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SUMMARY 

Lƴ ǊŜǎŜŀǊŎƘΣ ŜǾŜǊȅǘƘƛƴƎ ŘŜǇŜƴŘǎ ƻƴ ǿƘŀǘ ǿŜ ǿŀƴǘ ǘƻ ƪƴƻǿΦ  CƻǊ ŜȄŀƳǇƭŜΣ ŀǎƪΥ ά²Ƙŀǘ ǇŀǊǘǎ ƻŦ ǘƘŜ ŎŜǊŜōǊŀƭ 
ŎƻǊǘŜȄ ŎƘŀƴƎŜ ƛƴ ǾƻƭǳƳŜ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǎŎƘƛȊƻǇƘǊŜƴƛŀΚέ  ¢ƘŜ ŀƴǎǿŜr is 7.  Run exactly the same 
ŜȄǇŜǊƛƳŜƴǘΣ ōǳǘ ƴƻǿ ŀǎƪΥ ά²Ƙŀǘ must ǘƘŜ ŎŜǊŜōǊŀƭ ŎƻǊǘŜȄ Řƻ ǘƻ ƛǘǎ ƘŀǊŘǿƛǊƛƴƎ ǘƻ ōŜŎƻƳŜ ǎŎƘƛȊƻǇƘǊŜƴƛŎΚέ   
Now the answer is 58.  It must add 34 new connections and delete 24 preexisting ones.  Notice the differ-
ence.  The first question uses a reductionist model and stops.  The second one begins with reductionism, 
but then reconstructs the complexity of the original cerebral cortex by running the data through an infor-
mation infrastructure.  This extra step allows us to map the brain mathematically - in terms of parts and 
connections.  The advantage of this approach is that we can now take this mathematically reconstructed 
brain apart ς in a variety of ways - without surrendering its complexity.  Complexity, of course, is where 
many secrets exist and where the biology game is being played.  What will we discover?  By developing 
wiring diagrams for the brains of normal and schizophrenic patients, we can see - by simple subtraction - 
how this disease ravages all parts of the cerebral cortex.  Moreover, by taking the brain apart mathemati-
cally, we discover that each part defines and is defined by a connectivity field consisting of a distinct set of 
parts and connections.  Connectivity fields appear in three dimensions as sets of triangular units, usually in 
star-like configurations.  Such stars typically display multiple polarities, thereby revealing both the inti-
mate and extensive relationship of one part to another.  Mathematically mapping also extends our dimen-
sional reach.  Recall that the traditional hierarchy equations of stereology allow us to connect data (con-
centrations and absolute values) of several nested parts in a linear, one dimensional manner.  For exam-
ple, cytochrome c oxidase -> inner mitochondrial membrane -> mitochondrion -> cell -> tissue -> organ.  In 
contrast, connectivity fields do not share this dimensional limitation.  Since they draw on the intrinsic 
order of biological stoichiometry, mathematical maps readily capture all parts and all connections in all 
directions ς within and across hierarchical levels.  These results show that the brain ς or any part thereof - 
can now be mapped mathematically in two and three dimensional space and expressed as equations and 
graphs.  In effect, mathematical mapping takes us one step closer to a general solution to the problem of 
biological complexity, while at the same time creating new opportunities for the basic and clinical sciences 
by moving the biology enterprise up to the next level of inquiry.    

 

INTRODUCTION 

The report this year explores a mathematical ap-
proach to mapping the brain, using published data 
(Goldstein et al., 1999) and an information infrastruc-

ture (Bolender, 2010).  Such mapping is usually per-
formed physically wherein axons or groups thereof are 
painstakingly labeled and traced from one part of the 
brain to another.  With the introduction of new MRI 
technologies, the physical approach to tracing neurons 
is being reinvented.  It now appears, however, that 
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parts connected physically are also connected to one 
another mathematically by the intrinsic, orderly design 
of the brain.  In effect, the parts carry the rules that 
define the connections.     

Why map the brain mathematically?  The short answer 
is that it is surprisingly easy to do and yields a wealth 
of new information.  The long answer consumes the 
remainder of the report.     

Mathematical mapping may also be a smart way to 
proceed.  Consider the following argument.  If the 
brain is constructed by rule and if the products of 
these rules persist as stochiometries, then all the 
heavy lifting of figuring out how to create and connect 
the parts can ς for the moment - be left to the ingenu-
ity of biology.  Our immediate task requires little more 
than accessing these stoichiometries and using them 
to map the cerebral cortex.  If we agree that a grand 
challenge of the biological sciences is to connect 
seamlessly all biological parts, then mathematical 
mapping ς bootstrapped to biology ς offers a new and 
promising way to proceed.    

Last year the report described quantitative pheno-
types derived from triplet data that were expressed as 
ratios X:Y:Z (Bolender, 2010).  Such ratios detect the 
intrinsic stochiometries of biology.  By testing many 
different animals, organs, and experimental settings, it 
became apparent that biology routinely codes infor-
mation in sets of three parts.  This means that the 
stoichiometry originally discovered with data pairs 
(Bolender, 2001-2009) continues to the next level, 
namely data triplets.   

To map the brain mathematically, we need software 
programs that will allow us to detect stochiometries 
simultaneously within and across all hierarchical 
levels ς extending from large parts to small.  In other 
words, we want to assemble a single, n-dimensional 
network of parts and connections derived from the 
literature and flexible enough to accommodate a 
broad range of data, problems, and solutions.  More-
over, by aggregating data from several levels, the 
software can generate surprisingly large data sets.  
Complexity, you may recall, is largely a big numbers 
game.   

The current software package (EBS 2011) adds these 
programs.  Individual parts are connected into data 
pairs, data pairs into triplets, triplets into connectivity 
fields, and connectivity fields into connectivity maps.  
Collections of such maps combine to form networks 
of information, which we will need to address the 
many and formidable challenges of complexity.       

What can the reader expect to learn this year from the 
report and software package?  You will see, perhaps 
for the first time, how change occurs in a complex 
setting.  A worked example explains the process of 
moving the MRI data of a clinical paper through the 
information infrastructure, extracting stoichiometries 
of the parts, and using them to assemble connectivity 
maps and fields for the cerebral cortex.  Since this 
mapping procedure generates large amounts of new 
information, the analysis benefits importantly from 
advanced graphing technology.  By combining the 
database and graphing technologies, one obtains a 
working model for biological complexity, complete 
with a new theory structure.   

As we proceed, bear in mind the strategy in play.  
When looking for patterns in biology, we will be hunt-
ing for stoichiometries that are binding parts together 
mathematically.  By systematically capturing these 
well-ordered patterns graphically and with equations, 
we create a robust framework for moving information 
to and from all corners of the complexity.  Such pat-
terns become key to our success going forward be-
cause they also tell us when and where to look and 
what to do next.  Our long term goal, of course, will be 
to solve complexity by connecting everything biologi-
cal by rule ς everything from organisms to genes.             

 

METHODS AND RESULTS 

The software package for 2011/2012 includes new 
software tools for generating triplets within and across 
all levels of the biological hierarchy, extracting connec-
tivity fields, mapping the brain, writing equations, and 
viewing results graphically.   

The report attempts to unravel the complexity of 
schizophrenia by looking for the underlying structural 
events associated with the disease.  This exercise will 
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allow us to assemble a new experimental model for 
studying the complexity of disease, one based on data 
ratios, equations, and graphs.   
 
        

Enterprise Biology Software Package 

The software package includes eight screens offering 
ready access to programs, databases, and documents 
(Figure 1).   

 

Figure 1.  Enterprise Biology Software Package for 2011. 

 

Mapping the Brain Mathematically 

Capturing complexity in biology requires access to 
large numbers of parts and connections.  Since our 
starting point includes only 84 volume estimates for 
the parts of the cerebral cortex (Goldstein et al., 
1999), we begin by growing this number to more than 
5,000 by generating data pairs (X:Y) and data triplets 
(X:Y:Z).  New programs in the Enterprise Biology 
Software Package allows us to increase the number of 
data pairs quite considerably by gathering data from 
multiple levels of the hierarchy simultaneously.  
(Recall that forming permutations increases the num-
ber by n factorial: nPr = n!).  These data are then sort-
ed to identify data pairs that can form data triplets 
(X:Y:Z).  A second program transforms these data 

pairs into triplets ς about 2000.  We can plot the 
entire triplet data set for the cerebral cortex to gen-
erate a connectivity map (Figure 2), or we can filter 
and sort the triplets by part to view individual connec-
tivity fields (Figure 3).   

 

Figure 2. Connectivity map of the normal human cerebral 
cortex; parts=blue, connections=red. 

 

Figure 3. Connectivity field of the normal angular gyrus, 
identified as the blue dot at the top of the graphic.  

The results shown in Figures 2 and 3 reveal an 
astonishing complexity of the cerebral cortex, even 
when restricted to just the volumes of its parts.  
The beauty of these connectivity fields and maps is 
that they show us how a given part (node) is bound 
quantitatively to other parts, as shown by the 
connecting lines (edges).   

Notice that the connectivity field of Figure 3 in-
cludes many examples of closed loops and inter-
connections revealing a design strategy rich in 
feedback and redundancy.  Moreover, the angular 
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gyrus displays connections to all 42 parts of the 
normal cerebral cortex.   

Given the connectivity map of the cerebral cortex 
(Figure 2), unfolding the complexity of the brain 
becomes reduced to the familiar tasks of filtering and 
sorting a data set.  We can readily view a single part 
with all its connections in two dimensions (Figure 4.) 
or the relationship of one part to another in three 
dimensions (Figure 5.)  

 

Figure 4. Parts connected to the occipital pole of the cerebral 
cortex.  The red dot at the center represents the occipital pole. 

 

Figure 5: Connections between the planum temporal (temporal 
lobe) and the supplementary motor cortex (frontal lobe) ς 
represented by the two dots at the center.   The dots at the 
periphery indicate other parts of the cortex.  

Notice that all the rays in Figure 5 consist of a triangle 
connecting the planum temporal and supplementary 
motor cortex at the center to a third part out at the 
periphery.  This pattern of assembling star-like struc-

tures from a standard building block (a unit triangle) 
persists as a common feature throughout the brain 
and throughout biological parts in general (Bolender, 
2010).  Figure 6, which displays the data of Figure 2 in 
three dimensions, shows these triangles to greater 
advantage.  

 

Figure 6: Three dimensional connectivity map of the human 
cerebral cortex. 

Figure 7 illustrates the original data set (Goldstein 
et al., 1999) of the normal subjects before being 
run through the information infrastructure.  Note 
that these volume data alone supplied all the 
connection information shown, for example, in 
Figures 2 and 6 and in the Appendices.          

 

Figure 7: Original data set (volumes) of the normal cerebral 
cortex.  Although these data appear isolated, the ratios of 
the volumes retain the original complexity as mathematical 
connections (Figure 6).  
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Mapping Schizophrenia 

By running the data of patients with schizophrenia 
(Goldstein et al., 1999) through the information infra-
structure, we can generate a second set of connectivi-
ty maps for the cerebral cortex (e.g., Figure 8).   

 

 

Figure 8.  Connectivity maps of the human cerebral cortex in 
patients with schizophrenia, as seen in two and three dimen-
sions. 

By subtracting one connectivity map from the other 
(change = schizophrenia ς normal), we get an answer 
to the question posed in the opening summary: 
άWhat must the cerebral cortex do to its hardwiring 
to become schizophrenic?έ  The results in Figure 9 

show that the schizophrenic brain gains 34 and loses 
24 connections, giving a total of 58 events.  As a 
result, the remodeled brain displays a new set of 
emergent properties ς the most obvious being schiz-
ophrenia.        

Gained 

 

Lost 

 

Figure 9. Connections gained (top) and lost (bottom) in the 
cerebral cortex with schizophrenia.  Color coding: frontal lobe 
(yellow), temporal lobe (red), parietal lobe (green), occipital 
lobe (blue), medial paralimbic cortex (orange), telencephalon 
(gray), cerebral cortex (white). 

Note that all the lobes of the brain participate in 
schizophrenia, with the frontal (yellow) showing 
the greatest involvement (Figures 9 and 10). 
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Figure 10. Connections gained and lost in schizophrenia. 

Next, we can turn our attention to the connectivity 
maps of specific parts ŀƴŘ ŀǎƪΥ άIn schizophrenia, 
what happens locallyΚέ  Consider, as an example, 
the frontal pole (Figure 11).  The blue dot at the top 
of each plot in the figure represents the frontal 
pole, the yellow dot the medial paralimbic cortex, 
the red dot the occipital lateral gyrus, and the re-
maining blue dots other parts   

Notice that the frontal pole has connections with 
81% of the total parts (34/42) in healthy subjects 
and 90% (38/42) in those with schizophrenia.  The 
medial paralimbic cortex (yellow) goes from 31 
connections to 16 (16/31; 100% to 52%), and the 
occipital lateral gyrus (red) from 9 to 26 (26/9; 
100% to 289%).  Such changes are not unusual.  
Connectivity fields throughout the cerebral cortex 
display major changes in both their parts and con-
nections (see Appendix I).   

In effect, schizophrenia produces a mathematical 
rewiring of the cerebral cortex.  This rewiring ς or 
over wiring ς offers a new insight into what may 
turn out to be an important causative factor in the 
disease.              

Normal Patients 

 

Patients with Schizophrenia 

 

Figure 11. The connectivity fields of the frontal pole in normal 
patients and in those with schizophrenia.  Blue (at top of 
field) = frontal pole, yellow = medial paralimbic cortex; red = 
occipital lateral gyrus. 

When plotted in three dimensions, the frontal pole 
data of Figure 11 display distinct structural differ-
ences (Figure 12), suggesting a substantial collapse 
of the original order. 

 

Normal       Schizophrenia 

Figure 12.  The connectivity fields of Figure 11 displayed in 
three dimensions.  Notice the pronounced effects of schizo-
phrenia on the mathematical order of the brain. 
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The Mapping Software   

Mapping the cerebral cortex of brain relied on two 
software packages.  The Enterprise Biology Software 
was used to enter the original volume data into the 
literature database and to generate data pairs, tri-
plets, connectivity fields, connectivity maps, and 
equations.  In turn, the fields and maps were displayed 
graphically with Mathematica 8 (Wolfram Research, 
Inc.).  See, for example, Figures 2-9, 19-23, and the 
Appendices.  

Enterprise Biology Software (2011):  Our goal here is 
engage complexity by turning a relatively small num-
ber of data points (<100) into thousands (>5,000).  The 
example begins by running the software tree to load 
the data entry program (Figure 13).   

Step 1:  Enter the original published data into the 
literature database.  Run Soft Tree and then click on 
Stereology Literature Database -> Enter Data -> Con-
trol -> GO to run the data entry program. 

 

 

Figure 13. Top: Soft Tree; Bottom: Data entry screen. 

Step 2: Assemble data pairs.  Click on Universal Biolo-
gy Database -> Reformat Data -> Make Connections -> 
Enter Data Pairs ς All-CO Levels -> GO to run the data 
pair program (Figure 14). 

 

 

Figure 14. Top: Soft Tree; Bottom: Data entry screen for the 
control data pairs.  Note that the data (absolute volumes) 
of four hierarchical levels are treated as a single group 
when forming data pairs.   Remember that nPr = n!.  

The program illustrated in Figure 14 (bottom) forms 
data pairs by collecting data from several hierarchical 
levels - simultaneously.  This global approach to data 
entry can be applied when a data set consists of abso-
lute values (volumes, surfaces lengths or numbers).  
Recall that entering concentration data is restricted to 
a single hierarchical level, but only when specific 
requirements are met (Bolender, 2010).  Data gener-
ated by this program allow us to resolve a fundamen-
tal question about biological stoichiometry, as it ap-
plies to parts larger than molecules.  If stoichiometries 
exist for data pairs and triplets within hierarchical 
levels, do they also exist across hierarchical levels?  In 
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other words, do the rules generalize locally and global-
ly?  For the cerebral cortex in humans, the answer is 
clearly yes.      

Step 3: Identify and mark data triplets (Figure 15).  
Click on Digital Libraries -> Patterns -> Triplets -> Find 
Data (Valences) -> GO to view the data pair list.  Enter 
the citation number (for this exercise: 5165) into the 
data entry field at the upper left, and press the Enter 
key. Use the Sort Right and Sort Left buttons to identi-
fy and mark the triplets, as previously described 
(Bolender, 2010).  

 

 

Figure 15. Marking data pairs with similar ratios: to be 
combined to form triplets in the next step (Figure 16).  
Clicking on a check box marks it in green. 

Step 4: Assemble data triplets from data pairs (Figure 
16).  Click on Digital Libraries -> Patterns -> Triplets -> 
Enter Find Data (Valences) -> GO to run the data entry 
program.  Enter data triplets as described earlier 
(Bolender, 2010).  Briefly, generating triplets consists 

of forming combinations from data pairs that share 
the same y value (Figure 16).      

 

 

Figure 16. Assembling triplets from data pairs by forming 
combinations (nCr = nPr/r!) .   

Step 5: View, sort, and print the triplets (Figure 17).   
Click on Digital Libraries -> Patterns -> Triplets -> View 
Data -> GO to run the view data program.   

 


