liver red cell con- 
tent increased markedly. After replacement of 
the shed blood, there was an average of 
0.052 +- 0.006 mllgram liver tissue. When 
the psttransfusion values were compared 
with their own control values using the t 
test for differences between correlated means, 
the difference was significant (P< 0.0 1 ) . 

In 2 additional experiments, the animals 
were not entirely normal prior to the initial 
biopsy; following anesthesia and laparotomy, 
there was a modest fall in arterial pressure 
as well as some swelling and congestion of 
the liver. In these 2 experiments the tissue 
red cell content averaged 0.114 ml/gram liver 
tissue before hemorrhage and 0.320 mlJgram 
after hemorrhage and replacement of the 
shed blood. 

3. Changes of circulating and tissue 
red cell radioactivity after hemorrhage and 
transfusion. There was no significant change 
of red cell radioactivity in blood samples ob- 
tained from the femoral arterial catheter after 
blood removal and replacement of the shed 
blood. However, with transfusions of un- 
labeled, crossmatched donor dog blood, the 
radioactivity of these circulating red cells 
decreased abruptly as the dog's labeled cells 
were diluted progressively by the added un- 
labeled red cells in the transfusions (Fig 2 ) .  

The radioactivity of red cells in the liver 
tissue also was unaffected by blood removal 
and replacement of the shed blood. But, in 
contrast to the circulating red cells obtained 
from the arterial catheter, the subsequent 
addition of unlabeled, donor transfusions did 
not give rise to a marked lowering of the tis- 
sue red cell radioactivity (Fig. 2 ) .  The pro- 
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FIG. 2 .  Effeot of hemorrhage on red cell radioac- 
tivilty in liver biopsy is illustrated in a representative 
experiment. Tfhe dog's own cells labeled with Cr5' 
were injected prior to hemorrhage at  time indicated 
by first arrow. Radioactivity of red cells in femoral 
afiterial (peripherd) blood samples is indicated by 
dotted line and radioactivity of red cells in the liver 
biopsies indicated by solid line. Minor differences oc- 
curred bdore and immediately after blood removal, 
proibably explicable in terms of methodological errors. 
After three 200 mil transfusions of unlabeled donor 
blood, indicated by arrows on the right, the radioac- 
tivity of lthe circulating red cells decreased markedly 
since they were diluted by the Itransfused cells. How- 
ever, red cell radioactivity in the liver biopsies re- 
mained disltinctly higher than the circulating red cells, 
indicating a lack of uniflorm mixing (of red cells in 
liver Itissue with itransfused blood. 

nounced difference between circulating and 
tissue red cell radioactivity after unlabeled 
donor transfusions indicated a failure of the 
transfused blood to equilibrate completely 
with the red cells of the liver tissues. This 
supports the view that sequestration or 
pooling of red cells in the liver observed 
during shock represents slowly circulating and 
noncirculating fractions of the red cell mass 
(6)  - 

Discussion. The proposed method of tissue 
hemoglolbin analysis was used to estimate red 
cell content of tissues, the obvious assumption 
being that the m o u n t  of red cells in tissues 
may be accurately reflected in hemoglobin 
measurements. It is conceivable that hemo- 
globin breakdown products from lysis of red 
cells in microthrombi may be carried to the 
liver and produce spuriously high values. 
However, analysis of plasma hemoglobin 
levels in these and other comparable experi- 
ments showed no appreciable increase. 
Further, there was agreement of repeated 

measurements over varying periods of time 
under control conditions. This suggests that 
although these factors may be a problem in 
experiment of llonger duration, the likelihood 
of major errors from this source in short term 
experiments is remote. The assumptions also 
were tested by the independent assay of red 
cells by radioactive labeled techniques ; good 
agreement of the two methods was found. 

The results of experiments using two in- 
dependent methods for measurement of red 
cell volume in tissues cast doubt upon the con- 
ventional interpretation of blood volume 
measurements based on a single early blood 
sample. In the present studies on hemorrhagic 
shock in dogs as well as previous experiments 
(6,7) there was uniform mixing of tagged 
red cells under normal conditions. In  shocked 
animals, after transfusions with unlabeled 
red cells, there was decreased mixing between 
red cells sampled from the arterial tree and 
red cells of hepatic tissues. During shock, 
a slowly exchangeable or nonexchangeable 
fraction of erythrocytes which escaped 
detection by conventional dilution techniques 
was found in the liver. This failure of equili- 
bration of the red cell label within the total 
red cell mass in shock suggests that the total 
red cell mass may not be measured correctly 
when samples are taken a t  10 or 201 minutes 
after injection of the red cell indicator. When 
blood volumes are calculated from radioac- 
tivity values of circulating red cells a t  a given 
time after the injection of labeled red cells, 
the derived calculation will reflect the volume 
in which the red cell label is distributed at  
the instant of the sampling time but not 
necessarily the volume of the total red cell 
mass. 

The present experiments also have demoln- 
strated an increased content of red cells in 
the canine liver in shock as compared with 
normal conditions. Such internal redistribution 
of the red cell mass also will not be disclosed 
by conventional blood volume measurements. 
Acute congestion and engorgement of hepatic 
sinusoids, which was manifest in these experi- 
ments as an increase in tissue red cell con- 
tent, were observed in human a u t q s y  ma- 
terial ( 14). Moreover slowly circulating and 
noncirculating red cell volumes were docu- 
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mented in shock patients who had sustained 
acute blood loss and trauma( 7 ) .  

The vascular arrangement in the hepatic 
sinusoidal system, which has been studied by 
direct observations in several species, is par- 
ticularly vulnerable to cellular aggregation (4, 
5,14). Moreover, aggregation of red cells 
which have been observed in vascular beds 
other than the liver(2,3) may also increase 
the error in blood volume measurements by 
conventional indicator dilution methods. 

Methods using a plasma label, if properly 
performed, will give a satisfactory meas- 
urement of the plasma volume, even in 
shocked animals ( 16) .  However, measurement 
of total blood volume based on plasma volume 
and arterial hematocrit determinations may 
not be precise, especially when aggregation 
and pooling of red cells produce differences 
between hematocrit of blood in tissues and 
large vessels. Krogh ( 17)  demonstrated varia- 
tions in the hematocrit in small vessels under 
normal conditions. Moreover, Gibson et at! 
(18) showed abnormal distribution of blood 
between large and minute vesseIs which were 
not reflected in the aiterial hematocrit. The 
latter believed that in shock, widespread trap- 
ping of red cells in small vessels reduced 
capillary blood flow through all organs ( 18). 

Summary. Red cell content in liver was 
measured in normal and in shocked dogs using 
two independent methods of measurement. 
The mean concentration of red cells in the 
lliver of a series of dogs under control condi- 
tions was 0.027 t 0.002 (SE) mlJg liver tis- 
sue. After hypovolemic shock and retransfu- 
sion of the shed blood, the red cell content in 
liver tissue increased to an average of 0.052 
mlJg. Under control conditions, the red cell 
label of peripheral blood was mixed ade- 
quately with the red cells in liver tissues. 
After shock, differentially labeled red cells 
mixed more slowly with the red cells in 

the liver and in some instances did not 
become equilibrated during the course of 
the experiments. This suggests a pod of 
noncirculating or slowly circulating red cells 
in the liver after shock. These changes may af- 
fect adversely the precision and interpretation 
of blood volume measurements made by con- 
ven tional techniques and sampling schedules. 
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