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Purpose. We examine the theoretical basis for calibrating microdi-
alysis probes in vivo for pharmacokinetic experiments in which the
extracellular analyte concentrations vary in time.

Methods. A software package, MICRODIAL, was used to simulate
microdialysis for illustrative transient situations with linear concen-
tration dependence.

Results. For a constant distant extracellular analyte concentration,
the calibration factor (extraction fraction, E,) exhibits a mass transfer
transient associated with the development of spatial concentration
profiles within the tissue and the probe. Processes clearing the analyte
from the extracellular fluid (ECF) strongly influence the rapidity of
approach to steady-state and affect the magnitude of the steady-state
calibration factor, E¥. For situations in which the distant ECF con-
centration varies in time as a result of exchange with the plasma
compartment, different time profiles of the distant ECF and plasma
concentrations yield different transient £, For the linear, transient
cases examined, the area-under-the-curve (AUC,,_..) time integral of
the distant ECF concentration was found to be proportional to the
outflow dialysate concentration-time integral with EJj being the pro-
portionality constant.

Conclusions. The options for calibrating microdialysis probes in solid
tissues appear limited under non-steady state conditions; however,
AUC integrals for linear systems may be determined by continuous
microdialysis sampling and steady-state probe calibration ap-
proaches.

KEY WORDS: microdialysis; calibration; pharmacokinetics; area-
under-the-curve; diffusion.

INTRODUCTION

Microdialysis has become a common technique for moni-
toring relative changes in the free concentration of drugs and
other analytes in various tissues during in vivo studies. How-
ever, there are inherent limitations in using microdialysis to
determine the time course of absolute analyte concentrations
in transient experiments. The limitations relate to the time lag
introduced by the necessary diffusional exchange of analyte
between the probe perfusate, probe membrane and the sur-
rounding tissue. The first practical limitation is that microdi-
alysis can only follow extracellular fluid (ECF) concentration
changes whose time scale is slower than this microdialysis
diffusional transient. If the pharmacokinetic transient is much
slower, then in principle, probes can be perfused at suffi-
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ciently low flow rates to maintain near equilibration of the
analyte between the effluent dialysate and the tissue extra-
cellular fluid. This requires adequate analytical sensitivity and
appropriate sample handling techniques to assay the analyte
in small sample volumes. In practice, perfusate-tissue equili-
bration is often either impracticable to achieve or undesir-
able. For nonequilibrium operation, a procedure for probe
calibration in vivo is required to relate dialysate measure-
ments to the concentration in the ECF. The constraints on
determining the dialysate-ECF relationship constitute a sec-
ond limitation to the use of microdialysis to study pharmaco-
kinetic transients. Evaluating whether calibration is achiev-
able depends upon a variety of factors, including the kind of
information that is sought. In many studies of pharmacologi-
cal or toxicological agents, the integral over time of compart-
ment concentrations suffices in lieu of full temporal concen-
tration profiles of the agent. The specific aims of this report
are: (1) to examine some of the theoretical constraints to
developing general calibration procedures for transient ex-
periments, and (2) to suggest that the probe calibration re-
quirements may be simplified when time-integral, or area-
under-the-curve (AUC), information is the microdialysis ob-
jective.

METHODS

In the analysis of time-varying microdialysis experiments
two kinds of transients need to be distinguished. The first is
the mass transfer transient associated with the development
of spatial concentration profiles in the probe and adjacent
tissue. This transient is inherent to microdialysis, and is criti-
cally dependent upon the rates of processes clearing the ana-
lyte from the extracellular fluid (1-3). The second kind of
transient might be termed a pharmacokinetic transient. This
is a disturbance in the microdialysis behavior associated with
temporal changes in the distant ECF analyte concentration,
C7. Distant ECF changes are those which would occur in the
absence of the probe and which result from analyte exchange
with communicating compartments, such as the plasma or
intracellular spaces. These two kinds of transients are coupled
and should be considered simultaneously when both occur.

Mathematical models incorporating analyte clearance ki-
netics, and the mass transfer and pharmacokinetic transients,
were proposed by Morrison et al. (1) and Morrison et al. (2)
for systems that are linear in concentration and satisfy a num-
ber of other common assumptions. The transient model of
Morrison et al. (2) and the steady-state model of Bungay et al.
(4) have been programmed into the Macintosh application,
MICRODIAL (5), to provide a tool to aid microdialysis users
in planning and analyzing their experiments.

Pharmacokinetic transients are introduced in
MICRODIAL through a lumped plasma compartment with a
free analyte concentration, C,, that is constrained to mono-
exponential variation in time, . The exponential variation is
prescribed by assigning values for the initial plasma concen-
tration, C,,, and the plasma decay constant, \,

C,=C,-e™ (1)

r P

Linear exchange of the analyte occurs between the plasma
and the ECF of the tissue containing the probe at a rate per
gram of tissue given by, k C, -k - C,, in which

influx ~ &p efflux 2
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Kinpux and k. are unidirectional exchange rate constants
and C, is the local free concentration in the ECF. The
exchange rate constants are calculated from the following re-
lationships and values given to the corresponding microvas-
cular permeability-area products per gram of tissue, ps

influx
and pSepnux
Kinflux = Qp (1 - eipsmﬂux/gp)v 2
and,
Kettux = Q) a- e P/ Q) ©)

where Q, = Q,, - ®,, the effective plasma flow rate per gram
of tissue, is the product of the blood flow rate per gram of
tissue, Q,, and the blood-to-plasma distribution coefficient,
®,. We will use units of ml/(hr - g tiss) for the rate constants
and other parameters in Egs. (2) and (3). The units employed
for the rate constants in MICRODIAL are ml/(hr - ml ECF).
The ECF volume fraction, ¢,, in units of ml ECF/g tiss serves
as a conversion factor between ECF volume and tissue mass.

For the transient model, MICRODIAL generates values
of the free analyte concentration in the distant ECF, C.][t],
and the instantaneous dialysate extraction fraction, E 7], as a
function of time. The extraction fraction is a measure of the
degree of equilibration between the dialysate and the ECF.
This calibration factor is defined as the ratio,

Cin B Cout[t]

Ed0=C et

4)

where C,;, and C_,, are the concentrations of the analyte in
the incoming perfusate and exiting dialysate, respectively.
The extraction fraction is a generalized form of the quantity
often termed relative recovery. For microdialysis sampling,
no analyte is added to the inflowing perfusate, so C;,, = 0 and

the extraction fraction from Eq. (4) reduces to,
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E 1] = Cou [tV CCT1]- ®)

A time-dependent variation in the extraction fraction,
designated above as a mass transfer transient, is created when
the microdialysis system is perturbed by changing C;, or the
dialysate flow rate, Q,. Perturbations in C,, or Q, will result
in time variation in C_,, but not C. The time variation in C;,
is a manifestation of the pharmacokinetic transient produced
by unsteady supply, clearance and exchange processes. The
variation in C, induces both mass transfer and pharmacoki-
netic components in the resulting transient changes in C,,
and E,

RESULTS

We have employed the transient, cylindrical geometry
model of MICRODIAL to examine the characteristics of mi-
crodialysis transients. First we present the results for pure
mass transfer transients in vivo, and then we consider the
combined mass transfer and pharmacokinetic transients oc-
curring in in vivo experiments involving changes in the distant
ECF concentration, C.. The hypothetical set of parameter
values in Table I was used for the simulations. The values are
representative of a non-binding solute of molecular weight of
the order of 300 Daltons exchanging between the dialysate
and brain ECF. The microdialysis probe is perfused at 1 wl/
min. The choice of a 1-cm long membrane length derives from
experiments in the cortex of rhesus monkeys. Most param-
eters, such as perfusion rate and membrane length, were as-
signed fixed values, since they have little influence on the
rapidity of the mass transfer transient. Parameters assigned a
range of values were the key rate constants: ECF-to-plasma
efflux (k.gpuy)> plasma-to-ECF influx (k;,q,y), first order deg-
radation in the ECF (k.), and plasma decay (\).

Table I. Microdialysis Parameters

Symbol Values Units Description

Ty 0.012 cm Inner cannula radius

7 0.020 cm Membrane inner radius

r, 0.025 cm Membrane outer radius

L, 1.0 cm Membrane length

D,d,, 0.6 x107* cm?/min Effective analyte diffusion coefficient in probe membrane at 37°C
D, 45%x 107 cm?/min Analyte diffusion coefficient in free solution at 37°C
0, 1 wl/min Perfusate volumetric flow rate

b, 0.2 ml ECF/g tiss Extracellular volume fraction

D, 1.8x107* cm?/min Analyte diffusion coefficient in ECF at 37°C

DSinflux 0.1-10 ml/(hr - g tiss) Permeability-area product for influx to tissue
DPSettlux 0.1-10 ml/(hr - g tiss) Permeability-area product for efflux from tissue

0, 60 ml/(hr - g tiss) Effective plasma volumetric flow rate

Coo 1 Initial analyte concentration in plasma (r = 0)

C.o 0 Initial analyte concentration in ECF (¢ = 0)

Ci, 0,1 Analyte concentration in inflowing perfusate

ki 0 Rate constant for intracellular degradation

k. 0,1 ml/(hr - g tiss) Rate constant for extracellular degradation

R} 1 Intracellular binding coefficient

RY 1 Extracellular binding coefficient

K. 1 Intracellular/extracellular analyte partition coefficient
N 0,1 hr! Rate constant for analyte plasma disappearance

Note: All tissue densities assigned the value of 1 g/ml. The extracellular volume fraction serves as a conversion factor for basing rate constants

on either tissue mass or ECF volume.
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Mass Transfer Transients

Figure 1 illustrates that the magnitude and rapidity of
transients in the extraction fraction are strongly influenced by
the coupling between analyte diffusion and clearance pro-
cesses in the ECF in the vicinity of the probe. The examples
shown represent the extraction fraction transient that occurs
when probe perfusion is initiated at time = 0. We assume the
analyte ECF concentration is spatially uniform before this
change. As a consequence of the assumption of linearity in
concentration, the results apply to either analyte sampling
(C7 = constant, C;, = 0) or analyte delivery to the tissue via
the probe perfusate (C;,, = constant, C, = 0). The clearance
rate constant, k., represents the sum of the rate constants for
efflux and degradation. The arbitrary values of k., 0.1-10
ml/(hr - g tiss), cover a physiologically meaningful range from
moderately slow to moderately fast clearance by microvascu-
lar efflux from the brain ECF. For comparison, sucrose is
slowly cleared from the brain with an efflux rate constant
estimated to be 0.02 ml/(hr - g tiss) (4). For fast blood-flow
limited efflux from the brain, k_, would be of the order of 60
ml/(hr - g tiss), based on a representative value for blood flow
to the brain of 1 ml(min - g tiss)™' (6). Orders of magnitude
faster ECF clearance rates are estimated for some processes,
such as enzymatic degradation or active transport of neuro-
transmitters.

The reason for the time course of E, starting with a high
initial level at time = 0 and falling to the steady-state value is
suggested in Fig. 2 for the sampling case. The figure displays
radial concentration profiles within the dialysate, membrane
and ECF for various times for the case of k. = 1 ml/(hr - g
tiss). The concentration difference across the probe mem-
brane is a maximum at time = 0 because the analyte concen-
tration is uniform throughout the ECF. The rapid diffusive
flux of analyte across the membrane at that moment gives rise
to the initial elevated E, value. As analyte is drained from the
tissue, the concentration difference and the flux across the
membrane decrease progressively with time. Concomitantly,
E, decreases monotonically towards a steady-state value cor-
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Fig. 1. Mass transfer transient in the calibration factor (E,) for ini-
tiating microdialysis sampling of analyte from tissue (C; = constant,
C,, = 0) or for delivery of analyte to tissue from the probe perfusate
(C;, = constant, C;’ = 0). The arrows to the right indicate the values
of the respective steady-state calibration, E}). The curves represent
simulations that differ in the value for the overall rate constant for
analyte clearance from the tissue interstitium, k.. Other parameter
values provided in Table I.
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Fig. 2. Radial profiles of analyte concentration in the dialysate, mem-
brane and extracellular fluid (ECF) corresponding to the mass trans-
fer transient of Fig. 1 for the case of analyte sampling and k, = 1
ml/(hr - g tiss). The concentrations have been averaged over the
length of the membrane as indicated by the brackets, < >. The con-
centration variation is mostly within the membrane at early times and
primarily within the tissue at later times.

responding to a steady-state concentration profile within the
tissue and probe.

There are two predominant trends in the E, transients in
Fig. 1. All else being equal, lowering the value of k., de-
creases E, and slows the approach to steady state. The first
trend is significant, but the 100-fold range in k, only pro-
duces about a 3-fold change in the steady-state E, The sec-
ond trend is more pronounced. The transient E, is within
10% of its steady-state level after only 4 min for a k., of 10
ml/(hr - g tiss), but at k, = 0.1 ml/(hr - g tiss), E, takes more
than 4 hr to approach within 10% of its steady-state value.

Combined Mass Transfer and Pharmacokinetic Transients

We have simulated two kinds of idealized in vivo micro-
dialysis sampling experiments. Both cases involve systemic
administration of the agent to be sampled. The compartmen-
tal analyte concentration-time profiles are displayed in Fig. 3.
The first case (iv infusion, Fig. 3A) represents a loading dose
followed by a programmed continuous infusion of the agent
to achieve a step change in C,. In the second case (iv bolus,
Fig. 3B), an instantaneous unit change in C, is imposed fol-
lowed by a monoexponential decline over time with a decay
constant value of X = 1 hr!, which is of the order of mag-
nitude of that observed for zidovudine (AZT) (7,8).

For simplicity in displaying the results, we show only
situations in which efflux to blood is the sole mechanism for
analyte clearance from the ECF (k, = k.u), and blood-
tissue exchange is symmetric (ki g0 = Kegrux)- 10 both cases,
the rate constants are arbitrarily set to the values, k., =
Kinfux = Kerux = 1 ml/(hr - g tiss). However, the conclusions
about the nature of the microdialysis transients apply to the
more general situations in which analyte is simultaneously
cleared from the ECF by degradation and oriented transport
mechanisms that result in asymmetric exchange. For compari-
son, the rate constant for zidovudine clearance from rat stria-
tum was estimated to be ky, = Kepux = 0.8 ml/(hr - g tiss) (9).
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Fig. 3. Simulated pharmacokinetic experiments used to predict dif-
ferences in the transient microdialysis calibration factor when the
distant free extracellular analyte concentration (C;) varies over time.
A. iv infusion: Intravenous loading dose plus programmed infusion of
analyte to cause a step change in the free plasma concentration (C,).
Symmetric plasma-to-tissue exchange has been specified (kingux =
ey = 1 ml/(hr - g tiss)™"), so that at steady state, C; = C,. B. iv
bolus: Intravenous bolus administration of analyte followed by a
monoexponential decline in free plasma concentration for a decay
rate constant of X = 1 hr™'. Except for \, the parameter values are the
same as for the iv infusion case (see Table I).

iv Infusion

The step change in C,, produces an exponential transient
in C7 (Fig. 3A), which approaches C, at long times because of
the imposed symmetry in exchange, K pqux = Kerux- Since C,
achieves a non-zero steady state, the transient E, profile
shown in Fig. 4 approaches the same steady-state level as for
the mass transfer transient (middle curve of Fig. 1). However,
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Fig. 4. Combined mass transfer and pharmacokinetic transients in
the microdialysis calibration factor, E,, for the simulated experiments
from Fig. 3. Also shown for the iv infusion case is the steady-state
value (dashed line), which is the same as the EJ; value indicated in
Fig. 1 for k., = 1 ml/(hr - g tiss). Although the microdialysis param-
eter values are the same, the iv infusion and iv bolus transients in E,,
differ from one another, and from the corresponding pure mass trans-
fer transient of Fig. 1.
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the combined mass transfer and pharmacokinetic transient in
E, in the infusion case is slower than that of the correspond-
ing pure mass transfer transient in Fig. 1.

iv Bolus

At long times the compartmental concentrations, C, and
C,, return to zero (Fig. 3B). However, C7 lags C,, producing
the unexpected result shown in Fig. 4. For most of the experi-
ment, £, is lower than the mass transfer steady-state £, level.
As in the iv infusion case, the transient in E, is slower than
that of the corresponding pure mass transfer transient in
Fig. 1.

DISCUSSION

In the pure mass transfer transient, £, for k,, = 10
ml/(hr - g tiss) approaches steady state on the time scale of a
typical 10-min microdialysis sampling interval (Fig. 1). How-
ever, at the low clearance rate of k. = 0.1 ml/(hr - g tiss),
several hours are required to achieve steady state. Further-
more, the steady-state E, is likely to be difficult to ascertain
experimentally because the time course does not exhibit a
simple exponential decay.

The E, curves for the iv infusion and iv bolus cases in Fig.
4 were produced for identical microdialysis parameter values
(Table I). The only difference between them is in the time
course of the compartmental concentrations, C,, and C;. This
illustrates the point that the transient in £, depends on the
nature of the pharmacokinetic experiment, as well as the mi-
crodialysis parameters. This suggests that methods for cali-
bration in transient experiments for probes in solid tissues
may be severely limited.

As an illustration of the problem this poses for transient
calibration, consider retrodialysis approaches in which a sur-
rogate marker solute is added to the probe perfusate. If the
marker solute is neither initially present in the tissue (C, =
0), nor systemically administered (C,, = 0), the marker solute
will exhibit a pure mass transfer transient E, of the kind
shown in Fig. 1 that can be followed experimentally by moni-
toring C,,[t],

(Ed[t])rctro =1- (Cout[t]/cin)‘ (6)

Requiring that the microdialysis parameters of the marker
solute agree with those of the analyte will achieve equality in
the steady-state value of E, for the two solutes. However, the
transient E, time course of the two solutes will agree only if,
in addition, both solutes have the same plasma kinetics and
are administered systemically in identical fashion, i.e. concur-
rently at the same location. If they were so administered, then
C7 for the marker solute will be non-zero during the course of
the experiment and E[f] cannot be obtained from Eq. (6)
with measurements of just C,, and C,[¢]-

One possibility for maintaining a known calibration dur-
ing transient experiments is the limiting situation of operating
at E, close to unity at all times by slow perfusion. This option
sacrifices information about tissue processes obtainable from
E,. The one general approach proposed for determining the
variation in E, during an experiment is the transient no-net-
flux technique of Olson and Justice (10). One concern that
restricts the practicability of this technique is the number of
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animals required for the necessary between-group compari-
sons.

In some pharmacokinetic experiments, it is not necessary
to determine the time course of C,, and C;. Rather, it suffices
to obtain the time integral of these concentrations, i.e.,

AUC,.= [ cn-an. )

For systems exhibiting linear dependence on analyte concen-
tration, it seems that the AUC, ., for either C; or C, can be
obtained by microdialysis from the time integrals of the re-
spective C, . [¢] integrals. The dialysate and in vivo concen-
tration integrals appear to be proportionally related by the
steady-state E, values according to,

AUC, . = < [re.ln dz)/Ejs. @®)

This relationship has been substantiated empirically by
MICRODIAL simulations for the parameter values of Table
1 and a wide range of values of k;,qux> Kepiux and \.

The microdialysis requirements for Eq. (8) can represent
a significant experimental simplification, since the right-hand-
side contains only two quantities, [ C,,[f] - df and EJ. In
principal, each of these quantities can be obtained from a
single dialysate sample, provided EY; is a constant over the
course of the pharmacokinetic experiment. The probe cali-
bration factor, Ef/, can be determined before or after the
pharmacokinetic experiment by a steady-state technique. The
dialysate integral can be approximated from the concentra-
tion in a pooled dialysate collected over the duration, 7, of
the pharmacokinetic experiment. For sufficiently large 7,

- T
fo Coult] - dt= fo Coulf] - dt=T- CPo0d, ©)

Alternatively, the dialysate integral in Egs. (8) and (9) can be
obtained from multiple, successive samples taken during the
experiment, rather than from a single continuous sample.
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Although E¥ properly converts the dialysate integral to
AUC,_.., this steady-state calibration factor does not correctly
convert the concentration in individual dialysate samples.
This point is illustrated in Fig. 5 by the iv bolus case for k;, g,
= Kegrux = 1 ml/(hr - g tiss). The C7 and C, time courses
from Fig. 3 for this case are replotted in Fig. 5 as the solid
curves. The dashed curve represents the apparent C. esti-
mated as C_[t]/ES. At early times the apparent C estimates
exceed the true values, because EY; < E [t] as shown by the iv
bolus extraction fraction curve in Fig. 4. At later times the
extraction fraction inequality is reversed and C,[t]/E un-
derestimates the true C.. The apparent and true ECF con-
centrations agree only at the time for which the C,[{|/ES
and C7 curves cross. However, the area under both curves, if
extended to infinite time, would be the same and equal to
AUC,_... The AUC values from ¢t = 0 to t = T will differ to
an extent that depends upon the proportion of AUC, .. that is
truncated for each variable. In the example of Fig. 5, the 0—4
hr integrals are 93.5% and 91.0% of AUC, .. for the apparent
ECF and true ECF concentrations, respectively.

The discrepancy between C,,,/E3 and C; is a function of
the relative magnitudes of the rate constants for plasma de-
cay, \, and microvascular exchange, k;,q.x and K.qux- This is
illustrated by the results of a sensitivity analysis displayed in
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Fig. 5. Analyte concentration-time profiles for iv bolus administra-
tion of analyte followed by a monoexponential decline in free plasma
concentration (A = 1 hr™"). The solid curves are the free plasma (C,,)
and distant free extracellular concentration (C;) profiles from Fig.
3B. The dashed curve is the apparent free extracellular concentration
profile estimated from the effluent dialysate concentration (C,,,) and
the steady-state value of the calibration factor (E};). The values of the
concentration-time integrals, AUC,_.,, for all three curves are the
same.
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Fig. 6. Sensitivity analysis for the influence of microvascular ex-
change rate constants on the apparent free extracellular concentra-
tion (C,./EY) of analyte following iv bolus administration. The pa-
rameter values employed in the simulations were the same as for Fig.
5 except (A) kinpux = Kegrux = 0.5 ml/(hr - g tiss) and (B) kinqux =
Ketmux = 2 ml/(hr - g tiss). The values of the concentration-time inte-
grals, AUC,_.,, for all of the curves in A, B and Fig. 5 are equal.
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Fig. 6 in which the iv bolus simulation of Fig. 5 was repeated
for two different values of k;,n. = Keiux While keeping the
values of N and the other parameters fixed. The exchange rate
constants have a strong influence on the peak concentrations
and the time at which the peak occurs. Again, the AUC_, is
the same for all of the curves in Figs. 5 and 6 as predicted by
Eq. (8). However, the discrepancy between the C,,/E% and
C7 curves is only weakly affected by varying these rate con-
stants. This weak dependence arises from two offsetting ef-
fects: increasing kg, = K.pux results in a more rapid mass
transfer transient (as in Fig. 1), while increasing k;,q., and
K rrux produces a more rapid pharmacokinetic transient (Figs.
5 and 6). Thus, the increase in rapidity of the microdialysis
response (C,,,) is not enough to compensate for the faster
transient in C,.

The mathematical models used for this analysis assume
that analyte moves through the tissue and the probe mem-
brane only by diffusion. For probes placed in blood or other
fluid media, the models are appropriate only if diffusion pre-
dominates over convective transport of analyte in the vicinity
of the probe (i.e., if the fluid surrounding the probe is essen-
tially quiescent). Since this may not be the case, the applica-
bility of this transient analysis to probes in fluid media is
uncertain. Convection through the probe membrane is usu-
ally assumed to be negligible, so the contribution of the mem-
brane to the mass transfer transient in £, will be present for
probes in any medium. However, the formulation of the tran-
sient model in the current version of MICRODIAL treats the
membrane as a diffusional resistance that has no mass (2).
This simplification should not invalidate Eq. (8), but including
analyte mass in the membrane would tend to slow both mass
transfer and pharmacokinetic transients. The effect on the
simulations in the present analysis for probes in solid tissues
would probably be small. By contrast, for a probe immersed
in a well-stirred fluid, the membrane would be the dominant
contributor to E, transients.

In summary, we have shown by illustrative simulations
that practicable general techniques for measuring extracellu-
lar concentrations in solid tissues by microdialysis are limited
in transient experiments. On the other hand, we propose that
AUC,_., concentration-time integrals can be obtained for lin-
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ear systems by simplified microdialysis procedures based on
Eq. (8). Because of a current limitation in the simulation
program, MICRODIAL, validation of this proposal has been
restricted to date to the iv bolus case with a monoexponential
decline in plasma concentration and single compartment be-
havior for the ECF. However, Eq. (8) appears to be valid in
the presence of analyte degradation and asymmetric tissue-
to-plasma exchange provided the rates of these processes also
depend linearly on analyte concentration (results not pre-
sented). Thus, the proposed method for AUC,, .. determina-
tion by microdialysis may have more general applicability.
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