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bstract

Relationship between the topochemical indices and permeability of diverse series of compounds through blood–brain barrier has been investi-
ated. Three-topochemical indices, Wiener’s topochemical index—a distance-based topochemical descriptor, molecular connectivity topochemical
ndex—an adjacency based topochemical descriptor and eccentric connectivity topochemical index—an adjacency-cum-distance based topochem-
cal descriptor, were used for the present investigation. A data set comprising of 28 compounds with established CNS permeation tendency was
elected for present study. The values of all the three-topochemical indices in the original as well as in the normalized form for each of the 28
ompounds comprising the data set were computed using an in-house computer program. Resultant data was analyzed and suitable models were
eveloped after identification of the permeable ranges. Subsequently, permeability characteristic was assigned to each compound involved in the

ata set using these models, which was then compared with the reported permeability through blood–brain barrier. Accuracy of prediction was
ound to vary from a minimum of 83% to a maximum of ∼95% using these models.

2006 Elsevier B.V. All rights reserved.
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. Introduction

For central nervous system (CNS) acting drugs, a major rate-
imiting step for uptake into the brain is passage through the
lood–brain barrier (BBB) (Rubin and Staddon, 1999). BBB is
he biological barrier that protects the brain by regulating the
ow of numerous substances into the brain (Hanin, 1996). BBB

s comprised of brain microvascular endothelial cells, which are
onnected by a tight junction that circumferentially surround the
ndothelial cell margin (Ballabh et al., 2004). The tight junc-
ions between the endothelial cells seal off the vascular lumen
rom the abluminal side (Ulrich, 2005) and are responsible for
reventing and/or restricting the passage of most compounds

n blood into CNS (Rubin and Staddon, 1999; Ballabh et al.,
004). The delivery of drugs to human brain by microvascu-
ar route is so efficient that the drugs could be distributed to all
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arts of the brain once the vascular barrier is traversed. However,
he transvascular route to the brain is virtually impenetrable by
he majority of drugs (Jong and Huang, 2005). The chemistry-
ased approaches are straightforward and rely on lipid-mediated
BB drug transport as substances that readily permeate the
BB usually include small lipophilic or hydrophobic molecules
ith a molecular weight of less than 500 Da (Lipinski, 2000).
he physiological integrity of the BBB is undoubtedly impor-

ant to maintaining a homeostatic microenvironment for the
erebral tissue (Pardridge, 2003). Valid information about per-
eability of drug candidates at BBB is needed to decrease the

ttrition rate in drug discovery/development, as poor pharma-
okinetics has been recognized as one of the leading causes
f failure (Kennedy, 1997; Van de Waterbeemd and Gifford,
003).

The characterization of structure in studying relationship
etween molecular structure and properties has attracted consid-

rable attention in recent years (Randic, 1984; Rouvray, 1988;
asak et al., 1988). For the purpose of studying the relationship
etween chemical structure and property, the bonding topology
f a molecule is converted into an expression, which may be
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matrix, a polynomial, a sequence of numbers or a numerical
ndex. Such a numerical index characterizing chemical struc-
ure is called a topological index (Basak, 1999). Topological
ndices have proved useful in the prediction of diverse physi-
al, chemical and biological properties (Kier and Hall, 1986).
opostructural and topochemical indices are numerical indices,
hich are usually derived from molecular graphs. The topostruc-

ural indices only encode information about the adjacency and
istance of atoms (vertices) in molecular structure (graph),
rrespective of the chemical nature of the atoms involved in
onding or factors such as hybridization states and the num-
er of core/valence electrons in individual atoms. Topochemical
ndices are parameters that quantify information regarding the
opology (connectivity of atoms), as well as specific chemi-
al properties of the atoms comprising a molecule (Gute and
asak, 1997). However, a limited number of topostructural and

opochemical indices have been successfully employed in struc-
ure activity relationship (SAR) studies. These topostructural
ndices include, Wiener’s index, W (Wiener, 1947a,b), Hosoya’s
ndex (Hosoya, 1971, 1972), Randic’s molecular connectivity
ndex, χ (Randic, 1975; Gupta et al., 2001a), Zagreb group
arameters, M1 and M2 (Gutman et al., 1975; Gutman and
andic, 1977), Balaban’s index, J (Balaban et al., 1980; Balaban,
985), the higher-order connectivity indices, nχ, for the paths of
ength n defined by Kier and Hall (1986), eccentric connec-
ivity index (Sharma et al., 1997; Gupta et al., 2002a; Lather
nd Madan, 2003; Kumar and Madan, 2004) and superpenden-
ic index (Gupta et al., 1999). Topochemical indices which have
een successfully employed in SARs include molecular connec-
ivity topochemical index (Goel and Madan, 1995; Dureja and

adan, 2005), eccentric adjacency topochemical index (Gupta
t al., 2003), eccentric connectivity topochemical index (Kumar
t al., 2004), Weiner’s topochemical index (Bajaj et al., 2004a),
uperadjacency topochemical index (Bajaj et al., 2004b) and
agreb topochemical index, M1 (Bajaj et al., 2005), etc.

In the present study, relationship of Wiener’s topochemi-
al index—a distance-based topochemical descriptor, molec-
lar connectivity topochemical index—an adjacency-based
opochemical descriptor and eccentric connectivity topochem-
cal index—an adjacency-cum-distance based topochemical
escriptor in the original and their normalized forms with per-
eability through blood–brain barrier has been investigated.

. Methodology

.1. Calculations of topochemical indices

.1.1. Wiener’s topochemical index (Wc)
Wiener’s topochemical index (Bajaj et al., 2004a) is defined

s the sum of the chemical distances between all the pairs of
ertices in hydrogen suppressed molecular graph, i.e.

1 n∑ n∑

c =

2
i=1 j=1

Picjc (1)

here Picjc is the chemical length of the path that contains
he least number of edges between vertex i and j in the graph

n
t
p
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and n is the maximum possible number of i and j. It is
modified form of oldest and most widely used distance-

ased topological index—Wiener’s index (Wiener, 1947a,b)
nd this modified index takes into consideration the presence
s well as relative position of hetero-atoms in a molecular
tructure.

The normalized Wiener’s topochemical index (nWc) val-
es were calculated as the ratio of Wiener’s topochemi-
al index value and total number of vertices present in the
ompound.

.1.2. Molecular connectivity topochemical index (χA)
It is a modified form of one of the most widely used adja-

ency based topological index—molecular connectivity index
Randic, 1975; Gupta et al., 2001a) and it takes into considera-
ion the presence as well as relative position of heteroatoms in
molecular structure. The molecular connectivity topochemi-

al index (Goel and Madan, 1995; Dureja and Madan, 2005) is
efined as the summation of the modified bond values of adjacent
ertices for all the edges in the hydrogen suppressed molecular
raph as per the following equation:

A =
n∑

i=1

(V c
i V c

j )−1/2 (2)

here n is the number of vertices, V c
i and V c

j are the modified
egrees of adjacent vertices i and j forming the edge {i, j} in a
raph G. The modified degree of a vertex can be obtained from
he adjacency matrix by substituting row element corresponding
o heteroatom, with relative atomic weight with respect to carbon
tom.

The normalized molecular connectivity topochemical index
nχA) values were calculated as the ratio of Molecular connec-
ivity topochemical index value to that of total number of vertices
resent in the compound.

Eccentric connectivity topochemical index (ξc
c): Eccentric

onnectivity topochemical index (Kumar et al., 2004) is defined
s the summation of the product of chemical eccentricity and
he chemical degree of each vertex in the hydrogen suppressed

olecular graph having n vertices, that is,

c
c =

n∑

i=1

(EicVic ) (3)

here Vic is the chemical degree of vertex i, Eic the chemical
ccentricity of the vertex i and n is the number of the ver-
ices in graph G. Eccentric connectivity topochemical index is a

odified form of an adjacency-cum-distance based topological
ndex—eccentric connectivity index (Sharma et al., 1997; Gupta
t al., 2002a,b; Lather and Madan, 2003; Kumar and Madan,
004) and this modified index takes into consideration the pres-
nce as well as relative position of heteroatoms in a molecular
tructure.
The normalized eccentric connectivity topochemical index
ξc

c values were calculated as the ratio of eccentric connectivity
opochemical index value to that of total number of vertices
resent in the compound.
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.2. Model development

A data set comprising of 28 compounds of diverse series but
ith established CNS permeation tendency on the basis of broad

linical experience or unambiguous experimental data (Seelig et
l., 1994) was selected for the present investigation. The com-
ounds are enlisted in Tables 1 and 2.

The values of the Wiener’s topochemical index/normalized
iener’s topochemical index were computed for each com-

ound using an in-house computer program. Resultant data was
nalyzed and a suitable model was developed after identifi-
ation of the permeability range by moving average analysis
Gupta et al., 2001b). The permeability of the compounds were
eported as CNS+, which permeate easily into the central ner-
ous system, and the compounds, which did not permeate or
ermeate only weakly were reported as CNS− (Seelig et al.,
994). Subsequently, characteristic permeability was assigned
o each compound which was then compared with the reported
ermeability. The percentage degree of prediction of a partic-

lar range was derived from the ratio of the number of com-
ounds predicted correctly to the total number of compounds
resent in that range (Gupta et al., 2001b). The overall degree
f prediction was derived from the ratio of the total number

n
b
g
M

able 1
elationship of Wiener’s topochemical index, molecular connectivity topochemical i
lood–brain barrier

ompound no. Compound Wc χA

1 (R)-Apomorphine HCl 691.754 9.427
2 Chlorpromazine HCl 941.131 9.624
3 Clonidine HCl 339.73 5.991
4 Desipramine HCl 781.378 9.713
5 Doxylamine succinate 842.996 9.308
6 cis-Flupentixol 2HCl 2733.956 13.4
7 Haloperidol HCl 2103.394 11.799
8 Imipramine HCl 910.056 10.039
9 Naltrxone HCl 1226.01 11.652
0 Perphenazine 2HCl 2142.776 12.086
1 Promazine HCl 846.392 9.087
2 Promethazine HCl 801.392 9.002
3 Roxindole methane sulfonate 2110.723 12.548
4 Tamitinol 2HCl 505.519 6.969
5 Thiopental sodium 422.01 6.981
6 Thioridazine HCl 1577.432 11.087
7 Astemizole 2HCl 4262.229 16.082
8 Carebastine 5670.657 17.411
9 Domperidone HCl 3004.191 13.744
0 Ebastine methane sulfonate 4828.832 16.605
1 Loperamide HCl 3560.914 15.699
2 Terfenadine 4485.921 16.553
3 Atenolol 936.152 8.577
4 Mequitazine 1147.563 10.737
5 Salbutamol hemisulfate 577.344 7.541
6 Carmoxirol HCl 2583.559 13.388
7 Furosemide 1104.947 8.274
8 Pirenzepine HCl 1609.864 12.093

, Permeable compound; −, impermeable compound; ±, compounds in the transition
al of Pharmaceutics 323 (2006) 27–33 29

f compounds predicted correctly to that of the total number
f compounds present in both the permeable and impermeable
anges.

Aforementioned procedure was similarly followed for
olecular connectivity topochemical index/normalized molec-

lar connectivity topochemical index and eccentric connec-
ivity topochemical index/normalized eccentric connectivity
opochemical index. The results are summarized in Tables 1–3.

. Results and discussion

An important aspect of drug design is the consideration of the
otential for penetration of the blood–brain barrier by any new
andidate drug molecule (Rose and Hall, 2002). In drug design,
opological index based methods have resulted in the discovery
f new lead from the analysis of databases (Lajiness, 1990). The
opological indices are numerical graph invariants that quantify
ertain aspects of molecular structure and are sensitive to such
tructural features as size, shape, bond order, branching, and

eighborhood patternsf of atoms in the molecules. They can
e derived from simple linear graphs, multigraphs, weighted
raphs, and weighted pseudographs (Gute and Basak, 1997).
olecular topology as represented by the connectivity of the

ndex and eccentric connectivity topochemical index with permeability through

ξc
c Permeability through

blood–brain barrier
Reported

Predicted

Wc χA ξc
c

297.637 + + + +
404.227 ± + + +
215.087 + + + +
332.593 + + + +
326.036 + + + +
911.889 ± ± ± +
855.76 ± + ± +
351.653 + + + +
464.36 ± + ± +
845.895 ± + ± +
367.219 + + + +
325.55 + + + +
765.022 ± ± ± ±
281.14 + + + +
231.353 + + + +
605.511 ± + ± +

1260.957 − − − −
1357.001 − − − −
1061.392 − − − −
1202.696 − − − −
1032.901 − − − −
1118.221 − − − −

414.767 ± + ± −
446.046 ± + ± −
257.029 + + + −
866.908 ± ± ± −
510.696 ± + ± −
562.432 ± ± ± −

al range, where permeability could not be specifically assigned.
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Table 2
Relationship of normalized Wiener’s topochemical index and normalized eccentric connectivity topochemical index with permeability through blood–brain barrier

Compound no. Compound nWc nξc
c Permeability through blood–brain barrier Reported

Predicted

nWc nξc
c

1 (R)-Apomorphine HCl 34.588 14.882 + + +
2 Chlorpromazine HCl 43.387 19.249 + + +
3 Clonidine HCl 24.266 15.363 + + +
4 Desipramine HCl 39.069 16.63 + + +
5 Doxylamine succinate 42.15 16.302 + + +
6 cis-Flupentixol 2HCl 91.132 30.396 ± ± +
7 Haloperidol HCl 80.9 32.914 ± − +
8 Imipramine HCl 43.336 16.745 + + +
9 Naltrxone HCl 49.04 18.574 + + +

10 Perphenazine 2HCl 79.362 31.294 ± ± +
11 Promazine HCl 42.32 18.361 + + +
12 Promethazine HCl 40.07 16.278 + + +
13 Roxindole methane sulfonate 81.182 29.424 ± ± +
14 Tamitinol 2HCl 31.595 17.571 + + +
15 Thiopental sodium 26.376 14.46 + + +
16 Thioridazine HCl 63.097 24.22 ± ± +
17 Astemizole 2HCl 125.36 37.087 − − −
18 Carebastine 153.261 36.675 − − −
19 Domperidone HCl 100.14 35.38 − − −
20 Ebastine methane sulfonate 137.967 34.363 − − −
21 Loperamide HCl 104.733 30.379 − ± −
22 Terfenadine 128.169 31.949 − − −
23 Atenolol 49.271 21.83 ± ± −
24 Mequitazine 49.894 19.393 ± ± −
25 Salbutamol hemisulfate 33.961 15.119 + + −
26 Carmoxirol HCl 92.27 30.961 − ± −
2 24.31
2 21.63

+ sition

a
t

b

T
P

I

W

n

χ

ξ

n

7 Furosemide 52.617
8 Pirenzepine HCl 61.918

, Permeable compound; −, impermeable compound; ±, compounds in the tran
toms can relate physical properties and biological activity with
he analogue (Gupta et al., 2002b).

Relationship of Wiener’s topochemical index—a distance-
ased topochemical descriptor, molecular connectivity

t
d
a
o

able 3
roposed models for the prediction of permeability through blood–brain barrier

ndex Nature of range in the
proposed model

Index value Number of comp
in the range

c

Permeable <910.056 10
Transitional >910.056 to <3004.191 12
Impermeable >3004.191 06

Wc

Permeable <49.04 12
Transitional >49.04 to <92.27 09
Impermeable >92.27 07

A
Permeable <12.086 18
Transitional >12.086 to <13.744 04
Impermeable >13.744 06

c
c

Permeable <404.227 11
Transitional >404.227 to <1032.901 11
Impermeable >1032.901 06

ξc
c

Permeable <19.249 12
Transitional >19.249 to <31.949 10
Impermeable >31.949 06

a Not applicable.
9 ± ± −
2 ± ± −
al range, where permeability could not be specifically assigned.
opochemical index—an adjacency-based topochemical
escriptor and eccentric connectivity topochemical index—an
djacency-cum-distance based topochemical descriptor in the
riginal and their normalized form with permeability through

ounds Number of compounds
predicted correctly

Percent
accuracy

Overall accuracy
of prediction

09 90.00 93.75
NAa NA
06 100.00

11 91.67 94.74
09 NA
07 100.00

14 77.78 83.33
NA NA
06 100.00

10 90.91 94.12
NA NA
06 100.00

11 91.67 88.89
10 NA
05 83.33
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lood–brain barrier was studied and suitable models were devel-
ped for prediction of permeability through blood–brain barrier.
bility to predict the permeability through blood–brain barrier
f the compounds is unquestionably of utmost significance.
ethods have been developed for the estimation of permeability

hrough blood–brain barrier with varying success and applica-
ility (Basak et al., 1996; Ma et al., 2005). Authors have made
n attempt for a simpler approach to predict the permeability
hrough blood–brain barrier of diverse series of compounds.
he methodology used in the present studies aims at the devel-
pment of suitable models for providing permeable compounds
hrough exploitation of the permeable ranges in the proposed

odels derived from topochemical indices. Proposed models
re unique and differ widely from conventional QSAR models.
oth system of modeling have their advantages and limitations.

n the instant case, the modeling system adopted has distinct
dvantage of identification of narrow permeable ranges, which
ay be erroneously skipped during routine regression analysis

n conventional QSAR modeling. Since the ultimate goal is to
rovide permeable compounds, therefore, these permeability
anges can play vital role in providing permeable compounds.

Retrofit analysis of the data in Tables 1–3 reveals the fol-
owing information with regard to models based upon Wiener’s
opochemical index:

A total of 16 compounds out of 28 compounds were classified
as permeable or impermeable compounds using the model
based upon Wiener’s topochemical index.
Out of 16 compounds, 15 compounds were classified cor-
rectly in both the permeable and impermeable ranges using
the model based upon Wiener’s topochemical index. The over-
all accuracy of prediction was found to be 93.75%.
The permeable range had Wiener’s topochemical index values
of <910.056. About 90% of the compounds in the permeable
range were predicted correctly.
An impermeable range with Wiener’s topochemical index
value of >3004.191 was observed. About 100% of the com-
pounds in the impermeable range were predicted correctly.
A transitional range between permeable and impermeable
range with Wiener’s topochemical index value >910.056 to
<3004.191 was observed. A total of 12 compounds were
present in the transitional range.

Retrofit analysis of the data in Tables 2 and 3 reveals the
ollowing information with regard to models based upon nor-
alized Wiener’s topochemical index:

A total of 19 compounds out of 28 compounds were classified
as permeable or impermeable compounds using the model
based upon normalized Wiener’s topochemical index.
Out of 19 compounds, 18 compounds were classified cor-
rectly in both the permeable and impermeable ranges using the
model based upon normalized Wiener’s topochemical index.

The overall accuracy of prediction was found to be 94.74%.
The permeable range had normalized Wiener’s topochemical
index values of <49.04. Approximately 92% of the com-
pounds in the permeable range were predicted correctly.

•

al of Pharmaceutics 323 (2006) 27–33 31

An impermeable range with normalized Wiener’s topochem-
ical index value of >92.27 was observed. About 100% of
the compounds in the impermeable range were predicted cor-
rectly.
A transitional range between permeable and impermeable
range with normalized Wiener’s topochemical index value
>49.04 to <92.27 was observed. A total of 09 compounds
were present in the transitional range.

Retrofit analysis of the data in Tables 1 and 3 reveals the fol-
owing information with regard to model based upon molecular
onnectivity topochemical index:

A total of 24 compounds out of a 28 compounds were classi-
fied as permeable or impermeable compounds using the model
based upon molecular connectivity topochemical index.
Out of 24 compounds, 20 compounds were classified cor-
rectly in both the permeable and impermeable ranges using
the model based upon molecular connectivity topochemical
index. The overall accuracy of prediction was found to be
83.33%.
The permeable range had molecular connectivity topochemi-
cal index values of <12.086. About 77.78% of the compounds
in the permeable range were predicted correctly.
An impermeable range with molecular connectivity
topochemical index values of >13.744 were observed. About
100% of the compounds in the impermeable range were
predicted correctly.
A transitional range between permeable and impermeable
range with molecular connectivity topochemical index value
>12.086 to <13.744 was observed. A total of 04 compounds
were present in the transitional range.

Retrofit data analysis in respect of normalized molecular
onnectivity topochemical index revealed that a suitable model
ould not be developed.

Retrofit analysis of the data in Tables 1 and 3 reveals the
ollowing information with regard to eccentric connectivity
opochemical index:

A total of 17 compounds out of a 28 compounds were classi-
fied as permeable or impermeable compounds using the model
based upon eccentric connectivity topochemical index.
Out of 17 compounds, 16 compounds were classified cor-
rectly in both the permeable and impermeable ranges using
the model based upon eccentric connectivity topochemical
index. The overall accuracy of prediction was found to be
94.12%.
The permeable range had eccentric connectivity topochemical
index values of <404.227. About 90.91% of the compounds
in the permeable range were predicted correctly.
An impermeable range with eccentric connectivity topochem-
ical index value of >1032.901was observed. About 100% of

the compounds in the impermeable range were predicted cor-
rectly.
A transitional range between permeable and impermeable
range with eccentric connectivity index value >404.227 to
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<1032.901 was observed. A total of 11 compounds were
present in the transitional range.

Retrofit analysis of the data in Tables 2 and 3 reveals the
ollowing information with regard to normalized eccentric con-
ectivity topochemical index:

A total of 18 compounds out of a 28 compounds were classi-
fied as permeable or impermeable compounds using the model
based upon normalized eccentric connectivity topochemical
index.
Out of 18 compounds, 16 compounds were classified cor-
rectly in both the permeable and impermeable ranges using
the model based upon normalized eccentric connectivity
topochemical index. The overall accuracy of prediction was
found to be ∼89%.
The permeable range had normalized eccentric connectivity
topochemical index values of <19.249. Approximately 92%
of the compounds in the permeable range were predicted cor-
rectly.
An impermeable range with normalized eccentric connec-
tivity topochemical index values of >31.949 were observed.
About 83% of the compounds in the impermeable range were
predicted correctly.
A transitional range between permeable and impermeable
range with normalized eccentric connectivity index value
>19.249 to <31.949 was observed. A total of 10 compounds
were present in the transitional range.

. Conclusion

Investigations on use of various topochemical indices on
data set comprising of 28 diverse series of compounds but
ith established CNS permeation tendency has led to successful
evelopment of models which are highly beneficial for predic-
ion of permeability through blood–brain barrier. The overall
ccuracy of prediction of models varied from minimum of∼83%
or a model based on molecular connectivity topochemical index
o a maximum of 95% in case of a model based upon normalized

iener’s topochemical index. High predictability of the pro-
osed models derived from the topochemical indices offer a vast
otential for providing compounds for the development of potent
herapeutic agents with high permeability through blood–brain
arrier.
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