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Tuning Properties for BloodBrain Barrier (BBB) Permeation: A Statistics-Based Analysis

Maria Dichiara, Benedetto Amata, Rita Turnaturi, Agostino Marrazzo, Emanuele Amata*

Department of Drug Sciences, Medicinal Chemistry Section, Università degli Studi di Catania, Viale Andrea 

Doria 6, 95125 Catania, Italy

Abstract 

In the effort to define a set of rules useful in tuning the properties for a successful BBB permeation, we 

statistically analyzed a set of 338 compounds and correlated their experimental in vivo logBB with a series of 

computed descriptors. Contingency tables were constructed, observed and expected distributions calculated, 

and chi-square distributions evaluated. This allowed to point out a significant dependence of certain 

physicochemical properties in influencing the BBB permeation. Over 15 computed descriptors, nine resulted 

to be particularly important showing highly significant chi-square distribution: polar surface area (66.79; 

p=1.08 x 10-13), nitrogen and oxygen count (51.17; p=2.06 x 10-10), logP (47.38; p=1.27 x 10-9), nitrogen count 

(38.29; p=9.77 x 10-8), logD (36.80; p=36.80), oxygen count (35.83; p=3.13 x 10-7), ionization state (33.02, 

p=3.19 x 10-7), hydrogen bond acceptors (30.80; p=3.36 x 10-6), and hydrogen bond donors (29.29; p=6.81 x 

10-6). Other parameters describing the mass and size of the molecules (molecular weight: 11.18; p=2.46 x 10-

2) resulted not significant since the population within the observed and expected distribution was similar. 

Depending on the combination of the significative descriptors, we set a three cases probabilistic scenario 

(BBB+, BBB, BBB+/BBB) that would prospectively be used to tune properties for BBB permeation.

Keywords: BBB permeability, logBB, physicochemical properties, contingency table, chi-square statistic, 

CNS drug discovery.

Introduction
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According to the American Neurological Association (ANA), hundreds of million Americans suffer from at 

least one neurological disease, with headache and epilepsy at the top of the list, followed by sleep disorders, 

strokes and dementia. Many of these disorders have an incidence that increases significantly over the age of 

65 years with a global annual cost beyond 800 billion dollars.1 Furthermore, the brain is a common site of 

metastases in 10−30% of adults with cancer.2

The brain is the most complex organ in the human body equipped with a sophisticated protection system 

needed for maintaining the homeostasis and physiological environment. A key player in this finely regulated 

equilibrium is the blood-brain barrier (BBB), a restricted gateway allowing specific nutrients and hormones to 

selectively permeate. This protection system hinders the development of CNS active molecules and the 

standard pharmacokinetic parameters such as oral bioavailability and plasma concentration are not sufficient 

to evaluate drug exposure and time course in the brain.3 A fine interplay between passive membrane 

permeability and active transport processes is also determinant for brain entry.4 Certain drugs freely diffuse 

through BBB, nevertheless the presence of some efflux transport systems on the brain microvasculature, such 

as the P-glycoprotein (P-gp) and the multidrug resistance-associated protein family (MRP), leads to their 

immediate extrusion from brain.5, 6 Furthermore, the lack of a completely satisfying in vitro model of BBB 

strongly prevents drug discovery and development. Experiments with brain capillary or immortalized 

endothelial cells are impaired from sufficiently restrictive tight junctions, whereas permeability screening 

assays using non-cerebral cell lines, such as the intestine Caco-2 and kidney MDCK cell lines may result 

qualitatively poor when compared with BBB endothelial cells.7 Non-cell-based methods are also available and 

these include parallel artificial permeability assay (PAMPA),8 and separation methods like high-performance 

liquid chromatography, and capillary electrophoresis.9, 10 Nevertheless, PAMPA lacks in reproducing active 

influx and/or efflux transport mechanisms and some metabolic transformations, while separation methods, 

relying on the adjusted relationship between their output results and BBB permeation, may well be considered 

as predictive methods.11

An index of BBB permeability is represented by the logBB (logKp,brain), the logarithm of the ratio of the 

concentration of a drug in the brain and in the blood measured at the steady state:

𝑙𝑜𝑔𝐵𝐵 =  𝑙𝑜𝑔 
𝐶𝑏𝑟𝑎𝑖𝑛

𝐶𝑏𝑙𝑜𝑜𝑑
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Lately, there has been a growing acceptance that just the unbound portion of the total drug (Kp,uu,brain), is free 

to diffuse across biological barriers and tissues, thus governing, more significantly than logBB, the overall 

BBB permeation and CNS drug activity.12 However, at the state of the art the output results of both methods 

are employed and beneficial for understanding the magnitude of BBB permeation and to some extent the CNS 

active dose.13-20

Over the years, a number of researchers has developed methods to define the properties for a successful BBB 

permeation, using different starting data sets that inevitably had led to different conclusions.21 Selected studies 

have considered population distribution, or variation in minimum, maximum and mean of certain parameters 

of CNS and non-CNS compounds. Other studies are based on more complex algorithms or quantitative 

structure-property relationship analysis.22 In 2012, Ghose et al. have reported the plain distribution of a number 

of physicochemical properties and chemical structural profiles of 626 non-CNS and 317 CNS oral marketed 

drugs.23 Using a restricted set of six physicochemical parameters, Wager et al. realized an algorithm to 

optimize the druglike properties of CNS candidates.24, 25 Based on a structure-property analysis derived from 

multiple ADMET assays, Gleeson has identified molecular weight and logP as important parameters in 

determining CNS penetration.26 In a study conducted by Mahar Doan et al., the in vitro permeability and P-gp 

mediated efflux have been evaluated for 93 structurally diverse marketed CNS and non-CNS drugs.27 

Similarly, Desai et al. developed an in silico tool based on a P-gp substrate assay on over 2000 compounds.28 

All these are excellent examples of studies conducted with the aim to better understand and classify the 

properties required for a drug to better accumulate in the CNS, always providing new understanding and hints. 

In the present work, we were interested in defining a simple set of rules that would prospectively be used for 

the design or identification of compounds able or not to cross the BBB. In our analysis, a number of marketed 

drugs and organic compounds of general interest having experimental in vivo BBB permeation data, expressed 

as logBB, value were included. For each compound a series of computed descriptors has been calculated in 

order to observe which of them significatively influences the BBB permeation. For this purpose, 2 5 ×

contingency tables were constructed for each descriptor, considering five descriptor domains or range of values 

in respect to two populations of compounds, BBB permeable (BBB+) and BBB not-permeable (BBB). 

Observed and expected distributions were calculated, and percent deviations measured. Conditional 
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probabilities, fold enrichments, and a chi-square contingency table test with Yates correction were performed 

to evaluate the statistical significance of the chi-squared distribution.29 The output of these contingency tables 

together with the chi-square statistic provided evidences of a significant association or dependence of certain 

physicochemical properties evaluated, while excluded other as the molecular weight (MW). In other words, 

BBB+ and BBB compounds show variation in the population distribution for some of the descriptors and there 

are significative differences between expected and observed populations.

Results and Discussion

For the construction of the dataset we combined different scholarly journal published datasets. The literature 

was scanned and articles selected weather or not they contained information over chemical compounds ability 

in crossing the BBB expressed as logBB. The first collection consisted of 415 compounds from Li,30 380 

compounds from Muehlbacher,31 57 compounds from Liu,32 and 207 compounds from Abraham33 for a total 

of 1059 compounds. However, several compounds were reported multiple times, even within the same article, 

with similar or identical logBB values. Duplicates were removed and a match between reported SMILES, 

nomenclature and depicted structures was performed and erroneous information corrected. Argon, krypton, 

neon, thoron, and xenon, have been removed from the dataset together with nitrous oxide, carbon disulfide, 

nitrogen, water, methane, and sulfur hexafluoride.31 Vinblastine, Cyclosporin A, Cefotetan, and Bromocriptine 

were removed as well since their descriptors were widely outside range. Fifteen isomers have also been 

identified and one of the couple removed. Geometrical isomers, and tautomers (e.g. clonidine, didanosine) 

were also checked and one removed from the set. For the latest cases in the event that compounds had different 

logBB an average has been considered. For compounds whose logBB was taken multiple times, the one 

maintained in the dataset was the most recently published.

After this first round, we ended up with 559 unique compounds. From this set, we wanted to select only those 

compounds for which experimental in vivo logBB value has been reported. 

For the determination of in vivo experimental logBB, mice are administered with a subcutaneous dose of drug 

and, after the reach of equilibrium, the drug concentration is measured in the brain and in the blood using a 

chromatographic method. In some cases, radiolabeled chemical compounds are administered and the 

radioactivity in the brain or blood is measured with a liquid scintillation counter. Therefore, from this dataset, 
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we did not consider those molecules for which logBB values have not been given, determined with in vitro 

procedures or for which the predicted value was reported.30, 33, 34

These efforts led to a dataset of 342 compounds. From this set we also wanted to exclude known substrates of 

P-gp, one of the major transport systems acting at the BBB. Indeed, P-gp substrates, generally lipophilic 

xenobiotics, can cross cell membranes but are immediately pumped back into the cerebral blood by P-gp. 

Therefore, searching for substrates of P-gp within our dataset, we decided to exclude known substrates of P-

gp obtaining a final dataset of 328 compounds.35-43

These 328 compounds present experimental logBB values, calculated with the chromatographic or scintillation 

methods, ranging from 2.15 to +1.64 (logBB mean +0.04), with 182 logBB values positive or equal to zero 

and 146 negative (Table S1). For each compound a series of descriptors was computed with JChem for excel 

provided by ChemAxon (17.4.300.1589). A total of 15 descriptors has been computed, including logP, 

logD[pH7.4] (logD), polar surface area (PSA), atom count (AC), heavy atom count (HAC), molecular weight 

(MW), rotatable bond count (RBC), hydrogen bond acceptors (HBA), hydrogen bond donors (HBD), ring 

count (RC), ionization state (IS), nitrogen count (NC), oxygen count (OC), nitrogen and oxygen count (NOC), 

and molar refractivity (MR). The dataset was split into BBB permeable (BBB+, logBB >0.0, BB ratio >1.0) 

and BBB non-permeable (BBB, logBB <0.0, BB ratio <1.0). This let to separate compounds based on their 

higher accumulation inside or outside the CNS. Compounds tagged as BBB+ were 174, compounds with BB 

ratio equal to 1, thus excluded, were 8, while compounds with BBB features were 146 for a total of 328 

compounds. We decided to bin descriptors in five groups which gave a large enough sample to provide a 

statistically valid analysis as reported in Table 1. The IS was split in four groups that correspond to apolar 

neutral, polar neutral, acid and basic compounds. Two zwitterions have been found in the set and these have 

been included in the polar neutral group since as unique group was too small. Maximum, minimum and mean 

of the values for the selected descriptors are reported in Table S2.

Table 1. Descriptor ranges

Descriptor Range
logP<0 0logP<1.5 1.5logP<3.0 3.0logP<4.5 logP≥4.5
logD<0 0logD<1.5 1.5logD<3.0 3.0logD<4.5 logD≥4.5
0<PSA<25 25PSA<50 50PSA<75 75PSA<100 PSA≥100
AC<15 15AC<25 25AC<35 35AC<45 AC≥45
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HAC<7 7HAC<14 14HAC<21 21HAC<28 HAC≥28
MW<100 100MW<200 200MW<300 300MW<400 MW≥400
RBC<1 1RBC2 3RBC4 5RBC6 RBC≥7
HBA=0 HBA=1 HBA=2 HBA=3 HBA≥4
HBD=0 HBD=1 HBD=2 HBD=3 HBD≥4
RC=0 RC=1 RC=2 RC=3 RC≥4
IS=Neutral Apolar IS=Neutral Polar IS=Acid IS=Basic
NC=0 NC=1 NC=2 NC=3 NC≥4
OC=0 OC=1 OC=2 OC=3 OC≥4
NOC<1 NOC=2 NOC=3 NOC=4 NOC≥5
MR<30 30MR<60 60MR<90 90MR<120 MR≥120

At this stage, for each descriptor a 2 5 contingency table with four degree of freedom was constructed, ×

observed and expected distribution in the ranges were calculated and percent deviations measured. Conditional 

probabilities and fold enrichments were thus calculated, and a chi-square contingency table test with Yates 

correction was performed to evaluate the statistical significance of the chi-squared distribution. The enrichment 

of a contingency table was considered significant when its chi-square test p value was <0.01.

Descriptors scored by enrichment and their respective p values are reported in Table 2. Over 15 descriptors, 

six resulted to be not significant that means their distribution within the five descriptor ranges and the two 

BBB groups (BBB+ and BBB) does not show significant variation. In other words, compounds having BBB+ 

and BBB features share similar distribution for these six descriptors and there are not significative differences 

between expected and observed populations.

Table 2. Descriptors scored by enrichment and statistical significance

Descriptor Chi-Squared Test p value p
PSA 66.79 1.08 x 10-13 <0.01
NOC 51.17 2.06 x 10-10 <0.01
logP 47.38 1.27 x 10-9 <0.01
NC 38.29 9.77 x 10-8 <0.01
logD 36.80 1.98 x 10-7 <0.01
OC 35.83 3.13 x 10-7 <0.01
IS 33.02 3.19 x 10-7 <0.01
HBA 30.80 3.36 x 10-6 <0.01
HBD 29.29 6.81 x 10-6 <0.01
MW 11.18 2.46 x 10-2 -
RC 6.61 1.58 x 10-1 -
MR 6.01 1.99 x 10-1 -
HAC 5.68 2.24 x 10-1 -
AC 5.48 2.42 x 10-1 -

Page 6 of 30

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



RBC 4.05 4.00 x 10-1 -

AC (Chi-Squared Test 5.48; p=2.42 x 10-1) and HAC (Chi-Squared Test 5.68, p=2.24 x 10-1) are descriptors 

whose chi-square distribution between the BBB+ and BBB groups has not given significative variation. Within 

the five ranges evaluated, the observed distribution is similar to the expected distribution and there are no 

quadrants with enriched distribution (Figure S12). Other not significative descriptors are RC (Chi-Squared 

Test 6.61; p=1.58 x 10-1), RBC (Chi-Squared Test 4.05; p=4.00 x 10-1) and MR (Chi-Squared Test 6.01; p=1.99 

x 10-1) where a random distribution and a poor enrichment within the quadrants have been observed (Figure 

S35). The whole interpretation is that these descriptors do not significantly affect the BBB permeability by 

themselves, and it is not necessary to evaluate their influence in defining whether or not a compound permeate 

the BBB.

MW (Chi-Squared Test 11.18; p=2.46 x 10-2) has been found to be a not essential parameter by itself for having 

a better BBB permeation (Figure 1). Indeed, MW falls in the not-significative group of descriptors, that means 

the population within the ten quadrants does not provide sufficient variation for correlating MW with a 

BBB+/BBB variation. MW provides a low variation of its fold enrichments that resulted to be not significative 

according to chi-squared test. Thus, MW by itself is not a descriptor that could help in designing or defining 

molecules that better accumulate in the CNS. Overall, the four descriptors here used for describing the mass 

and size of the molecules that means AC, HAC, MW, and MR, work similarly having a not-significative 

distribution as measured in the four contingency tables and in the performed chi-square tests. This means that 

there are no enrichments within the ten considered quadrants and that observed and expected population 

distribution is similar. For all the non-significative descriptors other considered ranges have given similar 

results (data not shown).
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Figure 1. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB (gray) for 

the MW ranges. White boxes indicate the number of observed (obs) compounds and its relative percent respect 

the total set and the expected (exp) number of compounds with the percent deviation in parenthesis (Panel A). 

Fold enrichments for MW (Panel B).

As regard logP (Chi-Squared Test 47.38, p=1.27 x 10-9) and logD (Chi-Squared Test 36.80, p=1.98 x 10-7), 

significative differences are found with respect to fold enrichment of certain quadrants. Results show that a 

logP<1.5 is detrimental for reaching the CSN. Indeed, the population 0logP<1.5 is composed of 71 

compounds and is represented in BBB+ by 21 observed versus 39 expected compounds (45.6% deviation) 

and in BBB by 50 observed versus 32 expected compounds (+54.4% deviation). Having a molecule with 

logP<0, it points out towards a clear inability of it to properly accumulate inside the CNS since the BBB/BBB+ 

enrichment is 11.92 times [BBB+ 2 observed versus 12 expected (83.3% deviation); BBB 20 observed versus 

10 expected (+99.3% deviation)]. This trend is inverted for logP values above 1.5, where it has been found 

BBB+/BBB fold enrichment of 1.33, 2.15 and 1.99, respectively for the ranges 1.5logP<3, 3logP<4.5, and 

logP≥4.5 (Figure 2). It can be stated that a molecule with logP<1.5 will probably not cross the BBB; while for 

logP≥1.5, there are more chances that the designed molecule will better accumulate within the CNS.
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Figure 2. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB (gray) for 

logP (panel A) and logD (panel C) ranges. White boxes indicate the number of observed (obs) compounds and 

its relative percent respect the total set and the expected (exp) number of compounds with the percent deviation 

in parenthesis. Fold enrichments for logP (panel B) and logD (Panel D).

LogD provides similar observations (Figure 2). In particular, the three quadrants BBB+/BBB 1.5logD<3, 

BBB+/BBB 3logD<4.5, and BBB+/BBB logD≥4.5 show fold enrichments of 1.80, 1.85 and 6.71. LogD<1.5 

points out towards a clear reduced ability of molecules to cross the BBB since the BBB/BBB+ fold enrichment 

is 1.71 times with 53 observed compounds in the BBB (expected 41, +29.1% deviation) versus 37 in the BBB+ 

group (expected 49, 24.4% deviation). Similarly to logP, for this descriptor there is a linear improvement of 

the fold enrichment moving from low to high logD values with positive BBB+/BBB enrichment for logD≥1.5.

NC (Chi-Squared Test 38.29, p=9.77 x 10-8) and OC (Chi-Squared Test 35.83, p=3.13 x 10-7) show important 

effects on the ability of a molecule to cross the BBB having both descriptors a highly significant distribution 

within the tables (Figure 3). According to chi-square test, NC should be kept between zero and one since at 

these values the number of BBB compounds is under-represented while compounds BBB+ are over-

represented. As can be seen in Figure 3, for NC=0 a BBB+/BBB fold enrichment of 1.50 is found, with 50 
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observed compounds in the BBB+ versus the 42 expected (+17.9% deviation). While in the BBB group we 

observe 28 compounds with 36 expected (21.3% deviation).

Figure 3. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB (gray) for 

NC (panel A), OC (panel C), and NOC (panel E) ranges. White boxes indicate the number of observed (obs) 

compounds and its relative percent respect the total set and the expected (exp) number of compounds with the 

percent deviation in parenthesis. Fold enrichments for NC (panel B), OC (panel D), and NOC (panel F).

For NC=1 a BBB+/BBB fold enrichment of 2.58 is found. We observe 40 compounds in the BBB+ set with 

29 compounds expected (+38.8% deviation), and 13 compounds in the BBB group with 24 compounds 

expected (46.2% deviation). That means there is a higher probability that a molecule with NC=01 is in the 

BBB+ group. Compounds with NC=2 show a similar distribution between BBB+ and BBB thus NC=2 does 
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not discriminate. For these quadrants, we found a similar observed versus expected distribution [BBB+ 55 

observed compounds versus 52 expected compounds (+5.4% deviation); BBB 41 observed compounds versus 

44 expected compounds (6.4% deviation)], and a BBB+/BBB fold enrichment of 1.13 times. At the same 

time molecules with a higher number of NC (NC=3) have a higher probability of being in the BBB group 

having a BBB/BBB+ fold enrichment of 1.31 times. For NC≥4 (BBB/BBB+ fold enrichment = 5.56) it was 

observed a significative deviation of 67.5% for the BBB+ group with 28 expected compounds and 9 observed 

compounds. Conversely the BBB group is over-represented with a +80.5% deviation having observed 42 

compounds in this quadrant against the expected 23 compounds. It can be summarized that a NC≥3 would 

result in a compound with a higher probability of being BBB. If we reduce NC to 2, the probability of being 

BBB+ or BBB is similar, while if we set a value below 2 (NC=01) there is a higher probability that the 

molecule would better permeate the BBB.

More restrictions are found for the OC having OC=0 BBB+/BBB = 2.38 and OC=1 BBB+/BBB = 1.38, while 

OC=2 BBB+/BBB = 0.76, OC=3 BBB+/BBB 0.49, and for OC≥4 BBB+/BBB = 0.12 (Figure 3). OC=0, we 

observe 68 compounds in BBB+ versus 50 expected (+35.9% deviation) and 24 compounds in BBB versus 42 

expected (42.8% deviation). OC=1, the population is composed by 46 compounds in BBB+ versus 40 

expected (+14.3% deviation) and 28 compounds in BBB versus 34 expected (17.1% deviation). OC=2, there 

are 39 compounds in BBB+ versus 45 expected (12.5% deviation) and 43 compounds in BBB versus 37 

expected (+14.9% deviation). For this last group while the plain distribution is similar (39 versus 37 observed 

compounds), according to contingency table and chi-square distribution, the probability points out towards 

compounds mostly accumulated in the BBB with fold enrichment BBB/BBB+ of 1.31 times. If the OC is 

higher or equal to 4, we observe 3 compounds in BBB+ versus 13 expected (76.0% deviation) and 20 

compounds versus 10 expected (+90.6% deviation) in BBB.

Based on these results we were interested in evaluating the optimal nitrogen and oxygen count (NOC). To 

accomplish this, we summed NC and OC, built a contingency table and performed chi-squared test. The NOC 

has been grouped in NOC1, NOC=2, NOC=3, NOC=4 and NOC≥5 which gave a good distribution within 

the groups (Figure 3). For NOC it has been found an enrichment of 51.17, and a p=2.06 x 10-10. This parameter 

provides a wide enrichment and an high level of probability meaning that, as already anticipated by the NC 
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and OC analysis, this is a descriptor particularly important for the accumulation of a drug in the CNS with high 

fold enrichments [NOC1 BBB+/BBB = 2.42, NOC=2 BBB+/BBB = 2.58, NOC=3 BBB+/BBB = 1.54, 

while NOC=4 BBB+/BBB = 0.87 and for NOC≥5 BBB+/BBB = 0.29]. The NOC1 population was composed 

by 49 compounds in BBB+ versus 36 expected (+36.5% deviation) and 17 compounds versus 30 expected 

(43.5% deviation) in BBB. A similar trend is found for NOC=2 and NOC=3. In the NOC=4 range it is 

observed a similar probability of being BBB+ and BBB. Finally, NOC≥5, we observe 25 compounds versus 

53 expected (52.6% deviation) in BBB+ and 72 compounds versus 44 expected (+62.7% deviation) in BBB.

NC and OC should be kept as low as possible in designing new molecules that have to cross the BBB; it is 

preferred to keep NC≤2 and OC≤1. At the same time, NOC should be kept 3 in order to have an improved 

accumulation of the compound in the CNS, although for NOC=4 it is observed a similar probability of being 

BBB+ and BBB.

HBA (Chi-Squared Test 30.80, p=3.36 x 10-6) and HBD (Chi-Squared Test 29.29, p=6.81 x 10-6) have shown 

to be fundamental for the ability of a molecule to cross the BBB (Figure 4). Fold enrichments clearly show 

optimal values for BBB+ at HBA2 [HBA=0 (BBB+/BBB = 3.24); HBA=1 (BBB+/BBB = 2.04); HBA=2 

(BBB+/BBB = 1.31), while no significative enrichment is observed for HBA=3 (BBB+/BBB = 0.94). For 

HBA≥4 the discrimination between BBB+ and BBB is marked, indeed it is observed a BBB+/BBB fold 

enrichment of 0.40, meaning that molecules in this range have a high probability to do not cross the BBB.
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Figure 4. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB (gray) for 

HBA (panel A) and HBD (panel C) ranges. White boxes indicate the number of observed (obs) compounds 

and its relative percent respect the total set and the expected (exp) number of compounds with the percent 

deviation in parenthesis. Fold enrichments for HBA (panel B) and HBD (Panel D).

A different trend is found for HBD (Figure 4). Regarding this parameter in order to have an optimal 

BBB+/BBB the selection of the number of donor atom is limited. Indeed, just for HBD=0 the molecule 

properly accumulates inside the CNS having a BBB+/BBB of 1.88. For HBD=1 the distribution is neutral with 

BBB+/BBB fold enrichment of 1.13, while once the HBD is brought to a value of 2 the probability of a 

molecule to do not cross the BBB is higher being the ratio BBB+/BBB equal to 0.48. While HBD≥3, clearly 

points towards molecules that are not able to cross the BBB with an BBB/BBB+ fold enrichment of 5.36 for 

HBD=3, and 10.73 for HBD≥4. Overall for these two descriptors, while there is some space with HBA being 

a count of two not detrimental for the ability of a molecule to cross the BBB, the HBD must be kept 1 in 

order to have a molecule that cross the BBB otherwise the probability for it to do not cross is high.

The IS (Chi-Squared Test 33.02; p=3.19 x 10-7) has given significative variation within the eight quadrants 

considered that means that the IS, is an essential parameter in determining compounds able to cross the BBB 
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(Figure 5). Compounds have been binned in four groups and of these the neutral apolar and the basic 

compounds have shown to be over-represented in the BBB+ group [apolar neutral 42 compounds observed in 

BBB+ versus 30 expected (+37.9% deviation) and 14 compounds observed in BBB versus 26 expected 

(45.2% deviation); basic 88 compounds observed in BBB+ versus 76 expected (+15.6% deviation) and 52 

compounds observed in BBB versus 64 expected (18.6% deviation)]. At the same time, acid and neutral 

polar compounds that include also two zwitterions, have shown to be more enriched in the BBB group with 

BBB/BBB+ fold enrichment of 1.86 for neutral polar and 15.49 for acid compounds. For example, observed 

acid compound in the BBB+ is 1 versus 8 expected (86.9% deviation) while observed acid compounds in the 

BBB are 13 versus 6 expected (+103.5% deviation). This descriptor provided high variation within the eight 

subgroups and thus it is recommended to consider neutral polar and acid compounds as having lower 

probability of crossing the BBB with respect to basic and neutral apolar compounds that show higher 

probabilities to permeate the BBB.

Figure 5. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB (gray) for IS 

(panel A) and PSA (panel C) ranges. White boxes indicate the number of observed (obs) compounds and its 
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relative percent respect the total set and the expected (exp) number of compounds with the percent deviation 

in parenthesis. Fold enrichments for IS (panel B) and PSA (Panel D).

Finally, PSA (Figure 5) has proved to be the most significative descriptor within the series with enrichment of 

66.79 and p=1.08 x 10-13. For the quadrant BBB+/0<PSA<25 a fold enrichment of 2.78 times respect to 

BBB/0<PSA<30 has been found. For BBB+ we observed 73 compounds versus 52 expected (+41.3% 

deviation), while for BBB 22 compounds are observed against 43 expected (49.2% deviation). This trend is 

maintained in the group 25PSA<50 (BBB+/BBB fold enrichment 1.90), with 68 observed compounds versus 

53 expected in BBB+ (+27.6% deviation) and 30 observed compounds versus 45 expected (32.9% deviation) 

in BBB. While the tendency is inverted in quadrants representing higher value of PSA (50PSA<75; 

75PSA<100; PSA≥100), which are total prerogative of molecules that do not cross the BBB. In particular for 

50PSA<75 over a total population of 63 compounds, 19 are observed in the BBB+ versus 34 expected 

(44.5% deviation) and 44 observed versus 29 expected in the BBB population (+43.1% deviation) and a fold 

enrichment of 2.73 times (BBB/BBB+). Similar observation can be summarized for the quadrant 

75PSA<100. The last range, PSA≥100, shows a BBB/BBB+ fold enrichment of 16.68, with a +104.6% 

deviation for observed BBB compounds versus a deviation of 87.7% for BBB+ compounds. For this 

descriptor overall a value below 50 is optimal for improving the probability of reaching a desirable 

accumulation of the drug inside the CNS.

At this stage we were interested in setting cumulative rules that could help prospectively in the design or to 

define molecules with higher or lower probability to permeate the BBB. A general summary of the descriptor 

probabilistic ranges is given in Table 3. We consider only those descriptors that have shown a significative 

chi-square distribution. To this purpose, three different probabilistic scenarios have been identified, BBB+, 

BBB+/BBB, and BBB. This classification thus contemplates a scenario, BBB+, where there is a higher 

probability for the molecule of crossing the BBB (BBB+/BBB fold enrichment≥1.33); BBB+/BBB, where the 

probability for the two BBB groups is similar (BBB+/BBB fold enrichment<1.33; BBB/BBB+ fold 

enrichment<1.33), meaning that compounds having descriptors falling in this range have similar probabilities 

of being BBB+ or BBB; and a BBB scenario, where the probability of permeating the BBB is low 
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(BBB/BBB+ fold enrichment≥1.33). The not-significative computed descriptors may be considered as 

BBB+/BBB, indeed for them the population did not show any statistically significant difference between 

BBB+ and BBB. These descriptors could eventually be taken in consideration although their contribution is 

limited.

Table 3. Probabilistic scenarios.

Descriptor Rangea

logP<0 0logP<1.5 1.5logP<3.0 3.0logP<4.5 logP≥4.5
logD<0 0logD<1.5 1.5logD<3.0 3.0logD<4.5 logD≥4.5
0<PSA<25 25PSA<50 50PSA<75 75PSA<100 PSA≥100
IS=Neutral Apolar IS=Neutral Polar IS=Acid IS=Basic
HBA=0 HBA=1 HBA=2 HBA=3 HBA≥4
HBD=0 HBD=1 HBD=2 HBD=3 HBD≥4
NC=0 NC=1 NC=2 NC=3 NC≥4
OC=0 OC=1 OC=2 OC=3 OC≥4
NOC<1 NOC=2 NOC=3 NOC=4 NOC≥5
ared cells indicate BBB scenario;
yellow cells indicate BBB+/BBB scenario;
green cells indicate BBB+ scenario.

As representative example, sertraline is a compound with good descriptors distribution and with a logBB value 

of +1.6. Over the nine significative descriptors, sertraline shows eight descriptors in BBB+ and one in 

BBB+/BBB. Clonidine, with a logBB value of +0.11, shows six descriptors in BBB+, two in BBB+/BBB and 

one in BBB. Methotrexate has a BBB distribution for the nine descriptors. Indeed, methotrexate with logBB 

value of −1.51 is a compound with very low ability to cross the BBB (Table 4).

Table 4. Distribution of descriptor values for three representative compounds.

NH

Cl

Cl

Cl

Cl H
N

H
N

N
N

O

N
H

OH

O

OHO

N

N

N

N

NH2

NH2

Sertralinea Clonidine Methotrexate
logP logD PSA HBA logP logD PSA HBA logP logD PSA HBA
5.15 3.02 16.61 1 2.49 1.66 38.03 3 0.24 6.56 216.20 12
HBD NC OC NOC HBD NC OC NOC HBD NC OC NOC

1 1 0 1 2 3 0 3 5 8 5 13
IS IS IS

Basic Basic Acid
logBB=1.6 logBB=0.11 logBB=−1.51
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ared cells indicate BBB scenario;
yellow cells indicate BBB+/BBB scenario;
green cells indicate BBB+ scenario.

Conclusion

The purpose of this work was to create a simple set of rules that could prospectively support the development 

and identification of CNS, non-CNS or mixed drugs. We statistically analyzed a set of 328 compounds and 

correlated their logBB with common computed descriptors. The work has contemplated the use of contingency 

tables and chi-square distributions for evaluating if there were significant variations in the properties of the 

BBB+ and BBB populations. Over the computed descriptors nine resulted to be significant for the ability of a 

molecule to cross the BBB, while six have shown to not influence the BBB permeation. The work has allowed 

to define a set of rules that would eventually be used to tune the properties for BBB permeation. We set a three 

cases probabilistic scenario depending on the combination of multiple descriptors. Based on the data analysis, 

the suggested ranges should be considered as optimal values to be approached respect to stringent cutoffs that 

have to be tightly followed. Indeed, the distribution inside and outside the CNS is an equilibrium process 

resulting from a number of different variables.

Methods

A 2×5 contingency table was constructed, crossing BBB “positive/negative” by the mean of logBB (BBB+, 

logBB >0.0; BBB, logBB <0.0) with a descriptor binned in five ranges (IV) (Figure 6). 

Figure 6. Example of 2 5 contingency table×

From these tables expected distribution has been calculated for each quadrant as reported below:
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𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (𝐴𝑠𝑟) =  
∑

𝑙𝐴
𝑠𝑟 ∙ ∑

𝑠𝐴𝑠𝑟

∑
𝑠,𝑟𝐴𝑠𝑟

where  labels the ranges (IV) and  the BBB groups (BBB+ or BBB).𝑠 𝑟

While percent deviations between observed and expected distribution have been calculated with the following 

formula:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝐴𝑠r) =  
𝑂𝑏𝑠 𝐴(𝑠𝑟) ― 𝐸𝑥𝑝 𝐴(𝑠𝑟) 

𝐸𝑥𝑝 𝐴(𝑠𝑟) 
 ∙ 100

where  labels the ranges (IV) and  the BBB groups (BBB+ or BBB).𝑠 𝑟

Conditional probabilities have been calculated as reported below:

𝑝𝑐𝑡𝑠𝑟 =  
𝐴𝑠𝑟

∑
𝑠,𝑟𝐴𝑠𝑟 

where  labels the ranges (IV) and  the BBB groups (BBB+ or BBB).𝑠 𝑟

Finally, two fold enrichments have been calculated for each descriptor range as ratio of the two conditional 

probabilities:

(𝐵𝐵𝐵 +

𝐵𝐵𝐵 ― )𝑓𝑜𝑙𝑑 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡
𝑠 +

=  
𝑝𝑐𝑡𝑠 +

𝑝𝑐𝑡𝑠 ―

(𝐵𝐵𝐵 ―

𝐵𝐵𝐵 + )𝑓𝑜𝑙𝑑 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡
𝑠 ―

=  
𝑝𝑐𝑡𝑠 ―

𝑝𝑐𝑡𝑠 +

where  labels the ranges (IV).𝑠
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p values (chi-squared test) with Yates correction were calculated using R version 3.3.3 (2017-03-06). 

Mosaic plots have been generated using implemented functions of MATLAB (version R2018b).44

Abbreviations

ADMET, absorption, distribution, metabolism, and excretion – toxicity; ANA, American Neurological 

Association; AC, atom count; BBB, blood brain barrier; BBB+, BBB permeable; BBB, BBB non-permeable; 

CNS, central nervous system; HAC, heavy atom count; HBA, hydrogen bond acceptors; HBD, hydrogen bond 

donors; IS, ionization state; MRP, multidrug resistance-protein; MW, molecular weight; NC, nitrogen count; 

NOC, nitrogen and oxygen count; OC, oxygen count; P-gp, P-glycoprotein; PSA, polar surface area; RBC, 

rotatable bound count; RC, ring count.
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Figure 1. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB– (gray) for 
the MW ranges. White boxes indicate the number of observed (obs) compounds and its relative percent 

respect the total set and the expected (exp) number of compounds with the percent deviation in parenthesis 
(Panel A). Fold enrichments for MW (Panel B). 
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Figure 2. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB– (gray) for 
logP (panel A) and logD (panel C) ranges. White boxes indicate the number of observed (obs) compounds 

and its relative percent respect the total set and the expected (exp) number of compounds with the percent 
deviation in parenthesis. Fold enrichments for logP (panel B) and logD (Panel D). 
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Figure 3. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB– (gray) for 
NC (panel A), OC (panel C), and NOC (panel E) ranges. White boxes indicate the number of observed (obs) 
compounds and its relative percent respect the total set and the expected (exp) number of compounds with 
the percent deviation in parenthesis. Fold enrichments for NC (panel B), OC (panel D), and NOC (panel F). 
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Figure 4. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB– (gray) for 
HBA (panel A) and HBD (panel C) ranges. White boxes indicate the number of observed (obs) compounds 

and its relative percent respect the total set and the expected (exp) number of compounds with the percent 
deviation in parenthesis. Fold enrichments for HBA (panel B) and HBD (Panel D). 
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Caption : Figure 5. Observed distribution represented as mosaic plot of compounds BBB+ (blue) and BBB– 
(gray) for IS (panel A) and PSA (panel C) ranges. White boxes indicate the number of observed (obs) 

compounds and its relative percent respect the total set and the expected (exp) number of compounds with 
the percent deviation in parenthesis. Fold enrichments for IS (panel B) and PSA (Panel D). 
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Figure 6. Example of 2×5 contingency table 
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