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ABSTRACT: Quantitative Structure–Pharmacokinetic Relationships (QSPkR) have
increasingly been used for developing models for the prediction of the pharmacokinetic
properties of drug leads. QSPkR models are primarily developed by means of statistical
methods such as multiple linear regression (MLR). These methods often explore a linear
relationship between the pharmacokinetic property of interest and the structural and
physicochemical properties of the studied compounds, which are not applicable to those
agents with nonlinear relationships. Hence, statistical methods capable of modeling
nonlinear relationships need to be developed. In this work, a relatively new kind of
nonlinear method, general regression neural network (GRNN), was explored for mode-
ling three drug distribution properties based on diverse sets of drugs. The three
properties are blood–brain barrier penetration, binding to human serum albumin, and
milk–plasma distribution. The prediction capability of GRNN-developed models was
compared to those developed using MLR and a nonlinear multilayer feedforward neural
network (MLFN) method. For blood–brain barrier penetration, the computed r2 and
MSE values of the GRNN-, MLR-, and MLFN-developed models are 0.701 and 0.130,
0.649 and 0.154, and 0.662 and 0.147, respectively, by using an independent validation
set. The corresponding values for human serum albumin binding are 0.851 and 0.041,
0.770 and 0.079, and 0.749 and 0.089, respectively, and that for milk–plasma distribution
are 0.677 and 0.206, 0.224 and 0.647, and 0.201 and 0.587, respectively. These suggest
that GRNN is potentially useful for predicting QSPkR properties of chemical agents.
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INTRODUCTION

Optimization of pharmacokinetic as well as the
pharmacodynamic properties of a drug candidate
is an important consideration in the drug design
process.1,2 One important aspect of pharmacoki-
netic properties of a drug candidate is its distri-

bution in the human body. A drug is required to
achieve sufficient concentration at the target site
while possibly limiting its distribution elsewhere
so as to produce desired therapeutic action with
minimum side effects.3 Traditionally, the distri-
bution properties of a drug candidate are obtained
via in vivo and in vitro studies, which tend to be
time-consuming and costly. Therefore, an in silico
method, Quantitative Structure–Pharmacoki-
netic Relationship (QSPkR) modeling, has recent-
ly been explored for predicting the distribution
properties of drug candidates4 in an effort to
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eliminate undesirable agents in a fast and cost-
effective manner.

The most common modeling methods for obtain-
ing QSPkR models are linear methods such as
multiple linear regression (MLR).5 These methods
can be easily used, and the derived models can be
easily interpreted. However, multiple mechan-
isms may be involved in determining a particular
pharmacokinetic property. A variety of factors
may interact in complex ways to affect the
pharmacokinetic property of a compound. There-
fore, methods based only on linear relationships
may not always be the most efficient approach for
constructing a QSPkR model. Thus, nonlinear
methods such as multilayer feed-forward neural
networks (MLFN)6 and general regression neural
network (GRNN)7 have increasingly been used for
construction of QSPkR models.

GRNN has been explored for QSPkR modeling
of human intestinal absorption8 as well as for
developing Quantitative Structure–Activity Rela-
tionships (QSAR) and Quantitative Structure–
Property Relationships (QSPR) of chemical
agents.9 The prediction capability of GRNN has
been found to be comparable to those of conven-
tional nonlinear methods such as MLFN, but the
former requires fewer descriptors.9 Thus, GRNN
is expected to be equally useful for developing
QSPkR models of other pharmacokinetic proper-
ties. This work is intended to test this feasibility by
applying GRNN for developing QSPkR models of
three distribution properties, blood–brain barrier
(BBB) penetration, binding to human serum albu-
min (HSA), and milk–plasma (M/P) distribution.
The performances of the GRNN-developed models
were compared with those developed by using
MLR and MLFN to determine whether GRNN
produces more predictive QSPkR models.

The BBB exists at the choroids plexus and at the
tissue capillary membranes between the blood and
brain fluid, and BBB penetration is necessary for
CNS drugs.10 Examples of these drugs are anti-
psychotics, antiepileptics, and antidepressants.
For drugs not directed at targets in the brain,
BBB penetration is undesirable because of poten-
tial CNS-related side effects. For example, the
first-generation antihistamines are known to
penetrate the BBB leading to drowsiness.11 The
second-generation antihistamines have a signifi-
cantly reduced BBB penetration capability, and
are thus less likely to cause drowsiness.12 One
method for assessing the effects of a compound in
the brain is to determine its concentration in the
brain. This concentration can be calculated from

the brain–blood (BB) ratio, which is the concen-
tration of this compound in the brain divided by
that in the blood. Thus, the BB ratio is an
important pharmacokinetic property and a num-
ber of QSPkR models of BB ratio have been
developed,13–27 the majority of which were devel-
oped by using MLR and the computed r2 values are
in the range between 0.723–0.941.

Most drugs bind to serum proteins, and such
binding regulates drug distribution and subse-
quently its effect.28 Albumin is the most abundant
of all serum proteins, and is the most common
drug-binding protein in the circulatory system.
Because of the important role of albumin binding
in regulation of drug distribution, QSPkR models
for predicting the extent of albumin binding have
been developed,29–33 the majority of which were
developed by using MLR and a congeneric series
of compounds. In a study of a diverse set of 94
drugs and drug-like compounds, two QSPkR
models developed by using MLR gave computed
r2 values of 0.88 and 0.82, respectively, on a separ-
ate testing set.31

Breast milk is the best form of nutrition avail-
able to a newborn infant. Certain drugs adminis-
tered to a nursing mother may be distributed into
breast milk and thus transferred into the infant.
The concentration of drug present in the breast
milk can be used as an indicator of breast feed risk.
The ratio of drug concentration in milk and plasma
(M/P ratio) is the most widely used quantity for
describing drug concentration in breast milk.34

However, the M/P ratio is seldom determined
during clinical trials or after the drug has entered
the market. In addition, M/P ratios were often
obtained from studies involving a small number of
women. This may lead to significant variations in
the reported M/P ratio for a drug, and makes it
difficult for clinicians to advise women on the
safety of breast feeding. Methods for estimating
the M/P ratios of drugs have been developed by
using various modeling methods.35–40 In a recent
study,40 MLFN was used to train and test on 123
diverse compounds. The computed r2 and mean
square error (MSE) values from this model are 0.61
and 0.814, respectively.

MATERIALS AND METHODS

GRNN Algorithm

GRNN was introduced by Specht in 1991,7

and is a form of neural network designed for
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