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Now the answer is 58. It must add 34 new connections and delete 24 preexisting ones. Notice the diffe
ence. The firsuestion uses aeductionistmodel and stops.The second one begins witkductionism,

but then reconstructs the complexity of the original cerebral cofdgxrunning the data through an info
mation infrastructure This extra step allows us to map theain mathematically in terms of parts and
connections. The advantage of this approach is that we can now téke#thematically reconstructed
brain apartc in a variety of ways without surrenderingits complexity. Complexity, of course where
many secretsexistand wherethe biology game is being playedWhat will we discover? By developing
wiring diagrams for the brains of normal and schizophrenic patients, we canbgesimple subtraction

how this disease ravages all parts of the ceréboatex. Moreover, by taking the brain apart matheimat
cally, we discover that each part defines andefined by a connectivity fieldonsisting of aistinctset of
parts and conndions. Connectivity fieldappearin three dimensios as ses of triangular unitsusuallyin
star-like configurations Such stars typically display multiple polarities, thereby revedloth the inti-
mate and extensive relationship of one part to another. Mathematically mapping also extends our- dime
sional reach. Recatliat the traditional hierarchy equations of stereology allow us to connect data-(co
centrations and absolute values) of several nested parts in a linear, one dimensional m&onexxan-

ple, cytochromec oxidase-> inner mitochondrial membrane> mitochordrion -> cell-> tissue->organ. In
contragd, connectivity fields do not share this dimensional limidat Since theydraw onthe intrinsic
order of biological stoichiometrymathematicalmapsreadily capture all partsand all connectiongn all
directionsg within and across hierarchical level3hese resultshowthat the braing or any part thereof

can now bemapped mathematically in two and three dimémsal space and expressed eguations and
graphs In effect, mathematical mappgtakesus one step closer to general solution to the problem of
biological complexitywhile at the same timereatingnew opportunitiesfor the basic and clinical sciences
by moving the biology enterpriagp to the next levebf inquiry.

INTRODUCTION ture (Bolender, 2010) Such mapping is usually rpe
formed physically wherein axons or groups thereof are

The report this year explores a mathematicap- a painstakinglylabeledand traced from one part of the

proach to mapping the brain, using published datgraln to a_nother. Wlth the introduction _of newMRl
(Goldstein et al., 1999nd an informationinfrastruc- technologiesthe physical approacto tracing neurons
' is being reinvented It now appears however,that
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parts connected physically are also connectedone The currentsoftware package(EBS 20113dds these
anothermathematicallyby theintrinsic, orderly design programs Individual @rts are connected intodata
of the brain. In effect, the partscarry the rules that pairs, data pairs inttriplets, triplets into connectivity
define theconnections fields, and connectivity fields into connectivity maps.

_ _ Qollections of such mapsombineto form networks
Why map the brain mathematicallyPhe short answer ¢ information, which we will needo address the

is that itis surprisingly easto do andyields a wealth many andformidablechallenges ofomplexity.
of new information. The long answer consusnie

remainder ofthe report. What canthe reader expecto learnthis year from the

report and software package?You will see, perhaps
Mathematical mappingmay also be a smart way tOfor the first time, how change occurs in a complex
proceed. Consider théollowing argument If the getting. A worked exampleexplains the process of
brain is constructed by ruleand if the products of moving the MRI data of a clifcal paper through the
these rulespersist as stochiometrigsthen all the information infrastructure extracing stoichiometries
heavy lifting of figuring out how toreate and connect uf the parts and using them to assembleonnectivity
the partscang for the moment- be left to theingeru-  maps and fieldsfor the cerebral cortex. Since this
ity of biology. Ouimmediatetask requires little more mapping proceduregenerates large amounts of new
than accessinghese stachiometries and using them information, the analysisbenefits importantly from
to map the cerebral cortexIf we agree thatagrand 5gvanced graphing technology By combining the
challenge of the biological sciences is to connegigtabase and graphing technologies, oabtains a
seamlessly all biological parts, eth mathematical working model for biological complexig, complete
mappingg bootstrapped to biology, offers a newand \yith a new theory structure
promisingway to proceed.

As we proceed, bear in mindthe strategy in play.
Last year the report described quantitative plwen \when |ooking for patterns in biologye will be hurt-
typesderived from triplet datethat wereexpressed®s  ng for stoichiometriesthat are binding parts together
ratios X:Y:Z(Bolender, 201Q) Suchratios detect the mathematically. Bysystematically capturinghese
intrinsic stochiometriesof biology. By testing many \yell-ordered patternsgraphically and with equations
different animals, organs, and experimental settings, {l;e create a robust frameworkfor moving information
became apparent that biology routinely codes iRfo 15 and from all corners of the complexitySuch pé&
mation in sets of three parts This means thathte (grns become key to our success going forwaed b
stoichiometry originallydiscoveredwith data pairs ¢g,se they also tell us when and where to look and
(Bolender, 20022009) continues to the next level, \what to do next.Our long term goal, of course, will be
namelydata triplets. to solve complexitypy connecting everything bioldg

To map thebrain mathematically, we needoftware cal by rulec everything from organisms to genes.

programsthat will allow us to detect stochiometries
simultaneously within and across all hierarchical

levels¢ extending from large parts tosmall In other METHODS AND RESULTS

words, we wantto assemblea single, rdimensional

network of parts and connections derived from theThe software package for 202012 includes new
literature and flexible enough to accommodate asoftware tools forgenerating tripletswithin and across
broad range oflata, problems and solutions More- || |evels of the biological hierarcfgxtracting conne-

over, by aggreating data from several levels, the ity fields,mapping the brainwriting equationsand
software cangenerate surprisingly largedata sets  yjewingresults graphically

Complexity, you may recall, iargely a big numbers

game. The report attempts tounravel the complexityof
schizophrenia by looking for the underlying structural
events associated with the disease. This esewill



allow us to assembla new experimentalmodel for
studyingthe complexity ofdisease one based owmlata
ratios, equations, andraphs

Enterprise Biology Software Package

The software package includes eight screens offering
ready access to programs, databases, and documents

(Figurel).

Figurel. Enterprise Biology Software Package for 201

Mapping the Brain Mathematically

Capturing omplexity in biologyrequires accss to
large numbers of parts and connectionsince our
starting pointincludes only 84volume estimates for
the parts of the cerebral corteXGoldsteinet al.,
1999) we begin by growing this number toore than
5,000 by generatinglata pairs (X:Y) andiata triplets
(X:Y:Z) New prograns in the EnterpriseBiology
Software Packagallows us tdncrease the number of
data pairs quite considerably lgatheling data from
multiple levels of the hierarchy simultaneously.
(Recall that forming permutations ireases the nm-
ber by n factorial;,P,= n!). Thesedata are then sdr
ed to identify data pairs that can forndata triplets
(X:Y:Z). A second program transforms thes#ata

pairs into triplets ¢ about 2000. We can plot the
entire triplet data setfor the cerebral cortexto gen-

erate aconnectivity map Kigure 2, or we canfilter

and sortthe triplets by partto viewindividual conne-

tivity fields (Figure 3)
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Figure2. Connectivitymap ofthe normal human cerebral
cortex; parts=blue, connections=red

Figure3. Connectivityfield of the normal angulargyrus,
identified as theblue dot at the top of the graphic.

The results shown irFigures 2 and 3 revean
astonishingcomplexity of the cerebral cortex, even
when restricted to just the volumes dfs parts.
The beauty of thee connectivity fieldsand mapss
that they show us how a given part (node) is bound
guantitatively to other parts, as shown by the
connecting lines (edges).

Notice that he connecivity field of Figure 3in-
cludes many examplesof closed loops and inte
connections revealing a design strategyrich in
feedback andedundancy. Moreover, the angular



gyrus displays connections to alp garts of the tures from astandard building block (anit triangle
normalcerebral cortex. persistsas acommon feature throughout the brain

) o and throughoutbiological partsn general(Bolender,
Given the connectivity map of the cerebral cortex  2010) Figures, whichdisplaysthe data of Figure 2 in

(Figure2), wnfolding thecomplexity of thebrain three dimensionsshows these triangles tgreater
becomes reduced to the familiar tasksfitering and  5qyantage.

sortinga data set. We carreadily viewa single part
with allits connectiongn two dimensiongFigure 4.)
or the relationship of one part to another in the
dimensions (Figure 5.)
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92 cerebral cortex.
Figure 4 Parts connected tdhe occipital pole of the cerebral Figure? illustrates the original data sé6Goldstein

cortex. The red dot at the centerepresents the occipital pole . .
P priatp et al., 1999)of the normal subjectbefore being

run through the information infrastructure Note
that these volume data alone suppled all the
connection information shownfor example,in
Figures2 and6 and inthe Appendices
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Figure5: Connectionsbetween the planum temporal (temporal (" &
lobe) and the supplementary motor cortex (frontal lobe) ¢ tt
represented bythe two dots at the center. The dots at the ‘k
peripheryindicate other parts of the cortex. C C

Notice thatall therays in Figure Bonsist of a triangle _ N
Figure7: Orignal data set (volumespf the normal cerebral

connecting theplanum temporal gnd suppimentary cortex. Although these data appear isolated, thatios of
motor cortexat the center to a thlrd parbut at the the volumes retainthe originalcomplexity asmathematical
periphery. This pattern of assebfing starlike struc- connections (Figure 6)
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Mapping Schizophrenia showthat the schizophrenic braigairs 34 and loses

24 connections,giving a total of 58 events As a
By running the dataof patients with schizophrenia result, tie remodeled braindisplays anew set of
(Goldstein et al., 1999rough the information infa- emergent properties; the most obvious &ing scl-
structure, wecan generate second set ofonnectiv- ophrenia.
ty maps for the cerebral cortex (e.g., Fig@)e

Gained

Lost

Figure8. Connectivitymaps of the human cerebral cortex in

patients with schizophrenia as seen intwo andthree dimen- Figure9. Connectiongyained (top) and lost (bottom) in the
sions cerebral cortex with schizophrenia Golor coding: frontal lobe
(yellow), temporallobe (ed), parietal lobe (reen), occipital
lobe (blue), medial paralimbiccortex (orange),telencephalon

By subtracting oneonnectivitymap from the other (aray). cerebral cortex (white).

(change =schizophrenia; normal), we getan answer
to the question posed in the ope‘ning summary Note that all the lobes of thebrain participate in
dWhat mustthe cerebral cortexdo to its hardwiring  schizophrenia with the frontal (yellow)showing
to become schizophrenié? The resultsin Figure 9 the greatest involvemem‘Figurs 9 and]_())_
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Normal Patients

Schizophrenia
.

Number of Events

Patients with Schizophrenia

Gained Lost
Connections
Frontal Lobe . Temporal Lobe /.\
Parictal Lobe B Occipital Lobe
Medial Paralimbic

Cortex
sessroese .
Figure 10. Connectiongained andlost inschizophrenia.

Next, we carturn our attentionto the connectivity €0 GO000000  GONNNNNED © 60

maps of specificparts I Y R linasthizoptienia,
what happers locallyK € Consider, as an example, ® & °®
the frontal pole (Figure 11)The blue dot at the top
of each plot inthe figure represents the frontal Fig_urell. Thgconnectiv!tyfiel_ds ofthe_frontal pole innormal
pole, the yellow dot the medial paralinic cortex, patlents and in those W|tl"sch|zophren|a.'BIug (at top of
.. field) =frontal pole, yellow = medial paralimbiccortex; red =

the red dot the occipital lateral gyrusand e re- occipital lateral gyrus.
maining blue dot®ther parts

_ _ _ When plotted in three dimensionghe frontal pole
Notice that he frortal pole has connections with gata of Figure 1Misplay distinct structural diffe

81% of thetotal parts (34/49 in heathy subjects ences (Figure )2suggesting aubstantialcollapse

medial paralimbic cortexyellow) goes from 31
connectionsto 16 @6/31; 100% to52%), and the
occipital lateral gyrug(red) from 9 to 26 R6/9;
100% to 28%). Such changes are not unusual.
Connectivity fields throughout the cerebrabrtex
display major changes iooth their parts and co-
nections (seé\ppendk I).

In effect, schizophrenigroducesa mathematical
rewiring of the cerebral cortex.This rewiringg or
over wiring ¢ offers anew insight intowhat may
turn out to be a important causative factor ithe  Figyre12. The connectivity fields of Figure 11 displayed in

disease three dimensions.Notice the pronounced effects afchio-
phrenia on themathematical orderof the brain.

Normal Schizophrenia



The Mapping Software Step 2:Assemble data pairsClick on Universal Bm
gy Database> ReformatData->Make Connections>
Mapplng the Cerebral cortex O‘Ibrain relied on tvo Enter Data Pall’s A”'CO Leve|9 GO to run the data

software packages.The Enterprise Biology Software pairprogram(Figure 14)
was used to enter theriginal voume datainto the
literature database ando generate data pairs,tri-
plets, connectivity fields connectivity maps and
equations In turn, thefieldsand mapswere displayed
graphically withMathematica 8 Wolfram Research,
Inc.). See for example,Figures2-9, 19-23, and the

i

Universal Biology Database

Reformat Data

Create new forms of information

Make Connections.
Connect parts X and ¥

App en dl ces ;ga%;-;j:;:;mm“ E':::S?: p:n':v:‘ci Go I
Enterprise Biology Softwaré2011): Our goal here is |, o
engage complexity by turning relatively small non-
ber of data points (<100) into thousands (>5,000he
example begins byunningthe software treeto load
close

the data entry programKigure 13.

Step 1: Enter the original publisheddata into the
literature database.RunSoft Treeand then dick on
Stereology Literature Database Enter Data> Co-
trol -> GO to run the data entry program.

[~ @ Stereclogy Literaturs Database Stereciogy Literature Database
© Standardize Data

C
e cooe o _Go |

= __Jco

Figure X. Top: Soft Tree; BottomData eriry screenfor the
control data pairs Note that the data (absolute volumes)
close | of four hierarchical levels are treated as a single group
when forming data pairs. Rememberthat ,P.=n!.

11 ENTERPRISE BIOLOGY SOFTWARE PROJCT - STEREGLOGY LITERATURE DATABASE - ENTER CONTROL DATA E =loix)

o i B — The programillustrated in Figure 14 (bottomforms
; = m— . 5383 5 data pairsby collectingdata from severalhierarchical
e o = - s == levels- simultaneously Thisglobalapproach todata
3 wfﬁgﬁ&f e e m——1 entry can be applied whea data set consists aibo-
e e lute values Yolumes, surfaces lengths or numbgrs
e T A — e — Recall that entering concentration data is restricted to
o eeC—TE W— = a single hierarchical leyelbut only when specific
18] somcomeame T SimSemGm@wmOmmOs Oa OmeOw .
il == e L e — requirements are met (Bolender, 2010pata gene-
CHE T — %EE ated by this program allow us t@solvea fundame-
i cO,miT”““,E% i e e tal question about biological stoichiomeiras it g-
e e | e e e e e ] plies to parts larger than moleculedf stoichiometries
exist for data pairsand triplets within hierarchical
Figure13. Top: SoftTree; Bottom:Data ertry screen. levels, do they also exist across hierarchical levéfs?



other words, do the rules generalitgcally and globla of forming combinations from data pairs that share
ly? For the cerebral cortein humans, the answer is the same y valué~igure 16.
clearlyyes.

Step 3:ldentify and markdata triplets (Figure 15)
Click on Digital Libraries Patterns-> Triplets-> Find
Data (Valencesy GO to view the data pair list.nter
the citation number for this exercise:5165) into the
data entry field at the upper leftand presshe Enter
key. Use theSort Rightand Sort Leftbuttons to ident-

fy and mark the triplets, as previously described
(Bolender, 2010).

=igix

Pattemns

Rule-based order

Tiiplets
Use triplets to wark out organism codes

Find Data (Valences)
GO |

close

Figure 16 Assembling tripletsfrom data pairsby forming
combinations (G =,P/r!).

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

Figure 15. Marking data pairsvith similar ratios: to be
combined to form triplets in the next step (Figure 16)
Clicking on a&heck boxmarksit in green.

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