L))

Check for
updates

Korean Journal of Anesthesiology

Review Article

Korean J Anesthesiol 2021;74(3):204-217
https://doi.org/10.4097/kja.21085
pISSN 2005-6419 ® eISSN 2005-7563

Received: February 25, 2021
Accepted: March 5, 2021

Corresponding author:

Byung-Moon Choi, M.D., Ph.D.

Department of Anesthesiology and Pain
Medicine, Asan Medical Center, University of
Ulsan College of Medicine, 88, Olympic-ro
43-gil, Songpa-gu, Seoul 05505, Korea

Tel: +82-2-3010-1704

Fax: +82-2-3010-6790

Email: byungmoonchoi7 @gmail.com

ORCID: https://orcid.org/0000-0002-6561-8851

© The Korean Society of Anesthesiologists, 2021

© This is an open-access article distributed under the
terms of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
work is properly cited.

204

Interpretation of volume kinetics in
terms of pharmacokinetic principles

Byung-Moon Choi

Department of Anesthesiology and Pain Medicine, Asan Medical Center, University of Ulsan
College of Medicine, Seoul, Korea

Volume kinetics is the pharmacokinetics of infusion fluids and describes the distribution
and elimination of infused volume. Generally, pharmacokinetic parameters can be esti-
mated by measuring the concentration of a drug. However, it is almost impossible to di-
rectly measure the concentration of fluids. Therefore, in volume kinetics, the disposition of
fluids is indirectly quantified by measuring the hemoglobin concentration under the
premise of no hemoglobin loss. If the hemoglobin concentration is repeatedly measured
while administering the fluids, the dilution (relative change of the plasma volume) for each
corresponding hemoglobin concentration can be obtained. The dilution is based on the
concept of plasma volume expansion. The method of quantifying the drugs disposition
with compartmental analysis has been equally applied to volume kinetics. The transfer of
fluids between compartments is explained by first-order kinetics, and it is assumed that
fluid is only removed from the central compartment. Population analysis can be used to
identify covariates that can account for inter-individual variability in volume kinetic pa-
rameters. Body weight and mean blood pressure are well-known representative covariates
of kinetic volume parameters. Using volume kinetic parameters, the volume expansion ef-
fects of crystalloid and colloid solutions can be understood more effectively, thereby facili-
tating appropriate fluid therapy. Although limitations exist in volume kinetics, its implica-
tions are important for clinicians when administering fluids.

Keywords: Body fluids; Colloids; Crystalloid solutions; Hemoglobins; Pharmacokinetics;
Statistical models.

Introduction

Maintenance of stable vital signs is crucial during surgery. In this context, anesthesiolo-
gists typically attempt to select an appropriate fluid type and administer the necessary
amount to the patient. The quantification disposition of fluids administered to the body
facilitates an efficient fluid administration. This process is similar to that used to describe
the pharmacokinetics of intravenous drugs. Pharmacokinetic parameters can be estimat-
ed by measuring the concentration of a drug. However, it is almost impossible to directly
measure the concentration of fluids. Therefore, the distribution and elimination of fluids
are indirectly described by measuring endogenous substances that change as fluids are
administered. Hemoglobin is primarily used as an endogenous tracer. An anesthesiolo-
gist named Robert G. Hahn established an analysis method for fluid volume kinetics [1].
The method of quantifying the disposition of drugs with compartmental analysis was
equally applied to volume kinetics. Therefore, to obtain a comprehensive understanding
of volume kinetics, it is important to understand the pharmacokinetics, which is the basis
of the theory. Herein, the general yet fundamental concept of volume kinetics in terms of

pharmacokinetic principles is presented.
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Pharmacokinetic principles for understanding
volume kinetics

Because general anesthesia is performed using various hypnot-
ics and analgesics, anesthetic pharmacology can be considered as
a basic subject for anesthesiologists. The basis for understanding
pharmacology is the pharmacokinetic equation. The pharmacoki-
netic equation quantitatively evaluates drug transfer in the body
and can be easily induced based on a few principles. In mammil-
lary compartmental models, the kinetics of drug transfer between
compartments were initially determined. Subsequently, linear dif-
ferential equations were constructed based on kinetics. The La-
place transforms of these differential equations can be used to de-
rive functions to calculate drug amounts in the central or periph-
eral compartments. In addition, the inverse Laplace transforms of
these functions are used to obtain the pharmacokinetic equations

in the time domain.

Kinetics of drugs

Pharmacokinetics is typically referred to as the ADME of a
drug, which is acronym for absorption, distribution, metabolism,
and excretion. Metabolism and excretion are known as elimina-
tion, and distribution and elimination are known as disposition.
Kinetics refers to the process by which drugs are transferred to the
body. Depending on the type of kinetics involved during absorp-
tion, distribution, and elimination, the differential equation de-
scribing the change in drug amount in the pharmacokinetic com-
partment varies, as well as the pharmacokinetic equation derived
from it. Drug kinetics can be categorized into zero- and first-order
kinetics. Zero-order kinetics are described when a fixed amount
of a drug is consistently eliminated per time unit. Suppose that
100 mg of a drug exists in the body of an individual, and this drug
follows the zero-order kinetics but its amount reduces by 10 mg per
hour. Therefore, 90 mg of the drug will remain in the body of the in-
dividual after 1 h, 80 mg after 2 h, and 70 mg after 3 h (Fig. 1A). Be-
cause the volume of distribution for each drug is considered to be
constant, the concentration is obtained by dividing the drug
amount by the distribution volume. Therefore, the relationship
between time and drug amount can be considered the same as
that between time and concentration. Zero-order kinetics are
simple and linear; however, drugs lost through zero-order kinetics
are not common. In general, most drugs are lost through first-or-
der kinetics. First-order kinetics refers to the loss (or inflow) of
drugs per time unit by a certain fraction of X (t), which is the
amount of drug remaining in the body. If the drug is lost, then the

sign of rate of change for the drug amount will be negative; con-
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versely, if the drug is introduced, then the sign will be positive.
For instance, assume that 100 mg of a drug exists in the body of
an individual, and 20% of the drug is lost per hour. After 1 h, 80
(= 100 — 100 x 0.2) mg of the drug will remain in the body, 64
(= 80 — 80 x 0.2) mg after 2 h, and 51.2 (= 64 — 64 x 0.2) mg
after 3 h. This can be illustrated by an exponential curve, as shown
in Fig. 1B. A mathematical understanding of the exponential de-
crease in first-order kinetics is important. The loss of drugs fol-
lowing first-order kinetics can be expressed as a differential equa-

tion as follows:

% = - kX (t) (Equation 1)

Applying the Laplace transform to this equation yields

sX(s)-X(0) = - kX (s)

X(s) = SXT((Z (Equation 2)

The inverse Laplace transformation of this equation yields a

drug amount function over time, as follows:
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Fig. 1. Zero-order (A) and first-order (B) kinetics. X: amount of drug,
t: time in h, X, = 100 mg, k: elimination rate constant (mg/h for zero-
order kinetics and 1/h for first-order kinetics).
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X () =X (0) - ¢™ (Equation 3),

where ¢"' refers to the fraction of the initial amount X (0) of the
drug remaining in the body after the drug was removed by
first-order kinetics during time t, and has a value between 0 and 1.
Additionally, the disposition of fluids in the body can be explained
by first-order kinetics.

Mammillary compartmental model

Compartmental analysis is an analysis method that partitions
the body into several compartments and quantifies the transfer of
drugs between compartments. Among the compartmental mod-
els, the mammary model is primarily used to estimate the phar-
macokinetic parameters of drugs. In the mammillary compart-
mental model, the central compartment is related to all other pe-
ripheral compartments, but no relationship exists among the lat-
ter. In addition, it is assumed that the transfer of drugs between
the central and peripheral compartments is based on first-order
kinetics. Furthermore, it is assumed that the drug is only removed
from the central compartment. For example, a two-compartment
mammillary pharmacokinetic model can be expressed as shown
in Fig. 2. The differential equation for the change in drug amount
by compartment is as follows:

dA, (1)
dt

% = A,(®) ki, - A, (1) ks, (Equation 4)

= Az(t) k21 - Al(t) (km + klZ)

These differential equations are used in the same structural

Drug administration

A\ 4

Peripheral compartment
Central compartment )

(V)

A

k70

Fig. 2. Two-compartment mammillary pharmacokinetic model. I:
input, k;: micro-rate constant from compartment i to compartment j,
V;: volume of distribution of compartment i. Here, i = 1, 2.
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model to estimate the volume kinetic parameters. In Fig. 2, the
pharmacokinetic parameters are expressed in the micro-rate con-
stant domain (V, k,, k,,, k,,). However, they can be expressed in
terms of volume and clearance domain (V, volume of distribution
in the central compartment; V, volume of distribution in the pe-
ripheral compartment; Cl, metabolic clearance; Q, inter-compart-
mental clearance). The relationship between the two domains can

be described as follows:

Cl=V,xk,
Q=V,xk,=V,xk, (Equation 5)

In other words, if the pharmacokinetic parameters of one do-
main are estimated from the time-concentration curve, they can

be converted to those of the other domain.

Population analysis

It is typically observed that different effects are exhibited in dif-
ferent individuals, even when the same weight-based dose was
administered. This is owing to variabilities in pharmacokinetics
and pharmacodynamics from one person to another. These vari-
abilities may be due to a person’s specific characteristics (covari-
ates). For example, these variabilities can occur because of weight,
height, age, sex, race, and genetic variations. Population analysis is
a method that can explain the inter-individual variability in phar-
macokinetics and pharmacodynamics by mathematically con-
necting patient-specific covariates for each pharmacokinetic and
pharmacodynamic parameter [2]. Unlike the standard two-stage
method, which analyzes individual time-concentration curves
separately, all individuals are analyzed at once to identify the char-
acteristics that can be associated with the pharmacokinetic and
pharmacodynamic parameters. Several software programs can be
used to perform population analysis; however, the first and most
representative is nonlinear mixed-effects modeling (NONMEM),
created by Lewis B. Sheiner (physician) and Stuart L. Beal (statis-
tician) of the University of San Francisco [3]. NONMEM is also
the name of a standard software (ICON Development Solutions,
Ireland) for population analysis. Fig. 3 shows the basic concept of
population pharmacokinetic and pharmacodynamic analyses us-
ing NONMEM. In the mixed-effects model, a pharmacokinetic
parameter is estimated by dividing mixed-effects by a fixed-effect
parameter that does not change from person to person (6 in
NONMEM) and a random-effect parameter between individuals
(n in NONMEM). Herein, the random-effect parameter between
subjects describes the random inter-individual variability of the

pharmacokinetic parameters. This random variability between

https://doi.org/10.4097/kja.21085
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Fig. 3. Concepts of population analysis using nonlinear mixed-effects modeling. PK: pharmacokinetics, PD: pharmacodynamics, TCI: target-

controlled infusion.

individuals exhibits a normal distribution with a mean of 0 and a
variance of w’, and it is a biologically natural phenomenon. In the
population analysis, the part that can be explained by the patients
characteristics (covariate) among the random inter-individual
variability of the pharmacokinetic parameter is mathematically
linked to the fixed-effect parameter. This is the essence of popula-
tion analysis. Hence, the control stream of NONMEM is written
as follows, using V, (volume of distribution in the central com-
partment) as an example.

TV1 = THETA(1)
V1 = TVI*EXP(ETA(1)),

where TV1 is a representative value of V, (typical value, a typi-
cal human or population average value with zero variation be-
tween random individuals), and in this case, THETA(1). ETA(1)
is the random effect parameter between individuals in V. In other
words, THETA(1) is connected by an exponential function with
ETA(1). Additionally, they can be connected by multiplication or
addition, and the one that best describes the data will be selected.
Suppose that part of ETA(1) is described by the patient’s weight;
in this case, the NONMEM control stream can be changed as fol-

lows:
TV1 = THETA(1) + THETAQ)*WT; WT = weight

When a pharmacokinetic model involving the equation above
is incorporated into the target-controlled infusion system, the
dose can vary based on weight [4,5]. Previously, in the field of vol-
ume kinetics, parameters were primarily estimated using MAT-
LAB (Mathworks, Inc., USA), but population analysis has been
primarily used since 2016 [6-9].

https://doi.org/10.4097/kja.21085

Calculation of plasma volume expansion
caused by fluid administration using
hemoglobin

If blood volume is defined as the volume of hemoglobin distri-
bution, then hemoglobin can be used as an endogenous tracer to
analyze the volume expansion of a fluid space. In this regard, the
following two assumptions should be applied: (i) no loss of red
blood cells; (ii) the hemoglobin concentration decreases as the
plasma volume expands. Dr. Robert G. Hahn introduced a new
method to calculate plasma volume expansion using hemoglobin
in 1997 [1], and the effectiveness of this method was confirmed in
clinical trials participated by healthy volunteers [10,11]. The plas-
ma volume (V,) at any time t after the start of intravenous infu-

sion can be expressed as follows, based on the hematocrit (Hct).
V, (1) =V, (£) x (1 - Het (t)) (Equation 6)

where V(t) is the blood volume at any time t. Assuming that
the volume of erythrocytes is constant during the observation
time, then the volume of erythrocytes at t = 0 before intravenous
infusion is equivalent to the volume of erythrocytes at any time t

after intravenous infusion.
Hct (0) x V,,(0) =Hct (t) x V, (t) (Equation 7)

However, if bleeding occurs, Equation 7 does not hold. In other
words, the amount of hemoglobin at t = 0 before intravenous in-
fusion and the amount of hemoglobin at any time t after intrave-
nous infusion will be the same. The hemoglobin level is calculated
by multiplying the hemoglobin concentration and blood volume

as follows:
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Cip, (0) x V(0) =Cyy, (1) x V,, (t) (Equation 8)
Using Equations 6 and 8, the following equation can be derived.

Vv, (0)
o O X T o))
V, () = Cn () =
Hb

Cip (0) x V,(0)
Cy, (1) x (1 - Hct (0))

(Equation 9)

If the amount of administered fluid is set as A, then A, at any
time t, i.e., A (t), during an intravenous infusion can be described

as follows:
A, () =V, (t) - V,(0) (Equation 10)

The relative change in the plasma volume induced by fluid in-

fusion can be expressed as shown in Equation 11.

4,0

v,0

(Equation 11)

D,(®) =

where D, is dimensionless and is referred to as plasma dilution.
Substituting Equation (10) into Equation 11 yields

Vp (t) - Vp (O)

V

D, (t) =
? 7, (0)

(Equation 12)

The longer the administration of the fluid, the greater are V,(t)
and D,(t), and this is equivalent to an increase in plasma volume
due to the fluid administered. Substituting Equation (6) into
Equation 12 yields

V, () x (1 - Het (t)) -V, (0)

b, = v,

(Equation 13)

Substituting Equation 9 into Equation 13 yields

Con (0) X V, (0)
Cn 0 x -ty < TV 0 o o) x - He o)

v, S ChOx I-Ha©)

D, (1) =

(Equation 14)

Combining Equations 7 and 8 yield the following:

Het (0) x V,(0) _
Ci (0) x V,(0)
Ci (1)

_ Hct(0) x Gy (8)

Het(t) = G ©)

(Equation 15)
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Substituting Equation 15 into Equation 14 yields

Het (0) x Gy, (1)
Cyy, (0)

C (1) x (1 - Het (0)

Cip(0) x |1-
D,(®)=

Gy (0) — Het (0) x Cy, ()= Cpy, (B) x (1~ Het (0))
- Cuy () x (1= Hct (0))

_ Gy (0)-Cy (9
Gy (1) x (1- Het (0))

G (0)
Cup (1)
= ™7 __ (Equation 1

(- Het (0) (Equation 16)

If the hemoglobin concentration is repeatedly measured while
administering the fluids, the degree of plasma volume dilution for
each corresponding hemoglobin concentration can be obtained
(Fig. 4). The degree of plasma volume dilution is the same as that

of plasma volume expansion.

Structure model for volume kinetics

In volume kinetics, a mammillary compartment model is used
to quantify fluid disposition. Table 1 shows a comparison of the
similarities and differences between traditional pharmacokinetic

and volume kinetic expressions.

One-volume model

The one-compartment model is suitable for quantifying the
disposition of fluids that are predominantly distributed in blood
vessels, such as colloids [12,13]. When the last hemoglobin mea-
surement time is insufficient to capture the elimination phase,
then crystalloids can be explained using the one-volume model. A
schematic diagram of the one-volume model is shown in Fig. 5.
Based on this figure, the differential equation in the one-volume

model can be described as follows:

dV,()-V, (0)¢
dt

Vi) -V, (0)

=k -k-k
1 b X VI(O)

(Eqation 17)

In this study, basal elimination (k,) was not estimated and was
set as a fixed value. In general, k; is 0.5-1.5 ml/min in adults [14].
Robert G. Hahn often set it to 0.8 or 1.0 ml/min for modeling
[10,11]. If the data are fitted to the model, then the estimated val-
ue of renal clearance (k,) will exceed 100 ml/min; therefore, even

if k, is fixed to a specific value in the range of 0.5-1.5 ml/min, the

https://doi.org/10.4097/kja.21085
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Fig. 4. Changes in hemoglobin (A) and plasma dilution (B) caused by fluid administration. Male volunteer received 40 ml/kg Ringer’s lactate
solution over 1 h. Dilution was calculated as follows:

Cu(®)

Cu (1)
D.(t) = LmD |
() (1 - Het (0))

where C,;,(0) and Hct(0) are the hemoglobin concentration and hematocrit measured prior to the administration of Ringer’s lactate solution,
respectively; Cyy,(t) is the hemoglobin concentration measured at any time t.

Table 1. Basic Similarities and Differences between Traditional Pharmacokinetic and Volume Kinetic Expressions

Pharmacokinetics Volume kinetics
Administration substance Drug, mg Fluid, ml
Observation Concentration (mg/ml) Dilution (no unit)
Cu, (0) a1
D) = Ci (1) _ Vp - VP )
7Y T (- Het (0)) v, (0)

Change in amount DX — Rate- kg x A() A kK x D, 0
Parameters

One-compartment V,Cl V., k,

Two-compartment V,V,CLQ V, Vo, k, k,
Clearance Cl k, +k,

D,(t): plasma dilution at any time t during intravenous infusion, Cy;(0): hemoglobin concentration at t = 0 before intravenous infusion (g/dl),
Cy(t): hemoglobin concentration at any time t after intravenous infusion (g/dl), Hct(0): hematocrit at t = 0 before intravenous infusion, V,(0):
plasma volume at t = 0 before intravenous infusion (ml), V,(t): plasma volume at any time t after intravenous infusion (ml), Rate: infusion rate
of the drug (mg/min), k,,: elimination rate constant (1/min), A(t): drug amount at any time t (mg), V;: volume of distribution in the central
compartment (ml), CI: clearance (ml/min), V,: volume of distribution in the peripheral compartment (ml), Q: inter-compartmental clearance
(ml/min), k;: infusion rate of fluid (ml/min), k,: basal elimination reflecting ongoing losses of water due to respiration, sweating, and basal renal
filtration (ml/min), k,: renal clearance (ml/min), k: distributional clearance (ml/min).

actual estimated value will not be affected significantly.

k
Two-volume model
The two-volume model is widely used in volume kinetics, and
) (V. (8 -V, (0) it can be used to effectively explain the plasma dilution-time data
ky X v, (0) observed when crystalloids are administered [6,15]. A schematic
Fig. 5. One-volume model. k; infusion rate of the fluid (ml/min), k,; ~ diagram of the structural two-volume model is shown in Fig. 6.
basal elimination reflecting ongoing losses of water due to respiration, ~ Based on this figure, the differential equation for the two-volume

sweating, and basal renal filtration (ml/min), k. renal clearance (ml/
min), V,(0): plasma volume at t = 0 before intravenous infusion (ml),
V,(1): plasma volume at any time t after intravenous infusion (ml).

model can be written as follows:

https://doi.org/10.4097/kja.21085 209
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aWv,()-Vv,(0)¢

7 + k,

:kl_kb_k'x(Vl(t)—Vz(O))fktX (V,(t)—V,(O)

Vv, (0) v, (0)

o

d(vz(t)—vz(ont:kX(v,(t)—v,w))_k (Vz(t)—VZ(O))
dt ' v, (0) ‘ v, (0)

(Equation 18)

In pharmacokinetics, the transfer of drugs between the central
and peripheral compartments is classified into k,, and k,; howev-
er, in volume kinetics, it is estimated as k,. This can be understood
by recalling that the observed value in volume kinetics is the plas-
ma dilution measured based on the hemoglobin concentration.
Because hemoglobin exists only in blood vessels, it cannot move
to the peripheral compartment, and it may be impossible to esti-
mate the rate at which fluid propagates from the peripheral com-
partment to the central compartment or is cleared through the
lymphatic system. In addition, owing to the nature of crystalloids,
the rate of transfer between the central and peripheral compart-
ments will not differ significantly. Moreover, it is beneficial to re-
duce the number of parameters to be estimated to ensure model
stability (parsimonism). In some studies, k,, and k,, were estimat-
ed separately using the two-volume model [6-9]. The objective
function value of a model can be reduced significantly by distin-
guishing the two parameters; however, this often causes model insta-
bility. Considering these characteristics of volume kinetics, it is al-
most impossible to explain the plasma dilution-time data of crystal-
loids using a three-volume model. The NONMEM control streams

for one- and two-volume models are presented in the Appendix 1.

Calculation of renal clearance using urine volume

The fluid administered was primarily removed by renal clear-

-

Fig. 6. Two-volume model. k;: infusion rate of the fluid (ml/min), &,
basal elimination reflecting ongoing losses of water due to respiration,
sweating, and basal renal filtration (ml/min), kr: renal clearance (ml/
min), V,(0): plasma volume at t = 0 before intravenous infusion (ml),
V,(t): plasma volume at any time t after intravenous infusion (ml),
V,(0): peripheral volume at t = 0 before intravenous infusion (ml),
V,(1): peripheral volume at any time t after intravenous infusion (ml),
k;: distributional clearance (ml/min).
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ance (k,). Because renal clearance is proportional to the plasma
volume expansion, the following differential equation can be es-
tablished:

du(t)
dt

=k, x D,(t) + k, (Equation 19)

where U(t) is the urine volume at time t. If the total urine vol-
ume (Uygr) is known during the entire observation time T, then k,

and k, can be calculated as follows:

T T T
f%“) dt = Upy = k,po(t)+fkbdtzk,~AUC(DP)+kb- T
0 0 0

(Equation 20)

As previously mentioned, kb is typically 0.5-1.5 ml/min in
adults [14]. Herein, k-AUC(D,) refers to the urine volume pro-
duced by intravenous infusion, and k;-T the urine volume induced
by basal elimination. However, in reality, renal clearance is con-
trolled by a complex mechanism that involves various hormones
such as antidiuretic hormone, renin-angiotensin, atriopeptin, al-
dosterone, and angiotensin II [14]. Moreover, specific cell recep-
tors are involved, including baroreceptors and osmoreceptors that
regulate salt and water homeostasis [14]. Renal clearance can be
obtained via two methods. The first is an estimation method from
the structural model of volume kinetics, and the second is a calcu-
lation method based on the area under the time-dilution curve
for the central compartment divided by the observed total urinary
output [15]. The more accurate method is yet to be determined.
However, it is reasonable to estimate k, from the same dataset with

other volume kinetic parameters.

Covariates describing inter-individual variabilities
of volume kinetic parameters

In pharmacokinetics, the inter-individual variability in the dis-
tribution volume is well explained by body weight, and the clear-
ance is primarily explained by body weight or age [5,16,17]. Simi-
lar results have been reported in previous studies pertaining to the
volume kinetics (Table 2). Body weight is a significant covariate
for the distribution volume in the central compartment [7,15];
furthermore, it is physiologically reasonable that the greater the
weight, the larger is the plasma volume. Renal clearance deterio-
rates with age [7], i.e., a natural aging process. An interesting fact
is that the mean blood pressure is a significant covariate in renal
clearance [7,15]. A positive correlation exists between mean blood
pressure and renal clearance; this implies that the lower the mean

blood pressure is clinically, the more severe is fluid retention in

https://doi.org/10.4097/kja.21085
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Table 2. Representative Covariates Reflecting Inter-individual Variabilities of Volume Kinetic Parameters

Parameter Covariate Correlation between parameter and covariate References

v, Body weight Positive (7,15]

k, MAP Positive [7,15]
Age Negative [7]

V: volume of distribution in central compartment (ml), k,: renal clearance (ml/min), MAP: mean arterial pressure.

the body. This can be observed more clearly when simulated us-
ing a volume kinetics model [15]. The simulated volume expan-
sion of the central and peripheral compartments in a hypothetical
patient who was administered 10 ml/kg of Ringer’s lactate solu-
tion over 15 min followed by a rate of 8 ml/kg/h for 165 min is
presented in Fig. 7. In patients of the same weight, it was observed
that the lower the average blood pressure, the greater was the fluid
retention in the interstitium. In clinical practice, fluid is generally
administered in consideration of body weight, but relatively rarely
in consideration of mean blood pressure. When blood pressure
decreases, more fluids are typically administered. In this case, if
the blood pressure does not recover as expected, the fluids admin-

istered will continue to accumulate in the interstitium.

Clinical application of volume kinetics

Understanding volume kinetics enables the distribution of flu-
ids administered to the body to be described quantitatively. In a
recent study, 12 male volunteers were randomly assigned to four
groups, and each group received four fluid solutions in specified
sequences, separated by 1-week intervals to avoid any carryover
effects [13]. The volunteers received 1,000 ml of 6% tetrastarch
(hydroxyethyl starch, HES 130/0.4; VOLULYTE, Fresenius Kabi
AG, Germany), 1,000 ml of 10% pentastarch (HES 250/0.45; PEN-
TASPAN, Jeil Pharmaceutical CO., Ltd., Korea), 40 ml/kg of Ring-
er’s lactate solution (JW Pharmaceutical Co., Ltd., Korea), and 20
ml/kg of 5% dextrose water (JW Pharmaceutical Co., Ltd., Korea)
for 60 min. Changes in plasma dilution induced by the adminis-
tration of crystalloids and colloids were described effectively using
two- and one-volume models, respectively [13]. Volume expan-
sion effects can be easily understood by performing simulations
based on the fluid dynamics parameters of these crystalloids and
colloids (Fig. 8) [13]. When the same volume was administered,
the volume expansion effects of colloids were approximately four
times higher than those of crystalloids by the time when the infu-
sion was terminated. This can be interpreted as a validation of
volume kinetics, in that a suggested theory (a crystalloid solution
should have 1/4th the volume-expanding capacity of the colloid
solution [18]) was proven through a scientific method. In addi-

tion, in the case of Ringer’s lactate solution, the simulation results

https://doi.org/10.4097/kja.21085
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Fig. 7. Simulated volume expansions of central (A) and peripheral (B)
compartments in hypothetical patient receiving 10 ml/kg of Ringer’s
lactate solution over 15 min followed by a rate of 8 ml/kg/h for 165
min. Four different cases were simulated based on weight (40 vs. 80
kg) and mean arterial pressure (50 vs. 100 mmHg). WT: weight, MAP:
mean arterial pressure.

show that only approximately 20% of the administered volume
was present in the blood vessel at the end of the fluid administra-
tion, whereas approximately 70% propagated to the interstitium.
Some studies indicated results that differed slightly from the sim-
ulation results [9,19,20]. However, the abovementioned approach
may be beneficial in maintaining euvolemia to maintain stable
hemodynamics during general anesthesia. The concentration and
molecular weight of HES affect the volume expansion effect [21].
In the simulation study, 10% pentastarch demonstrated a
long-lasting volume expansion compared with 6% tetrastarch
[13]. This is because the renal clearance of 6% tetrastarch was
greater than that of 10% pentastarch. Similarly, a previous study
showed that 6% HES indicated a greater renal clearance than 10%
HES solution [22]. As such, using volume kinetics enables the ef-

fect of volume expansion between HESs to be compared indirect-
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Fig. 8. Simulated volume expansions of central compartment (A) and peripheral compartment (B) in hypothetical volunteer receiving 1,000 ml of
Ringer’s lactate solution, 5% dextrose water, 6% tetrastarch, or 10% pentastarch over 60 min.

ly without directly measuring the plasma volume.

Limitations of fluid kinetics

Although fluid kinetics is a favorable methodology for quanti-
fying the disposition of fluids, it has some limitations. First, it
cannot explain the hemoconcentration observed in clinical prac-
tice. Hemoconcentration can be observed in patients undergoing
restrictive fluid management [15]. This is because fluid is admin-
istered at the minimum amount required, and the urine output is
relatively high. When hemoconcentration occurs, the value of
plasma dilution is negative (Fig. 9A) [15]. The structural model of
volume kinetics evaluates the volume expansion induced by fluid
administration compared with the baseline, and the reduction
from the initial volume is structurally unpredictable [15]. There-
fore, even for the observed value with a negative dilution, the
model will predict a positive value (Fig. 9B) [15]. Second, it fails
to account for the transfer of fluids through the lymphatic system
in the interstitium. As mentioned earlier, because the increase in
plasma volume due to the administration of fluids is indirectly
quantified by measuring the hemoglobin concentration, the trans-
fer of fluids in the interstitium without hemoglobin cannot be
structurally explained. Hence, it is difficult to estimate the elimina-
tion clearance (k,,) removed from the peripheral compartment
without passing through the central compartment. In this regard, a
previous study that explained the disposition of Ringer’s lactate solu-
tion based on a three-volume model is difficult to understand [23].

Conclusion

Volume kinetics is an effective method for quantitatively ex-
plaining the distribution and elimination of fluids administered to
the body. The quantification of the disposition of drugs via com-

partmental analysis was applied to volume kinetics. The transfer
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of fluids between compartments was explained via first-order ki-
netics, and it was assumed that fluid was removed only in the cen-
tral compartment. Volume expansion induced by the administra-
tion of fluids was indirectly evaluated by measuring the decrease
in hemoglobin concentration. Using the volume kinetic parame-
ters, the volume expansion effects of crystalloid and colloid solu-
tions can be understood more effectively, thereby facilitating fluid

therapy. Dr. Hahn’s research team has been conducting extensive
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research pertaining to volume kinetics. Nonetheless, further re-
search can be pursued. Owing to the limitations of the structural
model of fluid kinetics, it cannot reflect the clinical situation of all
patients. However, even if the current method is used, it can pro-
vide reasonably meaningful implications to clinicians when ad-
ministering fluids. Researchers should consider the patient group,
type of infusion solution to be selected, and type of covariate to be
added to achieve clinical significance. It is hoped that this review
will facilitate research pertaining to volume kinetics.
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Appendix 1. NONMEM control streams of one- and two-volume kinetic models.

< One-volume model >

$PROB RUN# 100 (One-volume kinetic model)

$INPUT ID OID TIME DUR RATE AMT DV MDV EVENT HB HCT SEX AGE WT HT BSA LBM IBW BMI CO CI SVV SV SVIHR

SBP DBP MBP

; DV (dilution, unitless) = (BHB/HB-1)/(1-BHCT) = (expandable plasma volume - baseline plasma volume)/(baseline plasma volume)

= (V(t) - BV)/BV
$DATA 05_06_NONMEM_data_OID_ID25.csv IGNORE = #
$SUBROUTINE ADVAN13 TRANS=1TOL=6
$MODEL COMP (VOLUME)
$PK
TH1 = THETA(1)
TH2 = THETA(2)
TH3 = THETA(3)

KB = TH1 ; basal elimination rate (ml/min, 0.8 at Anesthesiology 1997; 87: 204-12)
KR = TH2 ; renal clearance (ml/min)

V0 = TH3 ; baseline plasma volume (ml)

KB = THI*EXP(ETA(1))
KR = TH2*EXP(ETA(2))
VO = TH3*EXP(ETA(3))

$DES
DADT(1) = RATE - KB - KR*(A(1)/V0)

; A: volume expansion (V(t) - V0); V(t) and VO mean plasma volume at any time and at baseline, respectively.

$ERROR
Al= A1)
TA = A1/VO0

IPRED=TA

W=1

IRES = DV - IPRED
IWRES = IRES /W

Y = IPRED + W * EPS(1)

$THETA ; #2
0.8 FIX ; KB
(0200) ; KR
(0,3000) ; VO

$OMEGA ; #2
0 FIX; IIV_KB

0.3; IIV_KR

https://doi.org/10.4097/kja.21085
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0.3;I1IV_VO0

$SIGMA ; #1
0.01

$ESTIMATION MAXEVAL =9999 SIGL=6 NSIG=2 PRINT =5 METHOD =1 INTER NOABORT MSFO = 100.MSF
$COVARIANCE PRINT=E

< Two-volume model >
$PROB RUN# 200 (Two-volume kinetic model)
$INPUT ID OID TIME DUR RATE AMT DV MDV EVENT HB HCT SEX AGE WT HT BSA LBM IBW BMI CO CI SVV SV SVIHR
SBP DBP MBP
; DV (dilution, unitless) = (BHB/HB-1)/(1-BHCT) = (expandable plasma volume - baseline plasma volume)/(baseline plasma volume)
= (V(t) - BV)/BV
$DATA 05_06_NONMEM_data_OID_ID25.csv IGNORE = #
$SUBROUTINE ADVANI13 TRANS=1TOL=6
$MODEL COMP (VOLUME1) COMP (VOLUME2)
$PK
THI1 = THETA(1)
TH2 = THETA(2)
TH3 = THETA(3)
TH4 = THETA(4)
TH5 = THETA(5)

KB = THI ; basal elimination rate (ml/min, 0.8 at Anesthesiology 1997; 87: 204-12)
KR = TH2 ; renal clearance (ml/min)

VCO0 = TH3 ; baseline plasma volume (ml)

VTO0 = TH4 ; baseline interstitial volume (ml)

KT = TH5 ; distributional clearance (ml/min)

KB = THI*EXP(ETA(1))
KR = TH2*EXP(ETA(2))
VC0 = TH3*EXP(ETA(3))
VTO0 = TH4*EXP(ETA(4))
KT = TH5*EXP(ETA(5))

$DES
DADT(1) = RATE - KB - KR*(A(1)/VC0) - KT*(A(1)/VC0) + KT*(A(2)/VTO0)
DADT(2) = KT*(A(1)/VC0) - KT*(A(2)/VTO0)

; Al: plsam volume expansion at central compartment (VC(t) - VC0); VC(t) and VCO mean plasma volume at any time and at baseline,
respectively.
; A2: interstitial volume expansion at tissue compartment (VT(t) - VT0); VT(t) and VTO0 mean interstitial volume at any time and at

baseline tissue compartment, respectively.

$ERROR
Al = A(1)
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A2 = A(2)
TA = A1/VCO
TB = A2/VTO

IPRED = TA

wW=1

IRES = DV - IPRED
TWRES = IRES / W

Y = IPRED + W * EPS(1)

$THETA ; #4
0.8 FIX ; KB
(0,100) ; KR
(0, 2000) ; VCO
(0,3000) ; VTO
(0,100) ; KT

$OMEGA ; #4
0 FIX; IIV_KB
0.2; IIV_KR
0.2;IIV_VCO
0.2;IIV_VTO
0.2; IIV_KT

$SIGMA ; #1
0.01

$ESTIMATION NOTBT NOOBT NOSBT MAXEVAL=9999 SIGL=6 NSIG=2 PRINT=5 METHOD =1 INTER NOABORT
MSFO =200.MSF
$COVARIANCE PRINT=E
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