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BACKGROUND: Conventional concept suggests that infused crystalloid fluid is first
distributed in the plasma volume and then, since the capillary permeability for
fluid is very high, almost instantly equilibrates with the extracellular fluid space.
We challenge whether this view is consistent with findings based on volume kinetic
analysis.

METHODS: Fifteen volunteers received an IV infusion of 15 mL/kg of lactated
Ringer’s solution during 10 min. Simultaneous arterial and venous blood hemo-
globin (Hgb) samples were obtained and Hgb concentrations measured. The
arteriovenous (AV) difference in Hgb dilution in the forearm was determined and
a volume kinetic model was fitted to the series of Hgb concentrations in arterial and
venous blood.

RESULTS: The AV difference in plasma dilution was only positive during the
infusion and for 2.5 min thereafter, which represents the period of net flow of fluid
from plasma to tissue. Kinetic analysis showed that volume expansion of the
peripheral fluid space began to decrease 14 min (arterial blood) and 20 min (venous
blood) after the infusion ended. Distribution of lactated Ringer’s solution appar-
ently occurs much faster in the forearm than in the body as a whole. Therefore, the
AV difference in the arm does not accurately reflect the distribution of Ringer’s
solutions or whole-body changes in plasma volume.

CONCLUSIONS: The relatively slow whole-body distribution of lactated Ringer’s
solution, which boosts the plasma volume expansion during and for up to 30 min
after an infusion, is probably governed by a joint effect of capillary permeability

and differences in tissue perfusion between body regions.
(Anesth Analg 2009;108:128-33)

Crystalloid fluids, such as lactated Ringer’s solu-
tion, are commonly used during anesthesia and sur-
gery. When infused into the circulation hemodilution
occurs which correlates with the increase in plasma
volume (PV). Therefore, hemoglobin (Hgb) changes
have been used to indicate the PV or blood volume
(BV) over time,'™* although the large-vessel: whole-
body hematocrit (Hct) ratio of 0.9 should be applied to
correct for anticipated unequal distribution of the Hgb
molecules.*”” Since fluid can be assumed to distribute
faster than molecules of any size, infused fluid is
believed to simultaneously and almost instantly
spread throughout the PV and extracellular fluid
space.
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This conventional “physiological view” is ratio-
nal®’ but has been challenged by volume kinetics in
which crystalloid fluid becomes distributed between
two functional body fluid spaces over a period of time,
as long as 20-30 min.'""'® The relatively slow distri-
bution process is of clinical relevance since it implies
that the PV expansion during and shortly after admin-
istration is much greater than the 20%-25% of the
infused volume suggested by the physiological view
model. Moreover, the reason for slow distribution is
unclear. The time might be too long to be explained
solely by local equilibration of fluid across the capil-
lary membrane, and we have questioned whether Hgb
changes also reflect differences in tissue perfusion.'*

This issue can be explored by comparing the Hgb
level in arterial and venous samples (arteriovenous
[AV] difference) simultaneously by a kinetic analysis.
The AV difference shows the direction of the fluid flux
between plasma and the interstitial fluid space in the
vicinity of the venous sampling site (Fig. 1), whereas
volume kinetics can be used to indicate the direction
of the fluid flux for the whole body (Fig. 2). Hence, the
purpose of this study in volunteers was to compare
the direction of fluid flow based on AV differences
and the direction of fluid flow as obtained by volume
kinetic analysis. Moreover, we wanted to examine the
similarity of the kinetic parameters when based on
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Figure 1. Interpretation of the arteriovenous (AV) gradient in
hemoglobin (Hgb) dilution along one single blood vessel.
During the time that the fluid is translocated from the
plasma to the tissue, the dilution of Ay, > Vi, and when
fluid is translocated from tissue to plasma, the dilution of
AHgb < VHgb'

k-

Figure 2. Schematic drawing of the kinetic model used to
analyze the arterial and venous plasma dilution-time pro-
files, respectively.

arterial versus peripheral venous blood. All kinetic
analyses of infusion fluids in humans have been based
on venous samples, although it is known from drug
kinetics that arterial samples better represent whole-
body events.

METHODS

Fifteen healthy volunteers, 8 females and 7 males,
aged between 20 and 32 (mean 27) years with a body
weight of 51-103 kg (mean 75 kg) were studied. The
protocol was approved by the IRB of the University of
Texas Medical Branch at Galveston and each patient
gave his/her written consent to participate.

The volunteers were admitted to the research center
the evening before the experiment began. The follow-
ing morning at approximately 8 am, the volunteers
voided, were weighed, and placed comfortably on a
bed with their trunk and legs (not the arms) covered
with blankets. Cannulae were inserted into one radial
artery and the antecubital veins in both arms. The arm
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with both arterial and venous access was used for
blood sampling and the other side for the infusion of
fluid. Monitoring consisted of electrocardiography,
pulse oximetry and noninvasive arterial blood pres-
sure measurements. The cuff was placed on the arm of
the infusion, and no external pressure was applied to
facilitate the withdrawal of blood.

After a 30-min equilibration period to obtain a
hemodynamic steady-state, an IV infusion of 15
mL/kg of body-warm lactated Ringer’s solution was
given for 10 min (Baxter Healthcare, Deerfield, IL) by
an infusion device (Flo-Gard 6201, Baxter). The fluid
contained the following ions: Na 130, K 4, Ca 2, C1110,
lactate 30 (mEq/L).

Arterial and venous blood were simultaneously
sampled at precisely timed intervals for analysis of the
blood Hgb concentration, using a Technicon H2
(Bayer, Tarrytown, NY) which determines Hgb by
colorimetry at 546 nm. Sampling was made at 0, 1.5, 3,
45,6,7.5,9,10.5,12, 135, 15,16.5, 18, 19.5, 21, 22.5, 24,
25.5,27,28.5, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120
min. Each sample was drawn in duplicate from both
the arterial and the venous line, except the baseline
Hgb and Hct, which were based on the mean of
quadruplicate samples. Hence, 4 Hgb samples were
drawn at each time point requiring a total of 6 mL of
blood, except the first which required 12 mL. Ran-
domly selected duplicate samples (800 pairs) yielded a
coefficient of variation for this Hgb analysis of 0.8%.
The volunteers voided ad libitum during the experi-
ments and always after they ended. The urine volume
was measured.

Both the arterial and the venous Hgb series were
analyzed by volume kinetics, which is pharmacokinet-
ics adapted for infusion fluids, according to a two-
volume model developed by Drobin."® The benefit of
Drobin’s approach is that all parameters can be esti-
mated by the same model, even in cases where the
urinary excretion is so large that it should normally be
accounted for by applying a one-volume kinetic
model.

The model consists of one central compartment, V,
which expands to the volume v; at time t by an
infusion given at the rate k; (mL/min) (Fig. 2). The
expanded volume, v,, strives to assume the baseline
volume V;, and communicates with a distant compart-
ment, the expansion of which is termed a,, at a rate
proportional to the volume expansion by the rate
parameter k, (min~'). Elimination is proportional to
expansion of V; (a,) by a rate parameter k, (min~') and
basal elimination is considered by k, which is set to 0.5
mL/min. o1

The volume changes in the central compartment,
a;, and in the peripheral compartment, a,, are then
given by:

—=k—k,—k ca—k - (1, —a) (1)
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Table 1. Baseline Hemoglobin (Hgb) Concentration and Kinetic Parameters Calculated Depending on Whether Sampling was from

Either Arterial or Venous Blood

Arterial samples

Venous samples

Parameter Median 25th-75th percentile Median 25th-75th percentile
Baseline Hgb (g/dL) 13.69 13.14-14.66 13.72 12.87-14.78
V(L) 2.73 2.34-3.16 2.92 2.65-3.60
k. (1073, min~") 37 20-50 36 11-47
k. (1073, min—1) 79 38-144 51 25-150
a,e (ML) —43 —85t02 —41 ~80to 0
Time t0 s max (min) 24 17-37 30 15-47

V, = baseline volume of the central body fluid space expanded by infused fluid; k, = rate constant for elimination; k, = exchange rate parameter between V; and periphery; a,.; = the amount,

in mL, of baseline shift between pre- and postinfusion fluid balance.

da, B

gt ki - (a; — ap) (2)

where a, = v, (t) — V, represents the expansion of V.

The Hgb-derived plasma dilution was used as
input data as it equals the dilution of V', which can be
written (v;—V,)/V; or, in the present model, as a,/ V.
The reference equation for this relationship is:

v, 1—Hct

®)

where Hct is the Hct at baseline. Symbols without an
index denote baseline values and (t) those obtained at
a later point in time. The Hgb-derived plasma dilution
had to be multiplied by V; before it could be applied
as a4, on the right side of the sign of equality in Eq. 1
and 2. On the left side, a2, was not transformed.

The Hgb-derived plasma dilution as given in Eq. 3
was corrected for the sampled volume of blood as
described mathematically in previous work.'® This
correction is based on the following predictions of the
relationship between BV and the length and weight of
subjects published by Nadler et al.®:

BV (L) = 0.03219 weight (kg) + 0.3669 length® (m)
+ 0.6041 (Males; Eq. 4)
BV (L) = 0.03308 weight (kg)

+ 0.35612 length3 (m) + 0.1833 (Females; Eq. 5)

The kinetics of the IV infused fluid was modeled
separately for each subject, using Matlab version 7.0.1
(Math Works, Notich, MA), whereby a nonlinear
least-squares regression routine based on a modified
Gauss-Newton method was repeated until none of the
three unknown parameters (V, k, and k,) changed by
more than 0.001 (0.1%) in each iteration. No correction
was applied for the transit time for blood between the
radial artery and the cubital vein since we believed
this would be <10 s.

The results were presented as median and 25th and
75th percentiles. The Wilcoxon matched pair test was
applied to disclose differences in parameter estimates
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between sampling sites. Linear regression analysis, in
which k is the slope and r the correlation coefficient,
was used to study the relationship between the size of
V, and the predicted PV; the latter was obtained as the
product of BV and (1-Hct). P < 0.05 was considered
significant.

RESULTS

All dilution-time curves were possible to analyze
by volume kinetics. Arterial samples yielded a slightly
smaller size for V; (P = 0.064) and a higher distribu-
tion rate constant, k,, than venous samples (P = 0.83;
Table 1).

During infusion, and immediately afterwards,
curves based on arterial samples showed less interin-
dividual variability than venous curves, which is also
illustrated by the greater variation of all parameter
estimates when based on venous samples (Table 1).
The kinetic analysis also demonstrated a lowering of
the baseline for the fluid balance after the infusion, a
change that corresponded to a volume deficit in 4, of
20-30 mL.

The mean AV difference in plasma dilution was
positive during the infusion and for 2.5 min thereafter
(Fig. 3). The AV crossover point corresponds to the
point in time when a4, begins to decrease in a volume
kinetic analysis (Fig. 4). This point was determined by
satisfactory iteration by the computer program Mat-
Lab. On the average, it occurred at 14 min and 20 min
after the infusion ended for the arterial and venous
samples, respectively (Table 1).

Volume-time plots indicated that 65%-70% of the
infused fluid volume remained in V; at the end of the
10-min brisk infusion, whereas this fraction reached
20%-25% after the whole-body distribution had been
completed 30 min later (Fig. 4).

At the end of the experiment (2 h), the urinary
excretion amounted to 570 mL, (380-800) which is
47% (31-72) of the infused fluid volume.

The regression plot between the predicted PV and
V, in arterial blood had a slope was 1.00 (the equation
being V; = 1.00 X PV—0.12 with » = 0.70; P < 0.001).
Their median difference was 0.21 L (—0.21 to 0.43).
The slope was steeper, however, when the PV was
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Figure 3. Arteriovenous (AV) difference in
plasma dilution in the forearm of 15 volun-
teers receiving 15 mL/kg of lactated Ringer’s
solution over 10 min. Negative values indicate
that fluid is translocated from the interstitial
space to plasma. The smoothened curve rep-
resents the mean of all calculated curves.
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Figure 4. Tllustration of when a4, reaches its
highest point, that is, when peripheral accu-
mulation of fluid is at its maximum. The
curves are a computer simulation using the
kinetic parameters derived from venous blood
samples in 1 volunteer. Although being visibly
similar in this figure, the maximum a, is not
equivalent to the crossing point of the curves.
Here, it occurs 17 min after the end of the
infusion.

Volume expansion (ml)

plotted versus V, based on venous blood (the equation
was V; = 1.37 X PV — 0.81; r = 0.69; P < 0.01). Their
median difference was —0.18 L (—0.86 to 0.19).

DISCUSSION

Most previous studies of volume kinetics in human
subjects have been based on venous blood samples. In
the present study, we wanted to compare venous to
arterial samples during a series of fluid infusion
experiments, since it is accepted in drug kinetics that
arterial samples better reflect whole-body events and,
in particular, early distribution. The results show that
the sampling sites provided quite similar Hbg curves.
Both yielded robust data for kinetic analysis, although
arterial blood indicated a slightly lower size of V; and
a higher distribution rate constant, k.. These parame-
ters are primarily determined during and immediately
after the infusion, as evidenced by partial derivatives
yielded during curve-fitting,"” and the differences
may, therefore, be due to the fact that the last portion
of any infused fluid is sampled before it reaches the
capillaries.

Arterial samples also showed lesser interindividual
variability, which is probably due to lack of influence
of AV shunts. The combined effects of these differ-
ences were still relatively minor, however, and none of
the parameter estimates differed significantly between
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Time (min)

the arterial and venous sampling site data. Therefore,
our conclusion is that both arterial and venous blood can
be used for kinetic analysis and that earlier works based
on venous samples do not need to be reevaluated.

The study was also conducted to better understand
the profile of plasma dilution-time curves. The steep
downward slope in Hgb dilution just after an infusion
ends is usually thought to represent distribution of
fluid from the plasma to the interstitial space, which
continues until they are equally diluted. However, this
view seems to be too simplistic since the AV difference
in plasma dilution and the kinetic analyses show that
the rate of equilibration is much higher in the arm
than for the body as a whole.

In the forearm, the AV difference in plasma dilution
is positive for as long as fluid accumulates in the
interstitial fluid space, whereas a change in the direc-
tion of the net flow of fluid has occurred when the AV
difference becomes negative. For the body as a whole,
the corresponding change in the direction of the net
mass flow of fluid takes place when a, begins to
decrease. One should note that the crossover point for
the sizes of a; and a,, as plotted in Figure 4, does not
indicate this change in net flow. A dilution-time plot
would always crossover when a, obtains its highest
value, but the volume kinetic model used here focuses
on volume expansion rather than on dilution.
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The AV difference in the forearm became negative
2.5 min after the infusion ended whereas, for the
whole body, our kinetic calculations imply that the
mass flow of fluid does not change direction from
tissue to plasma until between 14 min and 20 min
later. This finding is consistent with the relatively long
period of time required for the whole-body equilibra-
tion of fluid to be fully completed. The entire distri-
bution phase has been demonstrated to last for 20-30
min based on venous Hgb samples in volunteers'*'""'?
and in surgical patients.'®

The time required for distribution of lactated Ring-
er’s solution is similar to that obtained for ethanol,
which is extremely soluble and easily crosses all
membranes.'® As for Ringer’s solution, the AV differ-
ence changes from positive to negative in the forearm
within 5 min after IV infusion, whereas the distribu-
tion process in the whole body takes 20-30 min to be
completed." The permeability of the capillary mem-
brane can hardly account fully for the distribution
process. Differences in perfusion between vascular
beds in different regions of the body must be consid-
ered as a factor of importance to the slow distribution
of ethanol as well as for lactated Ringer’s solution.

The slow distribution process of lactated Ringer’s
solution is clinically important since it boosts the PV
expansion during and for 20-30 min after an infusion.
In the present study, the venous hemodilution indi-
cated that as much as 69% of the infused fluid was
retained in V; at the end of the quite brisk 10-min
infusions. The corresponding value was 60% for a
continuous infusion during surgery® and 40% at the
end of a 30-min infusion in volunteers."' Medical
textbooks do not even indicate that the volume equili-
bration between plasma and tissue is time-consuming.
The conventional “physiological view” rather holds that
Ringer’s solution distributes very quickly throughout
the plasma and interstitial fluid spaces. Therefore, the PV
expansion is said, without exception, to be 20%-25% of
the infused volume.

The complexity of the distribution process explains
indirectly why we cannot be sure that V,; equals the
baseline PV. Similarly, we cannot be sure that the sum
of V; and a, equals the dynamic PV during and after
the infusion. Although being of quite similar size, the
PV is a physiological space while V; is a functional
fluid space. The semantic problem can be illustrated
by the fact that, even if we infuse a bolus of lactated
Ringer’s solution into the plasma, some of the fluid
will have left this physiological space even before the
rest of it has become distributed throughout the entire
PV. Interstitial fluid spaces in the lungs (blood flow 14
L/min per L tissue water) probably become expanded
quickly and easily, whereas some of the lactated
Ringer’s solution might not even reach the intersti-
tium of poorly perfused areas with resting muscle
(blood flow 0.04 L/min per L tissue water). The Hgb
changes represent the sum of all such occurrences.
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As venous sampling is usually made from the
forearm where the AV equilibration occurs relatively
fast, the changes in Hgb obtained during the distribu-
tion phase of a crystalloid fluid load cannot very
accurately reflect the PV in the whole body. The reason
that Hgb changes are more safely related to the func-
tional fluid space V; is that distribution of Ringer’s
solution represents a continuous process that occurs at
various rates in different body regions, rather than
being a fixed-rate single process. This view has been
validated for drugs but not previously for fluids.

One issue during the kinetic analysis was that the
Hgb concentration in arterial blood was 0.4% lower
(median 0.2%) than in venous blood before the experi-
ments started (Table). The reason for this minor base-
line AV difference in Hgb is unclear. It might be
explained by lymphatic flow since it indicates the
presence of a slow internal transport of fluid from the
periphery to the central part of the body. This trans-
port is completely overrun by the impact of the quite
massive and rapid fluid load.

In conclusion, equilibration of infused lactated
Ringer’s solution between plasma and interstitial fluid
occurs much faster in the forearm than the body as a
whole. The relatively slow whole-body distribution
therefore seems to represent a complex and continu-
ous process governed by capillary permeability and
also by differences in perfusion between different
vascular beds. The net result is that PV expansion is
greater than commonly believed during and for 20-30
min after an infusion.

REFERENCES

1. Tollofsrud S, Elgo GI, Prough DS, William CA, Traber DL,
Kramer GC. The dynamics of vascular volume and fluid
shifts of infused lactated Ringer’s and hypertonic saline
dextran (HSD) in normovolemic sheep. Anesth Analg
2001;93:823-31

2. Hahn RG. Blood volume at the onset of hypotension in TURP
performed during epidural anaesthesia. Eur ] Anaesthesiol
1993;10:219-25

3. Hahn RG. Volume effect of Ringer’s solution in the blood
during general anaesthesia. Eur ] Anaesth 1998;15:427-32

4. Mcllroy D, Kharasch ED. Acute intravascular volume expansion
with rapidly administered crystalloid or colloid in the setting of
moderate hypovolemia. Anesth Analg 2003,96:1572-7

5. Chaplin H, Mollison PL, Vetter H. The body/venous hematocrit
ratio: its constancy over a wide hematocrit range. ] Clin Invest
1953;32:1309-16

6. Moore FD, Dagher FJ, Boyden CM, Lee CJ, Lyons JH. Hemor-
rhage in normal man: I. Distribution and dispersal of saline
infusions following acute blood loss. Ann Surg 1966,163:485-504

7. Rehm M, Haller M, Orth V, Kreimerier U, Jacob M, Dressel H,
Mayer S, Brechtelsbauer H, Finsterer U. Changes in blood
volume and hematocrit during acute preoperative volume load-
ing with 5% albumin or 6% hetastarch solutions in patients
before radical hysterectomy. Anesthesiology 2001;95:849-56

8. Nadler SB, Hidalgo JU, Bloch T. Prediction of blood volume in
normal human adults. Surgery 1962;51:224-32

9. Lamke LO, Liljedahl SO. Plasma volume changes after infusion
of various plasma expanders. Resuscitation 1976;5:93-102

10. Svensén C, Hahn RG. Volume kinetics of Ringer solution,
dextran 70, and hypertonic saline in male volunteers. Anesthe-
siology 1997;87:204-12

11. Drobin D, Hahn RG. Volume kinetics of Ringer’s solution in
hypovolemic volunteers. Anesthesiology 1999;90:81-91

ANESTHESIA & ANALGESIA



12.

13.

14.

15.

16.

Brauer KI, Svensén C, Hahn RG, Traber L, Prough DS.
Volume kinetic analysis of the distribution of 0.9% saline in
conscious versus isoflurane-anesthetized sheep. Anesthesiol-
ogy 2002;96:442-9

Drobin D, Hahn RG. Kinetics of isotonic and hypertonic plasma
expanders. Anesthesiology 2002;96:1371-80

Hahn R. Physiological or functional fluid spaces (Letter). Anesth
Analg 2002;95:251-2

Drobin D. A single-model solution for volume kinetic analysis of
isotonic fluid infusions. Acta Anaesthesiol Scand 2006;50:1074—-80
Ewaldsson CA, Hahn RG. Kinetics and extravascular retention
of acetated Ringer’s solution during isoflurane and propofol
anesthesia for thyroid surgery. Anesthesiology 2005;103:460—9

Vol. 108, No. 1, January 2009

17.

18.

19.

Hahn RG, Svensen CH. Volume kinetics. In: Hahn RG, Prough
DS, Svensen CH, eds. Perioperative Fluid Therapy. New York:
Informa Healthcare, 2006; 63-74

Norberg A, Jones AW, Hahn RG, Gabrielsson JL. Role of
variability of explaining ethanol kinetics: research and forensic
applications (review). Clin Pharmakinet 2003;42:1-31

Norberg A, Jones AW, Hahn RG. Pharmacokinetics of Ethanol
in Arterial and Venous Blood and in End-Expired Breath during
Vasoconstriction and Vasodilation. Am ] Ther 1995;2:954-61

© 2009 International Anesthesia Research Society 133



