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Short Communications 
Effects of exchange transfusion with perfluorochemical emulsions on hepatic oxygen supply and blood flow in the rat ~ 
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Summary. Exchange-transfusion to hematocrit  20 with isotonic perfluorochemical (PFC) emulsions containing 3 % hydroxy- 
ethylstarch (HES) in rats breathing 100 % oxygen produced significant reductions of hepatic PO 2 and blood flow in comparison to 
rats hemodiluted with isotonic 3 % or 6 % HES solution. The results indicate that  PFC and/or  emulsifiers were associated with 
adverse effects on liver blood supply. 
Key words. Perfluorochemical; hemodilution; hepatic PO2; hepatic blood flow. 

Isotonic iso-oncotic emulsions of perfluorochemicals have been 
studied as potential blood supplements and resuscitation fluids 
by virtue of their capacity to dissolve larger amounts  of oxygen 
than solely aqueous solutions 3. Two formulations (Green Cross 
Corp., Japan) have received particular attention: Fluosol-43, 
containing perfluorotributylamine (20 % w/v), and Fluosol-DA, 
containing perfluorodecalin (14% w/v) and perfluorotripropyl- 
amine (6 % w/v). Pluronic F-68, a nonionic detergent, is used as 
an emulsifier. Prior to use the emulsion is combined with hydro- 
xyethylstarch and electrolytes. Fluosol-43 is restricted to investi- 
gations in animals due to long retention of the perfluorochem- 
ical in tissues such as liver and spleen. By contrast, the perfluoro- 
chemicals of Fluosol-DA are eliminated from the body over a 
period of weeks 3. Fluosol-DA has been tested clinically in Japan 
with no major adverse effects reported 4. 
Although clinical application of Fluosol-DA has been con- 
ducted on a restricted basis in the United States, in cases where 
patients refuse blood or blood products 5, there are questions 
about  effectiveness 6 and concerns about  adverse microcircula- 
tory reactions 7,s. Moreover, there is little information on the 
effects of perfluorochemical hemodiluents on tissue PO2. The 
investigation reported here was undertaken to determine the 
relationship between changes, if any, of hepatic oxygen supply 

and blood flow at tendant  to hemodilution with perfluorochem- 
icals in rats. 
Materials and methods. Animal preparation and hemodilution 
procedure. Male Sprague-Dawley rats weighing 200-325 g were 
anesthetized by i.p. injection of pentobarbital  sodium (40 nag/ 
kg). PE-50 polyethylene cannulas were placed in the left com- 
mon carotid artery and left external jugular vein. Rats breathed 
100% oxygen. Following control measurements as described 
below, the cannulated animals were subjected to one of four 
treatments: 
Perfluorochemical (PFC) hemodiluted. Animals in this group 
were exchange-transfused with either Fluosol-43 or Fluosol-DA 
(Green Cross Corp., Japan) prepared fresh for each rat. Hemo- 
dilution was conducted at the rate of 1.9 ml/min by simultaneous 
withdrawal of blood from the arterial cannula and infusion of 
diluent via the venous cannula until a hematocrit  approximating 
20 was reached. Additional volumes of diluent were added as 
needed to replace blood volume lost during sampling and to 
maintain mean arterial pressure throughout  the experiment. 
Hydroxyethylstarch (HES) controls. Using the same hemodilu- 
tion procedure, animals were exchange-transfused to a similar 
hematocrit  with an aqueous solution of 3 % HES and electro- 
lytes identical to that  in which the PFC emulsions were mixed. 
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Additional control animals were exchanged with Hespan (Amer- 
ican Critical Care), a 6"/0 solution of l iES in 0.9% NaC1. 
Unexchanged, operated controls. Animals were prepared identi- 
cally to those undergoing hemodilution. No exchange-transfu- 
sion was performed, 
Measurements. In all animals colonic temperature was moni- 
tored throughout  the procedure, and body temperature was 
maintained as necessary with a warming lamp. Systemic arterial 
pressure and heart rate were monitored continuously (Physio- 
graph) via the arterial cannula. 
Hepatic PO2. Hepatic oxygen availability was estimated within 
15-30 min after completion of  hemodilution by surface measure- 
ment of tissue PO2 using a multicathode probe 9. The procedure 
was as follows: with the rat  supine the ventral abdominal  wall 
was incised along the midline and the edges retracted. The multi- 
cathode, containing six 25-gm diameter plat inum wires and su- 
spended by a flexible multistrand cable, was lowered onto the 
liver surface. Capillary adhesion secured the measuing end of the 
instrument to the tissue surface and allowed the polyelectrode to 
follow the movements of the liver associated with breathing. 
With the unit in place the POE of tissue subjacent to each elec- 
trode was measured for 5 s before the polyelectrode was moved 
to a neighboring area and the measurements repeated. Repeti- 
tion of this procedure during a 10-rain interval provided suffi- 
cient tissue PO2 values (80-100) to construct a freqency distribu- 
tion curve, or PO2 histogram, which characterizes tissue oxygen 
supply ~~ To insure the accuracy of  POE measurements, the elec- 
trodes were calibrated in known concentrations of oxygen at 
37"C both  before and after each series of measurements. 
Hepatic blood flow and cellular function. Following hepatic PO2 
measurements, liver blood flow and hepatocellular function 
were assessed by determination of  clearance rates for indocya- 
nine green dye (ICG; CardioGreen) in dosages of 5 or 30 mg/kg. 
The rate of  clearance for the lower concentration is largely a 
reflection of  hepatic blood flow while that  of the higher dose is 
largely a reflection of  hepatocellular function H. 
Determination of ICG clearance was conducted as follows. 
Solutions of ICG were prepared fresh for each experiment by 
reconstitution of the dye with 0.9% NaC1 solution. After 
removal of 100 gl of blood from the arterial cannula for a 
reference sample, the ICG dose (only one dose per rat) was 
injected ( < 10 s) and the cannula flushed with 0.9% NaC1 solu- 
tion. The dye was allowed to circulate for 1 min, then 5 100-111 
samples were drawn at intervals of 30 s (for 5 mg/kg dose) or 60 s 
(for 30 mg/kg) until six samples were taken. Between sampling 
the volume removed was replaced via the venous cannula with 
the appropriate diluent or 0.9% NaC1 in the unexchanged 
group. The next step in the standard procedure would have been 
to dilute the samples in isotonic 1% albumin solution, centri- 
fuge, and measure absorbances in the supernatant. However, it 
was found that  centrifugation of samples from PFC diluted rats 
resulted in deposition of both  PFC and ICG in the pellet, sug- 
gesting that  some ICG became attached to the PFC particles. 
Affinity studies demonstrated that  ICG is soluble in PFC, and 
exists in a reversible equilibrium between the PFC and the sur- 
rounding aqueous medium. Consequently, it was necessary to 
modify the standard procedure by diluting samples from all 
groups in 1% albumin and 0.2"/o sodium bicarbonate to hemo- 
lyze the red cells. No centrifugaiton was employed. ICG concen- 
trations were read against a s tandard curve at 805 nm on a Leitz 
MQ3 spectrophotometer. Tests showed that  hemolysis and the 
presence of PFC did not  materially affect the accuracy of dye 
concentration measurements. Absorbance values were plotted 
on semilogarithmic paper, and ICG half-times (tw) were deter- 
mined from the slopes of the curves. Clearance rate (v) was 
determined by the formula v = 0.693 (dose)/tv, 11. 
Evaluation of data. Comparisons between groups for PO2 and 
tz  data were examined for statistical significance using Student 's 
t-test. 
Results. The effects of hemodilution with Fluosol-DA or Fluo- 

sol-43 on the various parameters were similar. For convenience, 
the data have been combined. 
Exchange-transfusion: volumes and cardiovascular parameters. 
The data on the volumes exchanged in the hemodilution proce- 
dure are presented in table 1; the volumes of PFC and HES 
infused did not  differ significantly. Effects on hematocrit  and 
basic cardiovascular parameters are illustrated in table 2. Hyper- 
volemic exchange-transfusion to hematocrit  approximating 20 
with PFC or HES diluents did not cause significant changes in 
systemic arterial pressure or heart  rate. 
Hepatic P02. The results of hepatic PO2 measurements are 
shown in the figure. Exchange-transfusion with either diluent 
was associated with a significant decrease in hepatic PO2. Mo- 
reover, mean PO2 in PFC hemodiluted rats was reduced to a 
level significantly below that  of the HES group. PFC hemodi- 
luted animals also had a higher percentage of  POz values in the 
range of 0-5 mm Hg. 
ICG clearance. The results of ICG clearance measurements are 
shown in table 3. It can be seen that  at the 5 mg/kg dose values 
for tv2 and velocity show significant (p < 0.00l) variations be- 
tween HES, PFC, and unexchanged groups. At the 30 mg/kg 
dose clearance values for PFC and unexchanged groups no 
longer show a significant difference. Half  times at 30 mg/kg for 
the HES group remain significantly different (p < 0.01) from 
those for the other two groups. 
Discussion. The data indicate that  exchange-transfusion to he- 
matocri t  20 in rats with PFC emulsions containing 3 % HES and 
electrolytes was associated with a profound decrease of hepatic 
oxygen availability. Since the reduction of hepatic PO 2 was sig- 
nificantly larger than when isotonic 3 % or 6% HES solutions 

Table 1. Volume relationships in exchange-transfusion with hydroxy- 
ethylstarch (HES) or perfluorochemical (PFC) emulsion in rats 

Group Volume ml/kg Ratio 
Infused Withdrawn 

HES* 58.6 4- 2.4 47.6 4- 1.5 1.24:1 
PFC** 63.4 4- 2.0 49.9 4- 1.1 1.27:1 

Values expressed as mean • SE. *Isotonic 3% or 6% hydroxyethyl- 
starch solution. ** Fluosol-DA or Fluosol-43. 

Table 2. Effects of exchange-transfusion with hydroxyethylstarch (HES) 
or perfluorochemical (PFC) emulsions on hematocrit (HCT), heart rate 
(HR) and mean systemic arterial pressure (MSAP) 

Group Control period Post-exchange period 
HCT HR MSAP HCT HR MSAP 
(%) (beats/ (mm Hg) (%) (beats/ (mm Hg) 

min) min) 

HES* 46.1• 4264- 5 134• 19.34-0.4 4634- 7 122+5 
PFC** 46.84-0.6 425• 8 131• 21.44-0.8 456• 9 115• 
CON*** 44.94-0.7 4214-13 1284-5 45.84-0.7 4244-11 1224-2 

Values expressed as mean • SE. *Isotonic 3% or 6% hydroxyethyl- 
starch solution. **Fluosol-DA or Fluosol-43. ***Control, no ex- 
change-transfusion, second measurements taken 20-30 rain after control 
period. 

Table 3. Values for indocyanine green (ICG) half-time (t,/,) and 
clearance velocity in rats exchange-transfused with hydroxyethylstarch 
(HES) or perfluorochemical (PFC) emulsions 

Group Dose ICG (mg/kg) tv2 (min) Velocity (mg/kg/min) 
HES a 5 1.2 4- 0.1 d 2.9 4- 0.2 d 
PFC b 2.7 4- 0.2 d 1.3 4- 0. I d 
CON e 1.7=t=0.1 d 2.04-0.1 d 

HES 30 5.1 4- 0.4 e 4.1 4- 0 . 3  d 

PFC 7.7 4- 0.07 2.8 4- 0.3 
CON 8.2 • 0.06 2.6 • 0.2 

Values expressed as mean 4-SE. alsotonic 3% or 6% hydroxyethyl- 
starch solution, bFluosol-DA or Fluosol-43. CControl, no exchange- 
transfusion, d Significant difference in comparison to other values at 
same dose (p < 0.001). r difference in comparison to other 
values at same dose (p < 0.01). 
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were used as diluents, it is apparent  that  the presence of PFC 
and/or  emulsifiers had a deleterious effect on oxygen delivery. 
The concomitant  slower clearance velocity of  low dose ICG in 
the PFC groups suggests impaired hepatic blood flow 11, which is 
interpreted as the basis for the decline of hepatic PO2. Conside- 
ration must be given to the possibility that  longer clearance times 
in the PFC group were in part  a reflection of the affinity of ICG 
for PFC, as noted in 'materials and methods'.  However, affinity 
studies showed the combination to be reversible, and clearance 
times for high dose ICG were not slowed by the presence of PFC. 
Moreover, the hepatic PO2 estimations by themselves provide 
circumstantial evidence of restricted liver blood fl0w. 
The mechanism by which PFC emulsions affect hepatic blood 
flow is unclear; however, vasoactive effects have been observed 
in other studies. When PFC was infused into rabbits micro- 
vascular changes consisting of margination of leukocytes, endo- 
thelial damage, extravasation of blood cells, and slowed flow 
were observed in the omentum 7. Marginat ion of leukocytes and 
thrombocytopenia have been reported in rats 12' 13. In dogs infu- 
sion of PFC emulsions may cause a precipitous decrease of 
blood pressure 14. Adverse hemodynamic effects may stem from 
complement activation by PFC emulsions, as reported in rabbits 
and humans s. 
In contrast  to differing clearance velocities between PFC rats 
and controls for low dose ICG, those for high dose ICG were 
similar. Near saturation concentrations of ICG are used to as- 
sess hepatocellular functionll; consequently, the results indicate 
that  neither the PFC emulsion nor the relatively low hepatic PO2 
impaired the capability of hepatocytes to clear ICG, suggesting 
that  PFC emulsions per se had no untoward effect on the func- 
tion of liver cells. Further  consideration of  the I C G  data shows 
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The frequency distribution of hepatic PO 2 in rats exchange transfused to 
hematocrit 20 with 3% or 6% hydroxyethylstarch (HES) or perfluor- 
chemical (PFC) emulsions Fluosol-DA or Fluosol-43. Controls (CON) 
were not hemodiluted. All rats breathed 100% oxygen. Vertical dashed 
line indicates mean PO2. p < 0.01 for PFC vs HES. p < 0.005 for PFC and 
HES vs CON. 

that  clearance velocities for both  low and high dose ICG in the 
HES group were significantly faster than controls, as well as the 
PFC group. This may reflect increased functional capacity in 
response to more rapid blood flow. Several factors might ac- 
count for stimulation of flow in HES diluted rats. Decreased 
hematocrit  reduces blood viscosity particularly across low pres- 
sure gradients as in liver 15. Given the variations of blood flow in 
different zones of liver acini 16, hemodilution and decreased vis- 
cosity may increase flow and hence, ICG delivery, in sinusoids 
which ordinarily have relatively slow flow. 
Despite apparent  augmentation of hepatic blood flow, liver PO2 
in HES diluted animals was significantly lower than in controls, 
albeit not as low as in the PFC group. Presumably the increase of  
tissue blood flow was not  of sufficient degree to offset the de- 
creased oxygen carrying capacity of blood with 20 % hematocrit. 
The reductions of hepatic PO2 in both  PFC and HES were not  
attributable to hypotension since systemic arterial pressure re- 
mained similar to that  in unexchanged controls. Similarly, hyp- 
oxemia was not a factor; a previous study 17 demonstrated that  
arterial PO2 exceeds 500 mm Hg when rats breath 100%, as in 
this study. 
In summary, the results of  the present study indicate that the 
perfluorochemical emulsion component  of Fluosol-DA and 
Fluosol-43 was associated with a significant reduction of hepatic 
blood flow during exchange-transfusion in rats. Our data do not 
provide clarification regarding the source of disturbance in he- 
patic blood flow, i.e. whether it stems from events upstream in 
the splanchnic circulation or whether it is largely a reflection of 
events within the liver. Reduced microcirculation is cited as the 
basis for the fact that  hepatic oxygen supply declined to levels 
below those of animals hemodiluted with 3 % or 6% hydroxy- 
ethylstarch solution. The effect of PFC hemodilution on tissue 
PO2 in rats contrasts with the high values reported in the liver, 
pancreas, kidney, and skeletal muscle of dogs Is. It is possible 
that  species differences of sensitivity to PFC exist. Variations in 
factors such as complement activation may have a major role in 
determining the capability of perfluorochemicals to enhance 
tissue oxygen supply. 

1 This work was supported by a grant from the Kentucky Affiliate of 
the American Heart Association. 

2 To whom reprint requests should be addressed. 
3 Clark, L.C. Jr, in: Pathophysiology of shock, anoxia and ischemia, 

p. 507. Eds R. Cowley and B. Trump. Williams and Wilkins, Balti- 
more 1982. 

4 Mitsuno, T., Ohyanagi, H., and Naito, R., Ann. Surg. 195 (1982) 60. 
5 Tremper, K. K., Friedman, A. E., Levine, E. M., Lapin, R., and Car- 

marillo, D., N. Engl. J. Med. 307 (1982) 277. 
6 Messmer, K., Int. Anaesth. Clin. 21 (1983) 137. 
7 Endrich, B., Newman, M. M., Greenburg, A. G., and Intaglietta, M., 

J. Surg. Res. 29 (1980) 516. 
8 Vercellotti, G. M., Hammerschmidt, D.E., Craddock, P. R., and Ja- 

cob, H.S., Blood 59 (1982) 1299. 
9 Kessler, M., and Grunewald, W., Prog. Resp. Res. 3 (1969) 147. 

10 Lubbers, D.W., Prog. Resp. Res. 3 (1969) 112. 
11 Paumgartner, G., Schweiz. med. Wschr., suppl. 105 (1975) 1. 
12 Zheng, X. X., and Ohshima, N., Microvasc. Res. 26 (1983) 371. 
13 Coleman, R.W., Chang, L.K., Mukherji, B., and Sloviter, H.A., J. 

Lab. clin. Med. 95 (1980) 553. 
14 Pohl, V., Gfiggi, M., Hrper, J., and Kessler, M., Biblthca anat. 20 

(1981) 399. 
15 Messmer, K., Surg. Clin. N. Am. 55 (1975) 659. 
16 Koo, A., Liang, I.V.S., and Cheng, K.K., Q. J. exp. Physiol. 60 

(1975) 261. 
17 Rink, R.D., Fitch, K.A., and Giamarra, B., Fedn Proc. 43 (1983) 

340. 
18 Kessler, M., Hrper, J., and Pohl, V., in: Oxygen carrying colloidal 

blood substitutes, p. 99. Eds R. Frey, H. Beisbarth and K. Stosseck. 
Munich 1982. 

0014-4754/85/091127-0351.50 + 0.20/0 
�9 Birkh~iuser Verlag Basel, 1985 


