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Does the initial 
distribution volume of 
glucose reflect plasma 
volume after 
haemorrhage in dogs'? 

To test the hypothesis that the initial distribution volume o f  
glucose (IDVG) reflects plasma volume, the relationship be- 
tween the IDVG and indocyanine green (ICG) assessments o f  

plasma volume (Vd-ICG) were evaluated simultaneously both 

before and after induced haemorrhage (30 ml" kg -~) in eight 

mongrel dogs. The IDVG and the Vd-ICG were calculated 
with a one-compartment model from repeated measurements 

o f  plasma glucose three to seven minutes, and o f  plasma ICG 

three to nine minutes after simultaneous infusions o f  both glu- 

cose 100 mg" kg -1 and ICG 0.5 rag" kg - (  The IDVG cal- 
culated with a one-compartment model (IDVG-OCM) was also 

compared with a two-compartment model within 15 rain 
(IDVG-TCM) on nine occasions among a total o f  12 deter- 
minations. Using Bland and Altrnan analysis to compare the 
two analytical models, the 1DVG-OCM tends to overestimate 
the IDVG-TCM by an average o f  0.04 L. Although the IDVG- 
OCM was two to three times larger than the Vd-ICG at each 

corresponding point, a correlation was obtained between the 

IDVG-OCM and the Vd-ICG before and after induced haem- 
orrhage (r = 0.85, n = 16, P < 0.001). We conclude that 

the IDVG reflects plasma volume in normal and hypovolaemic 
dogs, although the IDVG cannot be used directly to estimate 

plasma volume. 

Pour v$rifier lhypothbse selon laquelle la distribution initiate 
du volume de glucose (IDVG) rdflbte le volume plasmatique, 
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la relation entre 17DVG et l~preuve de ddtermination du vo- 
lume plasmatique (Vd-ICG) par le vert d'indocyanine (ICG) 
est ~valude simultandment avant et aprds l'hdmorragie (30 

ml" kg -~) provoqude chez huit chiens de race commune. 
L'IDVG et le Vd-ICG sont calculus sur un modble ~ com- 

partiment unique gl partir de dosages r~pdMs du glucose plas- 
matique de trois gl sept rain, et de I'ICG plasmatique de trois 

neuf rain, aprbs des pe~[usions simultandes de glucose 100 
mg" kg - !  et de VIC 0,5 rag" kg - (  L'IDVG calculde sur un 

modele~ compartiment unique (IDVG-OCM) a aussi dtd com- 

parde en defd de 15 rain dun  moddle d deux compartiments 
(IDVG-TCM) d neuf occasions parmi un total de 12 ddter- 
minations. Avec l'anatyse de Bland et Airman pour comparer 
les deux modules analytiques, I'IDVG-OCM a une tendance 

d surestimer I'IDVG-TCMpar 0,04 L en moyenne. Bien que 
I'IDVG-OCM soit de deux ~ trois fois plus considerable clue 
le Vd-ICG ~ chacun des point correspondants, une corrdlation 

est obtenue entre I'IDVG-OCM et le Vd-ICG avant et aprbs 

l'hdmorragie provoqu~e (r = 0,85, n = 16, P < 0.001). Nous 

concluons que I'IDVG reflbte le volume plasmatique chez les 
chiens normaux et les chiens hypovoldmiques, bien que I'IDVG 

ne mesure pas directement le volume plasmatique. 

Evaluation of fluid volume in the critically ill patient is 
important when a relatively stable haemodynamic state 
has been achieved. However, commonly monitored var- 
iables, including pulmonary artery wedge pressure, do 
not always reflect the fluid status adequately. J.2 Although 
the dilution technique using either a radioisotope or a 
dye has traditionally been used to estimate the volume 
of body fluid compartments, this method is usually used 
only in research institutions. 

Jac labelled glucose has been used as an indicator to 
measure the extracellular water content. 3 Recently, we 
demonstrated that the initial distribution volume of glu- 
cose (IDVG) varied markedly among non-surgical crit- 
ically ill patients, 4 and modification of glucose kinetics 
by the insulin response to glycaemic stimuli was negligible 
during the initial phase of the distribution curve in normal 
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and hypovolaemic dogs.S Although the relationship be- 
tween the IDVG and plasma volume status has not been 
reported, these results suggest that glucose has potential 
as an indicator for the measurement of fluid volume. 

The purpose of this study is to compare the IDVG 
and the indocyanine green (ICG) dilution assessment of 
plasma volume (Vd-ICG) measured simultaneously both 
before and after induced haemorrhage in dogs. 

Methods 
The protocol was approved by the animal investigation 
committee of the institution. Eight adult mongrel dogs 
weighing 6.0-10.3 kg were used for the experiments. Dur- 
ing pentobarbital anaesthesia (30 mg-kg-I  /v), the tra- 
chea was intubated and the end-tidal carbon dioxide was 
maintained at 4.5-5.5% by mechanical ventilation with 
room air. The left femoral artery was cannulated for blood 
sampling and continuous blood pressure monitoring. A 
pulmonary artery catheter (Baxter Healthcare Corp. 
Model 93A-741H-7.5F) was inserted through the right 
femoral vein and advanced until the tip lay in the pul- 
monary artery. An infusion of lactated Ringer's solution 
was begun and continued at a rate of 4 ml. kg -~- hr -l. 
A period of 30 min was then allowed to establish a stable 
circulatory state. 

Both 0.5 ml. kg -I glucose (200 mg" ml - I )and  0.2 
ml. kg -I ICG (2.5 mg" m1-1) were infused simultane- 
ously through the proximal "port of the pulmonary artery 
catheter over 30 see. Blood samples were drawn im- 
mediately before and at 3, 5, 7, and 9 min after the in- 
jection, respectively. Two hours later, after the infusion, 
haemorrhage was induced by stepwise bleeding (1 
ml. kg -1. min -I) over 30 min. Thirty minutes after com- 
pletion of the haemorrhage, three hours after the fast 
infusion, a second series of glucose and ICG infusions, 
and blood sampling were performed as before the haem- 
orrhage. Additional blood samples were taken up to 30 
min postinfusion before and after haemorrhage in six of 
the eight dogs. All plasma samples were separated im- 
mediately and stored at -20~ until measurements of 
glucose and ICG concentration were completed. 

Plasma glucose concentrations were measured using 
the glucose oxidase method (Gluco-20 glucose analyzer, 
Fuji Co. Ltd.), and plasma ICG concentrations were 
measured using a spectrophotometric technique (U3200 
Spectrophotometer, Hitachi Co. Ltd.). Each value was 
measured in duplicate and averaged. Coefficients of var- 
iation for repeated measurements were 1% or less for 
plasma glucose (range: 3.8-16.7 mmol- L -l) and 2% or 
less for plasma ICG (range: 0.5-15.0 Isg" ml-t), respec- 
tively. 

The IDVG for each plasma glucose sample was cal- 
culated, using a one-compartment model, from the in- 
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cremental plasma glucose decay curve between three and 
seven minutes after glucose administration (IDVG- 
OCM). The Vd-ICG was calculated, using a one- 
compartment model, from the incremental plasma ICG 
decay curve between three and nine minutes after ICG 
administration. In a one-compartment model, the volume 
of distribution (Vd) was calculated as follows:6 

Vd = dose/C 0 

where dose = amount of drug administered. CO = initial 
plasma concentration at time zero after instantaneous dis- 
tribution, but before the start of elimination. The nine 
timed plasma glucose values up to 15 min postinfusion 
were also fitted to a two-compartment model (IDVG- 
TCM) among a total of 12 determinations for the IDVG 
before and after haemorrhage. However, the remaining 
three occasions failed to show a consistent decrease of 
plasma glucose concentration ten minutes after infusion. 
Consequently a two-compartment model was not avail- 
able on those three occasions. In the two-compartment 
model, the initial volume of distribution (Vd) was cal- 
culated as follows: 

Vd = dose/(A + B) 

where A = intercept at time zero of the distribution phase 
line, B = intercept at time zero of elimination phase. 6 
The IDVG and the Vd-ICG were determined using a 
"least squares" regression technique to find the line of 
best fit. A non-linear multiple regression program 
"MULTI" was used with the NEC 9800 computer. 7,s 
Akaike's information criterion (AIC) were examined to 
evaluate exponential term of the pharmaeokinetie model.9 

AIC = - 2  log(L 0 + 2np 

where LI is the maximum likelihood and np the number 
of parameters. Convergence was assumed when AIC was 
less than - 10. 

All equipment including the glucose analyzer were cal- 
ibrated according to manufacturers' recommendations be- 
fore and after the study. Numerical data are expressed 
as mean + SD. Statistical analysis was performed using 
Student's t test and regression analysis. Agreement be- 
tween the two methods was examined by the statistical 
method described by Bland and Altman. to Values were 
considered statistieaUy significant when P < 0.05. 

Results 
The AIC for each glucose and ICG regression curve was 
less than -10.7. The mean AIC was -23.6 + 11.3 for 
the IDVG-OCM, -36.5 + 27.3 for the IDVG-TCM and 
-25.9 + 5.2 for the Vd-ICG. The mean plasma glucose 
concentration before the glucose infusion was 5.3 + 2.2 
retool. L -I before haemorrhage and 7.0 + 1.3 retool. L -l 
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TABLE The IDVG and Vd-ICG before and after haemorrhage 
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IDVG (ml" kg-9 va-tc~ (mr" kg-9 

No B W  (kg) B A B A 

I 7.5 130 65 47 28 
2 Z5 104 93 49 40 
3 Z7 120 82 53 35 
4 8.5 101 81 44 30 
5 10.1 I11 99 53 36 
6 8.5 127 74 43 27 
7 6.0 123 114 61 46 
8 10.3 97 88 49 36 

8.3 + 1.4 114 + 13 87 + 15" 50 + 6 35 5: 6I" 

B = before haemorrhage, A = after haemorrhage. IDVG = initial distribution volume of glucose. Vd-ICG = 
ICG dilution assessments of plasma volume. Values are mean + SD. *P < 0.02 versus B. I"P < 0.001 versus B. 

after haemorrhage. The mean ICG concentration was 7.8 
+ 0.9 ~tg. m1-1 at three minutes after the ICG infusion 
before haemorrhage, which consistently decreased to 0.9 
+ 0.2 ~g. ml -I at 30 rain postinfusion before haemor- 
rhage. After haemorrhage the mean incremental plasma 
ICG concentration above preinfusion value was 10.9 -t- 
1.8 ~g. ml -I at three minutes, which also consistently 
decreased to 1.0 + 0.2 pg. ml -j at 30 rain postinfusion. 
The plasma ICG concentrations immediately before the 
second ICG administration were 0.2 and 0.4 ~g-ml -l 
in two dogs among eight dogs. The IDVG-OCM and 
Vd-ICG in each dog are shown in the Table. The mean 
IDVG-OCM was 114 -4- 13 ml-kg  -~ before haemor- 
rhage, which decreased to 87 + 15 ml. kg -1 after haem- 
orrhage. The mean Vd-ICG was reduced from 50 + 6 
ml- kg -~ to 35 + 6 ml- kg-L 

A linear correlation was obtained between the IDVG- 
OCM and the Vd-ICG (r = 0.85, n = 16, P < 0.001) 
(Figure 1). The results were similar whether or not body 
weight corrections were performed. 

A correlation was obtained between the IDVG-OCM 
and the IDVG-TCM (r = 0.93, n = 9, P < 0.001). 
When agreement between the two analytical models was 
examined, l0 the one-compartment model was found to 
overestimate the two-compartment model by an average 
of 0.04 L. The standard deviation (SD) of the difference 
between the two models was 0.02 L. Thus, the limits 
of agreement between the two models were 0.00 to 0.08 
L (Figure 2). 

D i s c u s s i o n  

The present study demonstrated that a linear correlation 
existed between the IDVG-OCM and the Vd-ICG, and 
that the IDVG-OCM correlated well with the IDVG- 
TCM. 

Indocyanine green is bound to plasma proteins, dis- 
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FIGURE 1 The relationship between the initial distribution volume 
of glucose (IDVG) using a one-compartment model and the 
distribution volume of indocyanine green (Vd-ICG) in normovolaemic 
and hypovolaemie dogs. The solid line is a regression line obtained 
from all data: Y = 0.42X + 0.005 (r = 0.85, n = 16, P < 0.001). 
Dashed lines indicate the 95% confidence interval for the predicted Vd- 
ICG for any given value of the IDVG. 

tributes throughout the intravascular space, and is cleared 
by the liver with a high extraction. Thus, ICG has been 
used for measurements of cardiac output, plasma volume 
or hepatic blood flow with rare adverse reaction to this 
drug. I I Although the most accurate physiological assess- 
ment of the pharmacokinetic behaviour of ICG is thought 
to be the two-compartment model, 12 the ICG dilution 
technique for plasma volume measurements or hepatic 
blood flow has been traditionally performed by fitting 
a monoexponential equation to plasma ICG concentration 
versus time data. 13:4 In the present study all data were 
collected three minutes postinfusion to ensure complete 
mixing within the plasma. 15 Postequilibration data within 
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FIGURE 2 Comparison of the difference in the initial distribution 
volume of glucose (IDVG) derived by a one-(IDVG-OCM) and a two- 
compartment model (IDVG-TCM) to the mean IDVG obtained with 
each analytic models. Difference, (IDVG-OCM)-(IDVG-TCM). 

the nine minutes were fitted to a one-compartment model 
as in a previous study.13 On the other hand, plasma 
glucose data were fitted to a one-compartment model 
within seven minutes postinfusion, because the longer 
the interval after glucose administration the more would 
elimination and metabolism modify plasma glucose con- 
centrations. No correlation was reported between the 
IDVG-OCM and plasma insulin concentrations during 
and after abdominal hysterectomy, 16 or before and after 
haemorrhage in dogs. s A good correlation between the 
IDVG and the Vd-ICG in the present study would also 
support the hypothesis that modification by glucose me- 
tabolism is negligible in the brief time after a glucose 
administration. However, further study of the IDVG with 
various blood volume status is required, because the pres- 
ent study dealt with only one change in blood volume. 
Tracer techniques are also required to evaluate the role 
of this modification. 

Since glucose is already present in the blood, the rate 
of glucose disappearance from the plasma after a glucose 
challenge is slowed in accordance with the magnitude 
of hyperglycaemia before the glucose challenge, 17 and this 
may modify the result of the IDVG. Although no dogs 
in this study had preinfusion plasma glucose >11 
mmol. L -Z, and no correlation was found between the 
preinfusion glucose concentration and the slope of the 
glucose concentration versus time curve (r = 0.28), this 
modification should be taken into account when further 
studies are required. Multiple doses of ICG may also 
alter pharmacokinetic disposition. However, this modi- 
fication would be negligible in this study judged from 

the observations that plasma ICG concentrations follow- 
ing the first ICG infusion decreased up to 30 min post- 
infusion in six dogs, and that ICG was almost cleared 
from the plasma immediately before the second ICG in- 
fusion in two dogs. 

The glucose load in this study was much smaller than 
that of the conventional intravenous glucose tolerance test 
(>0.3 g" kg-l). Consequently, plasma glucose concen- 
tration ten minutes after the glucose infusion did not al- 
ways decrease consistently reflecting small fluctuations 
in glucose metabolism and/or haemodynamic status 
which would not be obvious during the initial ten min- 
utes. In fact, on three occasions among 16 determinations 
for the IDVG-TCM in the present study there was no 
consistent decrease in the plasma glucose ten minutes post- 
infusion. In addition, with only three samples for each 
glucose concentration versus time curve, the number of 
degrees of freedom was insufficient to support more com- 
plex models. Considering these factors, we applied a one- 
compartment model to calculate the IDVG, even though 
a number of potential inaccuracies are associated with 
attempting to fit a one-compartment model to the initial 
phase of a multi-exponential model. Despite a linear cor- 
relation between the two-compartment models with a 
small sampling size in the present study, the IDVG-OCM 
overestimated the IDVG-TCM by an average of 0.04 L. 

Glucose and ICG were infused over 30 sec instead 
of a single bolus intravenous injection. Since pharma- 
cokinetic variables in this study were derived from the 
formula based on a single bolus intravenous injection, 
duration of the infusion may alter results of distribution 
volumes. Using a mathematical equation proposed by 
Loo and Riegelman, Is the IDVG in this study was found 
to overestimate values calculated after a single bolus in- 
jection by an average of 2.9 5: 0.9% for the IDVG and 
2.4 -t- 0.4% for the Vd-ICG, respectively. These above 
described biases should be taken into account when phar- 
macokinetic parameters are evaluated more precisely. 

Models for glucose distribution and utilization contain 
at least two glucose pools. One is a "slow" pool which 
turns over slowly and is insulin-dependent. The other, 
a "fast" pool, may be divided into plasma and extravas- 
cular spaces, and is not insulin-dependent. 19 The extra- 
vascular space consists of the brain, splanchnic organs 
and kidneys which equilibrate rapidly with plasma glu- 
cose. 2~ Using a two-compartment model proposed by 
Cobelli et  al. 2~ the IDVG is 154 ml- kg -t in healthy vol- 
unteers, which is close to the preanaesthetic IDVG in 
our previous study. 16 In the present study the IDVG in 
each dog was found to be two to three times larger than 
the Vd-ICG. Considering the composition of the fasting 
pool of glucose, 2~ and the linear correlation between the 
IDVG and the Vd-ICG, a decrease of the IDVG does 
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not reflect total extracellular fluid volume deficits, but 
may indicate decreases in blood or plasma volume as 
well as extracellular volume of highly perfused tissues. 
Since the IDVG can be predicted approximately by only 
two plasma glucose determinations (r = 0.94, P < 0.001): 
immediately before glucose is given and three minutes 
after the challenge, 4 the IDVG may have potential as 
an indicator to evaluate the fluid volume status in the 
body in the operating room or ICU. 

In conclusion, the present results demonstrated that 
changes of  the IDVG following acute haemorrhage reflect 
plasma volume status before and after haemorrhage in 
dogs, even though the IDVG cannot be used directly to 
estimate plasma volume. 
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