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CROSS-REFERENCE TO RELATED APPLICATION

[0002] The present invention is related to and claims priority to U.S. Provisional Patent
10 Application Serial No. 60/287,702, filed May 2, 2001, entitled “Method and Apparatus for

Computer Modeling Type 2 Diabetes,” and U.S. Patent Application Serial No. 10/040,373,

filed January 9, 2002, entitled “Method and Apparatus for Computer Modeling Diabetes”

which are incorporated herein by reference.
BACKGROUND OF THE INVENTION

15 [0003] The present invention relates generally to a computer model of diabetes. More
specifically, the present invention relates to a computer model of diabetes (e.g., human type

2 diabetes) within the framework of multiple macronutrient metabolism.

[0004] The process of extracting energy from the environment and using it to maintain life
is called metabolism. Every cell in the human body requires a constant supply of energy in

20 order to avoid the decay to thermodynamic equilibrium (i.e. death). The required energy
comes from the ingestion of food and the carefully controlled oxidation of the carbon based
macronutrients: carbohydrates, fats, and protein. The fact that humans don’t eat
continuously, and can survive for some period of time without food, implies that we have
the ability to store nutrients for use between meals. Evolution has provided us with

25 complex control mechanisms involving multiple organ systems that direct the storage,
mobilization, and utilization of various fuels under a variety of environmental conditions

including feeding of various diets, fasting, and performing physical activity.

[0005] Diabetes is a complex disease resulting from alterations in normal metabolism that

are manifest in elevated fasting and post-prandial blood glucose, impaired insulin sensitivity

.
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| mpai 1 ed PAREHRA I ddels BEGhd FBcesIiirecting metabolism can be used to help better

10 understand human metabolism and make useful predictions. For example, several
researchers have constructed simple mathematical models of glucose regulation and its
hormonal control (Cobelli et al., Math. Biosci., 58:27-60, 1982, Guyton et al., Diabetes,
27:1027-42, 1978. Srinivasan et al., Comp. Biomed. Res., 3:146-66, 1970, Cramp et al.,
Biological Systems, Modeling and Control, DA Linkens ed. pp- 171-201, 1979). Some

15 researchers have attempted to represent diabetes related disorders, but these models were
restricted to glucose regulation and did not represent the important interactions with fat or
protein metabolism (Cobelli et al., Math. Biosci., 58:27-60, 1982). Fat metabolism in
particular is thought to play a major role in diabetes related disorders (McGarry, Science,
258: 766-70, 1992).

20 [0007] Hence, there is a need to develop a computer model of diabetes within the

framework of multiple macronutrient metabolism.
SUMMARY OF THE INVENTION

[0008] The present invention relates generally to a mathematical and computer model of
diabetes related disorders (¢.g., human type 2 diabetes) within the framework of multiple

25 macronutrient metabolism. The model includes a representation of complex physiological
control mechanisms related to, for example, fat metabolism, protein metabolism and/or
carbohydrate metabolism. In one embodiment, for example, the model can account for the
interconversion between macronutrients, as well as their di gestion, absorption, storage,
mobilization, and adaptive utilization, as well as the endocrine control of these processes.

30 In this embodiment, the model can simulate, for example, a heterogeneous group of diabetes

related disorders, from insulin resistant to severe diabetic, and can predict the likely effects

2
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10 [0012] FIG. 4 illustrates an example of a module diagram for one of the anatomical

elements shown in the Summary Diagram of FIG. 3.

[0013] FIG. 5 illustrates an example of a browser screen that lists, by biological areas,

lesions (or defects) for type 2 diabetes that can be modeled.

{0014] FIG. 6 illustrates an example of a user-interface screen for the parameter set of a
15 type 2 diabetes lesion.

[0015] FIG. 7 illustrates a graph comparing the model results against measured data for an

oral glucose tolerance test.

[0016] FIGS. 8A-H graphically illustrate an example of the model results for a 24-hour

simulation of an obese diabetic patient eating 3 typical meals.

20 [0017] FIG. 9 illustrates a graph showing an example of the model results for an oral

glucose tolerance test.

[0018] FIG. 10 shows a system block diagram of a computer system within which the

methods described above can operate via software code, according to an embodiment of the

present invention.

25 [0019] FIG. 11 shows an example of the module diagram for the glucose uptake functions

of the muscle, according to an embodiment of the present invention.

[0020] FIG. 12 shows a graph of the function f{(i) (representing the effect of insulin on

GLUT4 membrane content) versus the interstitial insulin concentration, /.
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carbohydrate metabolism.

10 [0022] In one embodiment, the computer executable software code numerically solves the
mathematical equations of the model under various simulated experimental conditions.
Furthermore, the computer executable software code can facilitate visualization and
manipulation of the model equations and their associated parameters to simulate different
patients subject to a variety of stimuli. See, e.g., U.S. Patent 6,078,739, entitled “Managing

15 objects and parameter values associated with the objects within a sirﬁu]ation model,” the
disclosure of which is incorporated herein by reference. Thus, the computer model can be
used to rapidly test hypotheses and investigate potential drug targets or therapeutic

strategies.

Mathematical Model |

20 [0023] The mathematical mode! of the computer-executable software code represents the
dynamic biological processes controlling multiple macronutrient metabolism. The form of
the mathematical equations employed may include, for example partial differential
equations, stochastic differential equations, differential algebraic equations, difference
equations, cellular automata, coupled maps, equations of networks of Boolean or fuzzy

25 logical networks, etc. In one embodiment, the form of the mathematical equations used in

the model are ordinary differential equations:

dx/dt = f(x, p, t),
where x is an N dimensional vector whose elements represent the biological variables of the
system (for example plasma glucose, insulin, free fatty acids, etc.), tis time, dx/dt is the

30 rate of change of x, p is an M dimensional set of system parameters (for example basal

4
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only includes the biological processes related to fat metabolism. In another embodiment,

the diabetes model only includes the biological processes related to protein metabolism.

10 [0025] The term “biological variables” refers to the extra-cellular and/or intra-cellular
constituents that make up a biological process. For example, the biological variables can
include metabolites, DNA, RNA, proteins, enzymes, hormones, cells, organs, tissues,
portions of cells, tissues, or organs, subcellular organelles, chemically reactive molecules
like H', superoxides, ATP, citric acid, protein albumin, as well as combinations or

15 aggregate representations of these types of biological variables.

[0026] The term “biological process” is defined herein to mean an interaction or series of
interactions between biological variables. Thus, the above function f mathemat;cally
represents the bioldgical processes in the model. Biological processes can include, for
-example, digestion, absorption, storage, and oxidation of carbohydrate, fat, and protein, as
20 well as the endocrine control of these processes. Each biological variable of the biological
process can be influenced, for example, by at least one other biological variable in the
biological process by some biological mechanism, which need not be specified or even

understood.

[0027] The term “biological state” is used herein to mean the result of the occurrence of a
25 series of biological processes. As the biological processes change relative to each other, the

biological state also undergoes changes. One measurement of a biological state, is the level

of activity of biologic variables, parameters, and/or processes at a specified time and under

specified experimental or environmental conditions.

{0028] Inone embodiment the biological state can be mathematically defined by the values
30 of x and p at a given time. Once a biological state of the model is mathematically specified,

numerical integration of the above equation using a computer determines, for example, the
5



met hods descri bed above can operate via software code, according to an
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[0030] A biological state can include, for example, the state of an individual cell, an organ,
a tissue, and/or a multi-cellular organism. A biological state can also include the state of a
nutrient or hormone concentration in the plasma, interstitial fluid, intracellular fluid, and/or

10 cerebrospinal fluid; e.g. the states of hypoglycemia or hypoinsulinemia are low blood sugar
or low blood insulin. These conditions can be imposed experimentally, or may be
conditions present in a patient type. For example, a biological state of a neuron can include
the state in which the neuron is at rest, the state in which the neuron is firing an action
potential, and the state in which the neuron is releasing neurotransmitter. In another

15 example, the biological states of the collection of plasma nutrients can include the state in
which the person awakens from an overnight fast, the state just after a meal, and the state

between meals.

[0031] The term “biological attribute” is used herein to mean clinical signs and diagnostic

criteria associated with a disease state. The biological attributes of a disease state can be
20 quantified with measurements of biological variables, parameters, and/or processes. For

example, for the disease state of diabetes, the biological attributes can include fasting

plasma glucose, casual plasma glucose, or oral glucose tolerance test (OGTT) value.

[0032] The term “disease state” is used herein to mean a biological state where one or
more biological processes are related to the cause or the clinical signs of the disease. A

25 disease state can be, for example, of a diseased cell, a diseased organ, a diseased tissue,
and/or a diseased multi-cellular organism. Such diseases can include, for example, diabetes,
asthma, obesity, and rheumatoid arthritis. A diseased multi-cellular organism can be, for
example, an individual human patient, a specific group of human patients, or the general
human population as a whole. A diseased state could also include, for example, a diseased

30 protein (such as a defective glucose transporter) or a diseased process, such as defects in
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10 [0034] The computer model of diabetes includes the biological processes related to
multiple macronutrient metabolism. In one embodiment, the model includes the processes
related to the metabolism of all three macronutrients, i.e., carbohydrates, fats, and proteins.
In another embodiment, the model includes the processes related to fat metabolism. In yet
another embodiment, the model includes the processes related to protein metabolism. In

15 other embodiments of the invention, the model includes processes related to the metabolism
of two macronutrients, i.e., carbohydrates and fats, carbohydrates and proteins, or fats and
proteins. These different embodiments enable a researcher to understand the

pathophysiology of diabetes in the presence of one, two, or all three macronutrients.

[0035] To represent metabolism of macronutrients, the biological processes can include
20 the processes of digestion and absorption of carbohydrates, fat, and/or proteins. In addition,

the appropriate hormonal responses to carbohydrates, fat, and/or proteins can be included.

[0036] To represent carbohydrate metabolism, the model can include, for example, muscle
glucose uptake regulation; muscle glycogen regulation; lactate metabolism; hepatic
carbohydrate regulation including gluconeogenesis (i.e. creation of glucose 6-phosphate)

25 from lactate, glycerol, and amino acids, glycogenolysis and glycogen synthesis, and glucose
uptake and output; brain glucose uptake and utilization; adipose tissue glucose uptake for
triglyceride esterification (i.e. fat storage); carbohydrate oxidation in tissues other than the

brain and skeletal muscle; and renal glucose excretion.

[0037] To represent fat metabolism, the model can include, for example, the regulation of
30 adipose tissue uptake of free fatty acids (FFA) from circulating FFA and lipoproteins
(chylomicra and VLDL (very low density lipo7protein)); the regulation of adipose tissue
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10 [0039] FIG. 10 shows a system block diagram of a computer system within which the

methods described above can operate via software code; according to an embodiment of the
present invention. The computer system 100 includes .a processor 102, a main memory 103
and a static memory 104, which are coupled by bus 106. The computer system 100 can
further include a video display unit 108 (e.g., a liquid crystal display (LCD) or cathode ray
15 tube (CRT)) on which a user interface can be displayed. The computer system 100 can also
include an alpha-numeric input device 110 (e.g., a keyboard), a cursor control device 112
(e.g., a mouse), a disk drive unit 114, a signal generation device 116 (e.g., a speaker) and a
network interface device medium 118. The disk drive unit 114 includes a computer-
readable medium 1 15 on which software 120 can be stored. The software can also reside,
20 completely or partially, within the main memory 103 and/or within the processor 102. The

software 120 can also be transmitted or received via the network interface device 118.

[0040] The term “computer-readable medium” is used herein to include any medium
which is capable of storing or encoding a sequence of instructions or codes for performing
the methods described herein and can include, but not limited to, optical and/or magnetic

25 storage devices and/or disks, and carrier wave signals.

Computer Model

[0041] Suitably, a computer model can be used to implement at least some embodiments
of the present invention. The computer model can be used for a variety of purposes. For
example, the computer model can enable a researcher to: (1) simulate the dynamics of the
30 biological state associated with type 2 diabetes, (2) visualize key metabolic pathways and
8
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mat henat | c%ﬁgl['vng@ﬁ hﬁbaﬁilwfetﬂggﬁﬁ?%éefe@@ceépr Q&ﬁhﬁpff&m_ﬁﬂt?@ agdgamlik the. Once a
bi ol agi cal inférafationto thb eeleRsiediséaSe BEhHIRL IBR) dotn &?ﬁ{ofdgﬁ%n b@%mlhﬁg&
integration of the above equation using ng a corputer Jet ermnes, Tor
exanpl e, t$ystem in which the information can be shared oughout an organization. Thus, the

computer model can be a specialized knowledge management system focused on diabetes.
Effect Diagram and Summary Diagram

[0043] In one embodiment, the computer model contains software code allowing visual

15 representation of the mathematical model equations as well as the interrelationships
between the biological variables, parameters, and processes. This visual representation can
be referred to as an “Effect Diagram”, illustrated in FIG. 1. The Effect Diagram comprises
multiple modules or functional areas that, when grouped together, represent the large
complex physiology model. These modules represent and encode sets of ordinary

20 differential equations for numerical integration, as discussed more fully below in the section

entitled “Mathematical Equations Encoded in the Effect Diagram.”

{0044] The Effect Diagram depicted in FIG. 1 includes a Summary Diagram in the upper
left corner I. FIG. 2 is an enlargement of the upper left portion of the Effect Diagram
showing that the Summary Diagram can provide navigational links to modules of the

25 model. The navigational tools can relate to a functional view or the anatomical view since
the Effect Diagram can include the modules for the various anatomical elements of the
human physiologic system, and a given function may involve multiple anatomical
structures. From the Summary Diagram, a user can select any of these related user-interface
screens by selecting such a screen from the Summary Diagram (e.g., by clicking a hyperlink

30 to a related user-interface screen).



WO 02/ 087506 PCT/ US02/ 13563 time evolution of the biological variables _
x(t) and hence the evolution of the biological state over tine. [0029] The

term " si mnNveto2@87s06 S used herein to nean the nuneri _cal or PORIhI/53RL3
integration of a mathematical nodel. For exagl e, simulation can nean the

nuner i cal [8045ht EX7-2k illysiraigs anrpxamplerafmedummary lRisgramdiom ;nh; Ejﬂg%q; ?ﬂiah oft at e
defined b h ' . A = X L),

bi ol ogi ca?l‘%’[ gt %p%g(ﬁvfﬁclﬁ?dg%?ﬁl@%ﬂy%gm? ﬁé{ gliog{%lg anovgélvﬁ% |t§}/1|edual cell,
an organ, costents of the EffactiDiagram and tin wetdinuhades diagtink soinodulbs il thgE€fatt st ?th e
can al so ipclude.the state of a, nutrient or hornone concentratiqn in e
pl asnma, i .ll}gaﬁf?{“r t]{hgﬁe q‘?%h?ﬁ can hebgsed My FL EXFIR eqfheéﬂﬁP@Ffahﬁle@éi*téB #€pi nal
fluid e. aumfahghﬁabgﬁs&ha@xﬁaﬁkuﬁ&dﬂr@esﬂﬁcsw&fedl Vel 1i0& AeRES et@\4sP! ood
sugar or |ow blood I'nsulin. These conditions can be ihpose

exper i menshewyin the Aratpriieal Vieowoff thechwanmarg Qiagraind. a patient type. For

exanpl e, a biological state of a neuron can include the state in which the

: . : . o fir ti
Dot enti ar 100461, °P10, 4iflERteed oxllnhldl ffd ORICRUEAR o7 ol 41 RO AR BEI. G i 1 e
| n anot heeleifentsshowh én theSanmay Djagrain TGS blord dpeciichlly FIGohilhktratkas ma

nutrients cgn [

: : !
over ni ght Eltel, l{’:qlfgrgg?%‘gg °i§rb§v{§d§+¥ép¥gecﬁgﬁ°?%§ﬁ%¥ Sﬁ%gﬁ‘g‘lvgg’gﬁ?‘ﬂ%{ meéif?theal s.

10 the biological relationships as well as the mathematical equations are représented through

the use of diagrammatic symbols. Through the use of these symbols, the complex and
dynamic mathematical relationships for the various elements of the physiologic system are

represented in a user-friendly manner.

[0047] Pages A-1 through A-39 of Appendix A lists additional examples of user-interface
15 screens for other modules for anatomical elements and physiologic functions shown in the

Summary Diagram.
Mathematical Equations Encoded in the Effect Diagram

[0048] As mentioned above, the Effect Diagram is a visual representation of the model

equations. This section describes how the diagram encodes a set of ordinary differential
20 equations. Note that although the discussion below regarding state and function nodes

refers to biological variables for consistency, the discussion also relates to variables of any

appropriate type and need not be limited to just biological variables.
State and Function Nodes

[0049] State and function nodes display the names of the biological variables they

25 represent and their location in the model. Their arrows and modifiers indicate their relation
to other nodes within the model. State and function nodes also contain the parameters and
equations that are used to compute the values or their biological variables in simulated
experiments. In one embodiment of the computer model, the state and function nodes are
generated according to the method described in U.S. Patent 6,051,029 and co-pending

30 application 09/588,855, both of which are entitled “Method of generating a display for a

10



{00311 The term "bi ol ogical attribute" is used herein to mean cl'inical
5igns 'and diagnostic «criteria associated with a disease state. The

bi ol ogi cal vad vzedrsgees of a di sease state can be 20 quantlflp%q, 2}1356?__
measur enent s of biol ogi cal variables, paraneters, and/or proce or

exanpl e, Q"%@S@%%W%%wang doderaddink repr&eehtanbmjr arad bk btl’whilﬁh afe can
' I oral gl ucose
tol er ance. TEQPorR e o) rEAR: B0 o R s S Raeihoo et sethemcr oi n

to nean a tisoisemieddw.st at e where one or nore biological processes are
related to the cause or the clinical signs of theddl seasg A 25 di sgasgased
state can be exanpl dIS ased ce | seased organ, a dis
tissue, a~di seas (95% %atf‘te(‘}Q Suf Pll’@k@é?fﬁgrrﬁvaéue#\ecﬁﬁ@am@an

i ncl ude, rede@hed18gical vasihbERin tH@@%ie&ﬁthe% el BEWHRA Q) ofd art hl“ tis.
A di seased\yul.ti.-e®l [ ul ar organi sm can be, exanpl e, an 1 ndivi dua

human patient, a spé‘?!?ﬁ"’i‘@er‘Pbb@pCbmuhuﬁanffm¢fetstmputsovdrhmegeneraI human
popul ation as a whole. A diseased state could also include, for exanple, a

o1 ocess, oS e pod i RS P Y B A RS 1B Fhefpurfoitn”
Suc
8 (rag:’: :3 Zt | OﬁQT astateynoda dnnlededts lmtlaymlumdSG)m&ltltstst&wﬁ. Stdtﬁhdﬁl&s fRY & GQUalfLlife

033], The term "reference pattern t he
o onat o et i RD A R ot halaife ke a6 abeled with a hal i Klsymbel,

@)
-

10 [0052] Function nodes, the double-border ovals in the Effect

Diagram, represent biological variables in the system the values of which, at
Node
any point in time, are determined by inputs at that same point in time.

[0053] Function nodes are defined by algebraic functions of their inputs. The predefined

parameters for a function node include its initial value (F,) and its status.

15 [0054] Setting the status of a node effects how the value of the node is determined. The

status of a state or function node can be:

e Computed — the value is calculated as a result of its inputs
» Specified-Locked — the value is held constant over time
* Specified Data — the value varies with time according to predefined data points.

20
[0055] State and function nodes can appear more than once in the Effect Diagram as alias
nodes. Alias nodes are indicated by one or more dots, as in the state node illustration above.
All nodes are also defined by their position, with respect to arrows and other nodes, as being
either source nodes (S) or target nodes (T). Source nodes are located at the tails of arrows,
25 and target nodes are located at the heads of arrows. Nodes can be active or inactive. Active

nodes are white. Inactive nodes match the background color of the Effect Diagram.

State Node Equations

[0056] The computational status of a state node can be Computed, Specified-Locked, or
Specified Data.

11



bi ol ogi cal attributes that are neasured in a di seased biol ogical system
under specified 5 experinental conditions. For exanple, the neasurenents

may be perworoamshseer bl ood sanples at sone specified tinme perigyd 32
particular glucose or insulin stinmulus. Alternatively, neasurenents may be
performed on biopsy sanples, or cell cultures derived froma diseased
human or ani mal . Exanpl es of di seased bi ol ogi cal systens include cellular
or ani mal nodel s of diabetes, ingl udsump/aarmwandi abetic pdaenért0 10 [ 0034]
The conputState ModeCoolputédabet es idIcLigas t he biol ogical processes related to
mul ti%l e macronutrient netabolisdn Iﬂ-—’g-ﬁé)em#mawérmhe whedeél > 0 ncl udes
the processes related to the netab |#smof all three macronutrients, i.e.,
carbohydrates, fats, and proteins. |In another enbodi nent, the nodel

i ncl udes t[mﬁsmv»qn%ge;ﬁs_ th€h&deSvhided s {s3Imd B8R RGhE 55Re Jagpe%/ag&imeaﬂ%@ﬁﬁs the

enbodi ment, t| i ncl udes the processes relate proteli n metabolism
I n 15 ot hdelfdifeobherhrresdots atitheeeridmfdhe équation indicatedtbereiarcadditemabternenshs

rel dt ' macronutrients,...e., carhohydrates, and
f at 21t0ec ar %8’%?@? g? %‘2‘ %O%g]rag)? éff%% LIS 5???%%8 i ?ﬂ'dotfyearr’%cpn‘ﬁ{@g%xﬁ?w g’FE nt
embodi mrendeadenadf ie. H /riesqa e¢h@thémthd hlE1Fé adlculatih is pot fafimed ahdaVIGE

di abetes in the presence of one, t or aIL{ three macronutrients. [0035]
To represéiﬁtfnﬂ’é‘f’gﬁélﬂiy IB?%\‘%%%%@&P%PO %e bi ol ogi cal processes can

i nclude 20 the processes of digestion and absorption of carbohydrates, fat,
and/or proteins. In addition, the appropriate hornonal responses to

car bohydr gt28Nol&SpecHid- Doclddot e&e)%ga&cbﬁ“i ncl uded.
15 ‘

State Node Specified Data S(?) is defined by specified data entered for the state node.

[0058] State node values can be limited to a minimum value of zero and a maximum value
20 of one. If limited at zero, S can never be less than zero and the value for S is reset to zero if
it goes negative. If limited at one, S cannot be greater than one and is reset to one if it

exceeds one.

Function Node Equations

[0059] Function node equations are computed by evaluating the specified function of the
25 values of the nodes with arrows pointing into the function node (arguments), plus any object
and Effect Diagram parameters used in the function expression. To view the specified

function, click the Evaluation tab in the function node Object window.

The Effect Diagram — Arrows

| [0060] Arrows link source nodes to target nodes and represent the mathematical
30 relationship between the nodes. Arrows can be labeled with circles that indicate the activity
of the arrow. A key to the annotations in the circles is located in the upper left corner of
each module in the Effect Diagram. If an arrowhead is solid, the effect is positive. If the

arrowhead is hollow, the effect is negative.

12



{0036] To represent carbohydrate netabolism the nodel can include, for
exanple, nuscle glucose uptake regul ation; nuscle glycogen regul ation;

| act at e nmetwbebos$®ye hepati c carbohydrate regul ation incl ud]

gl uconeogenesis_(i.e. creation of glucose 6-phosphate) 25 1%%?03@?53%,

gl ycerol, EPWIYRES aci ds, gl ycogenol ysi s and gl ycogen synthesis, and

gl ucose uptake and output; brain glucose uptake and utilization; adipose

ti ssue gl ucose ' | ester it ion (i..e. fat storage);
car bohydr atd oy aer a2t Sho B b BLEE Erby @it ok s uiis

muscl e; and renfinctonmasee tetargeestarmod§sO Bt AtoweRieSHihgdsab ¥ ABALI KD

t he nodel Ao”ér’f‘éfjé?n for e anp,l,e, t he re(gul, tion of ,36 adi pose tissue
upt ake of free fatty aclds 'toéﬁ%) hey s ebslediWithicigler that indisatej thopativitgiofis
(chyl 6ni cr thean@dwyLDL (very |ow density |ipoprotein)); the regulation of

adi pose tissue WO 02/087506 PCT/US02/13563 lipolysis (i.e. the release of
FFA and gl ycerol fromfat cells); regulation of adi pose tissue

triglyceri terification; hepatic |ipoprotein regulation; and nuscle FFA
upt ake and Tt i [0083} i Genvefspo3giowspthe dipcleseows amiheEffei DiagRing hepréseat thk he

nodel can | r l,e, the 5 regul gtion of skeletal muscle protein
tur nover i J"nvgf &aﬂséggﬁtsefégtog ?%%{H%\gﬁ e °89<‘§F65 g@? aT"aFP“W&?sO,f thecﬁ“é?}éﬂdﬁt%mg-i tion,
and i nsul i Tiheymre thbeled ovithafircREithM? it 65t hAMiGATAM MRt Bhd A&:ﬁ%ﬁ;‘?maggﬁ%&e?

0

hepat i c glttﬁconeo enesi s fromam no acid substfrate; _and oxl dat 1on am no
acids in € source node or the target node or both nodes. The conversion can go either way.

T~

[0063] Argument arrows specify which nodes are input arguments for function

nodes. They do not contain parameters or equations and are not labeled with

activity circles.

Arrow Characteristics

[0064] Effect or conversion arrows can be constant, proportional, or interactive.

_ O h[0065] Arrows that are constant have a break in the arrow shaft. They are used

when the rate of change of the target is independent of the values of the source and

target nodes.

[0066] Arrows that are proportional have solid, unbroken shafts and are used when

the rate of change is dependent on, or is a function of, the values of the source node.

n :[0067] Arrows that are interactive have a loop from the activity circle to the target

ode. They indicate that the rate of change of the target is dependent on, or a

function of, the value of both the source node and the target node.

[0068] Arrow Properties can be displayed in an Object window (not shown). The window
may also include tabs for displaying Notes and Arguments associated with the arrow. If

25 Notes are available in the Object window, the arrow is labeled with a red dot ().
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nmuscl e and other tissues (primarily the liver). Conmputer System 10 [0039]
FIG 10 shows a system bl ock diagram of a conputer systemw thin which'the
met hods dewwr e2msesoabove can operate via software code; acceicdini@iissean
enbodi ment  of e resent invention. The conputer system 100 includes a
pr ocessor Mﬁl‘-ﬁ%&ﬁj&ﬁm and a static nmenory 104, which are :
coupl ed by bus 106. The conputer system 100 can further include a video

di spl ay ur1)006sﬂ10@r&®n%na1 BfftétOANrSly C THS bk omhaﬁé@aftﬁxlg@a&é sGREORSIR Vafie, 15
t ube (CRT) whi'ch a user interface can be displayed. The conputer system

100 can also include an al pha-nuneric input device 110 (e.g., a keyboard),
a cursor controfl_dﬁ@jl. d12 (e.g., a nouse), a disk drive unit 114, a
signal generati @a devi % 116 (e.g., a speaker) and a network interface
devi ce nedium 118. The disk drive unit 114 includes a conputer readable
medi um 115 on th@Iﬁ Iip the tareet ngdg, €ana becfieiented is thasouses noder andomis al so
resi de, 20 conpl % % or partially, within the main nmenory 103 and/ or

wi thin the process 62 The software 120 can also be transmtted or
received via the network interface device 118. [0040] The term

" conput er - r ead {BdnstaneidffentiArrov:u e rite of clange of the ltarge imconstaati um  which i's
capabl e of storing or encoding a sequence of instructions or codes for
performng the d®t s described herein and can include, but not limted
to, optical and/gf gnetic 25 storage devices and/or disks, and carrier

wave signals. Where T is the target node and X is a constant.

[0070] Interaction Effect Arrow: The rate of change of the target depends on both

10 the source node and target node values.

% - C(SEF -TE") +...

Where T is the target node, S is the source node, and g and b are exponents.
This equation can vary depending on the operation selected in the Object
window. The operations available are S+7, S-7, S*T, 7/S, and S/T.

15 Arr_ow Equations: Conversion Arrows

[0071] Proportional Conversion Arrow: The rate of change of the target tracks the value

of source node.

a7
~— =CoReI()* +
” 0" +

ds
= ﬂ.
—g Ce S’(g)

Where T is the target node, S is the source node, C is a coefficient, R is a

20 conversion ratio, and a is an exponent.

[0072] Constant Conversion Arrow:  The rates of change of target and source are

constant such that an increase in target corresponds to a decrease in source.

14




Conput er Model [0041] Suitably, a conmputer nodel can be used to inplenent
at | east sone enbodi nents of the present invention. The conputer nodel can

be used forwaoyes7sgty of purposes. For exanple, the conput del can
enabl e a researcher_to: (1) sinulate the dynanics of the 3&@@8@?%&

state associ at ed vﬁ'lgé_ %% 2 di abetes, (2) visualize key netabolic pathways
and 8 WD 02/087508¢: PCT/ US02/ 13563 the f eedback within and between these
pat hways, (3) gairg@ better understanding of the netabolismand physiol ogy
of type 2 diabet es—fd:)?expl ore and test hypot heses about type 2 diabetes
and normal metabol ‘sis, (5) identify and prlorltlze potential therapeutic

targets, (6) e s .and thei sponses to various

i nterventions, %{%}é HIS tF‘f’ Wg{}&?ia%ggﬁ thesoyree pe % agpragcangrBdigraessi on, and
(8) organize knayﬂveﬁgmraﬂw data that relate to type 2 diabetes. [0042) In
addition to sinulation capabilities, the conputer nmodel can include a
built-in &@gg]balse of, ferences to the scientific literature on which the
nodel is b [‘Eéarcélo’é H“V‘?iﬁ@ﬂéﬁo“t hTks rates a6 ehangeof the satdettand saree dégenénces

or Ot et CoBHaY: BrlabRlabId VoS b IBIL AR R, L LBl vt o seace

conponent. The conputer can be a nulti-user
i nformati o#%@éosmar ed t hroughout an organi zation. Thus, the

47 =~ReCsr -7(e) )+

as ' z
£ - clstr -1 ).
dt ’
Where T is the target node, S is the source node, a and b are exponents, and
R is a conversion ratio. This equation can vary depending on the operation
10 selected in the Object window. The operations available are S+ T, S-T, S*T,

7/§ , and S/T.

Modifiers

[0074] Modifiers indicate the effects nodes have on the arrows to which they are
connected. The type of modification is qualitatively indicated by a symbol in the box. For

15 example, a node can allow , block , regulate B, inhibit B, or stimulate arrow
rate.

[0075] A key to the modifier annotations is located in the upper left corner of each module.

[0076] Modifier Properties can be displayed in the Object Window. The window may also
include tabs for displaying the notes, arguments, and specified data associated with the

20 modifier. If notes are available in the Object window, the modifier is labeled with a red dot

().

15



conput er nodel can be a specialized know edge managenent system focused on
di abetes. Effect D agram and Sunmary Di agram [ 00431 I n one enbodi nent,” the
conmput er nwwed2/087506 ai ns sof t ware code all owi ng visual 15 peRfRsLsgd i on of
t he mat hemati cal nodel equations as well as the interrel ati onshi ps between
the biol ogical variables, paraneters, angrprocesggsy This visual
representation can be referred to as an—- %tlrfr[? reewiermbt| ustrated in

FIG 1. T fect Diagr npri ses mul%i pl e es or functional areas
t hat , Memﬁﬁugﬁw%ﬁ:%&% Wheni the large conplex physiol ogy nodel.
These nodul es ryRERTERtheBrkeLASRISY i§%§uf§;i§1ie?rcéﬁ§?ﬁﬁ,yzv%0a Qdﬁ@%@ﬁh@ﬁmm

equations for nunerical integration, as discussed nore ow I'n the
section enti t /BYisaNundtiondeithealinégwa spesificdbycodafarm qumes) Bimdetovderagisam "

[ 0044] The Effea%te %t%r@"%ﬁﬁrgéﬁﬂggﬂﬁqﬁéfmé i ncludes a Summary Di agramin

t he upper |eft corner ‘?j‘errent of the upper |eft
portion of the Effect Diagram show ng that the Summary Di agram can provi de
navi gat i ofdbdifienkfedto nodul es of the 25 nobdel. The navigational tools can
relate to a functional view or the anatom cal view since the Effect

D agram c inclhude t he nodules for the varlous atom cal ,el enents of the
unan phy 4081l B G R e rs mhdificatie gt Borh % e gu Feed APy

anat om calternts, rHWeves $n sdmi®¢askd)a udllaeRl, ¥nddifériai3eda Susiemod R $&ll 8Féctany of
these rel ated user-interface screens by selecting such a screen fromthe

Summary DiSHGFIOUECERITOVHIGITE OT pR fasget ArrayySenm;jifgoes not affect both arrow terms.
[0079] Conversion arrow, Source Only Modifier Equation:

ds
—=Mef Zle arrowterm + other attached arrow terms
10 dt N

[0080] Conversion arrow, Target Only Modifier Equation:

aT

u
= =Mef [E] ®arrowterm + other attached arrowterms

[0081] The equation for a source and target modifier uses both the Source Only equation
and the Target Only equation.

15 [0082] When multiplicative and additive modifiers are combined, effect is given

precedence. For example, if the following modifiers are on an arrow,

al,a2: Additive, Source and Target
ml,m2: Multiplicative, Source and Target
Al,A2: Additive, Target Only

20 MI1,M2: Multiplicative, Target Only

then the rates are modified by

Target node: (al+a2+A1+A2) * (m1*m2) * (M1*M2)

Source node: (al+a2) * (m1*m2)

25
16




30 to a related user-interface screen). 9 WD 02/ 087506 PCT/ US02/ 13563
[0045]° FIG 3 illustrates an exanple of a Sunmary Di agram fromthe Effect

Di agr am of wdrbts7des As shown in FIG 3, the Summary Diagra Ede an
-ove?vi ew of the contents of the Effect Di agram and can con{pﬁ%{}g% t hat

link to nodul es i rExamplepf gdodeDCagiponentl SkeletaidMudcdsGhansdBphkeed on, for
exanpl e, the anatom cal elenents of the 5 human phyS|oIogy suc ?ﬁ st omach
nd intest| [ | i ver ancr eas et i n e

Anat o oal 083}, DR ORLER, fievriod gy Ry 5 poin o pioBs o viieh e atsdale

exanpl e of oﬁthmﬂmﬂaedeﬂc%ﬂa:ﬁmﬁaﬁfer ﬁfb@eﬁﬁm%@@e@ﬂ@ﬁe@mﬁdlscuﬁe@%mé (AW N

t he Summar of FIG 3. Mre specifically, FIG 4 illustrates a
nmodul e di aéf’ %8?%}?@881%&9@&%8@9— rpmserjed hmecmrrmmmmshqwmm.tmsffm t he

nuscl g.  Bopihghfin! MResRicOin 91'1%@ aré Eéﬁ%mﬁtgg?@gx H’l n@nd?ets’i \gﬁggﬁt g%g tll'ﬁ(ralough

equat i ons are repr esent e roug e ‘use
t he use of mathematiea) Hﬁ@‘ll@Shl!phélatdeﬁﬂeehe daﬂentd}bﬂﬂlﬂ;ﬁxyﬁi&lob&@hﬂeﬁlaﬁn general,

I I Cc. system are
b e i e e R SR o o BB S b b of
Appendi x Aatailabls iefdehdtionroal therasvah©shysibl %ﬁrcdxﬂls&{ehéﬁrhe aéve‘igﬁrﬁéﬂ%fﬁﬁr

nodul es for, anat pm cal eIerrents an ysiol ogic functions shown in
? Lger mathematical re at?onshlps underlying the module dlagram for glucose uptake functions of
10 the muscle will be discussed here as an example.

[0084] FIG. 11 shows an example of a module diagram for the glucose uptake functions of
the muscle. Note that for illustration purposes, this module diagram is a rearranged version
of the module diagram depicted on page A9 in Appendix A. FIG 11 illustrates the primary
factors involved in the muscle glucose uptake, whereas the module depicted on page A9 in

15 Appendix A also includes the secondary effects of free fatty acids, activity and exercise.

[0085] AsFIG. 11 illustrates, the relevant physiological components for the glucose
uptake functions of the muscle include: node 200, muscle glucose uptake rate (MGU); node
210, GLUT!1 kinetics; node 220, GLUT4 kinetics; node 230, Vmax for GLUT1; node 240,
Vmax for GLUT4; and node 250, insulin effect on GLUT4 Vmax. The following

20 discussion relates to deriving the underlying mathematical relationships for these
physiological components based on the appropriate publicly available information.
Although not discussed herein, the remaining physiological components for the glucose

uptake functions can be similarly derived from publicly available information.

[0086] Skeletal muscle glucose uptake is a facilitated diffusion process mediated primarily

25 by transmembrane GLUT! and GLUT4 proteins. Both GLUT1 and GLUT4 obey Michaelis
Menten kinetics and the rate of glucose uptake is distributed through GLUT1 and GLUT4
according to their relative membrane content and their kinetic parameters. Following
meals, glucose levels in the circulation rise causing increased pancreatic insulin secretion
and concomitant elevations in muscle interstitial insulin. Increased insulin leads to a

30 complex signaling cascade finally causing an increased number of transmembrane GLUT4

17



Summary Di agram Mathematical Equations Encoded in the Effect D agram

[ 0048] As nentioned above, the Effect Diagramis a visual represent atl‘on of
the nodel weonasisens. This section describes how the diagrg 3 a set
of ordinary differential 20 equations. Note that although the scu33| on
bel ow r egdheiehiingteasing slﬁeoaeummoﬂhmd:e@logm@lfm@sse@ apy] ‘dﬂbbjmwxll andareabl es

appr opr 1 at5 Ly Rerbg RS A NBh et £ TGS 0B PRRC LT Var ab es.

State and Functi on Nodes [0049] State and function nodes display the names
of the bi q0@8%] c8ince GLUANI sl GLhEY4 2bey BficlmsksMentod kiretics, the)ézpiau@mfdrn t he

nodel . Their rrows a rs_indicate thei.r relation  to, oth nodes
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represent ati ons,!” and Ho h of which are
where, g. is extracellular glucose concentration; g; is intracellular glucose concentration; i is

10 interstitial insulin concentration; Ky, and K4 are the Michaelis Menten constants for
GLUT]1 and GLUT4, respectively; Vmax1 is the maximal unidirectional flux for GLUT1
mediated transportation; Vmaq(i) is the maximal unidirectional flux for GLUT4 mediated

transportation as a function of insulin.

[0088] Insulin’s action on MGU is via an increase in effective GLUT4 number.

15 Consequently, interstitial insulin concentration only enters the computation for MGU
through Vimaa. Under basal concentrations of glucose and insulin (~g., ~g;, 1,), the basal
MGU, denoted by B, and the ratio of the membrane GLUT4 and the GLUTI denoted by r;
the values for Vimax1 and Viaxs can be obtained from the following equations

V = B l: K’"] er4 ]
20 " 8 | K + 2K 42 (Kon tE)Kon +8))

Vmaxd(z) = ernxlf(z)

[0089] The function, (i), represents the effect of insulin on GLUT4 membrane content.
The function (i) is a sigmoidal function having a value under basal concentrations of f(7)

25 equal to 1. The function f(i) is selected to match steady state MGU during hyperinsulinemic
clamps. Some studies, for example, use leg A-V balance technique to measure leg glucose
uptake. See, e.g., Dela, F. et al., Am. J. Physiol. 263:E1134-43 (1992). Thus, for each
steady state, the MGU can be computed as the LGU divided by the leg fraction of body

muscle, f. The leg fraction of body muscle, f, is for example, about % for normal people.

30 [0090] The values for the parameters within equations for Vma; and Va can be obtained,
for example, from publicly available information. For example, the normal basal MGU, B,

can be assigned a value of 30 mg/min and the normal basal extracellular concentration, ~g.,
18
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node can belue of 2 mM or 36 mg/dl; see, e.g., Shepherd, P. R., et al., NEIM 341:248-57 (1999). The
normal Michaelis constant for GLUT4, K4, can be assigned a value of 16 mM or 290
10 mg/dl; see, e.g., Ploug, T., et al., Am. J. Physiol., 264:E270-8 (1993).

[0091] Returning to FIG, 11, the above-described equations can be related to nodes 200
through 250 of FIG. 11. More specifically, the mathematical relationships associated with
node 200 corresponds to the equation for MGU above, where nodes 210 and 220 correspond
to each of the respective GLUT1 and GLUT4 transport terms in the MGU equation. The

15 above-derived equations for Vp,,; and Vmaxa(i) are defined in nodes 230 and 240
respectively. Similarly, the mathematical relationship associated with node 250 (for the

insulin effect on GLUT4ymay) corresponds to the above-derived function 1(3).

[0092] As this example of glucose uptake model component generally illustrates, the
components of the Effects Diagram, denoted by state and function nodes, represent

20 mathematical relationships that define the elements of the physiologic system. These
mathematical relationships can be developed with the aid of appropriate publicly available
information on the relevant physiological components. In other words, the Effect Diagrams
indicate that type of mathematical relationships that are modeled within a given model
component. The publicly available information can then be put into a form that matches the

25 structure of the Effect Diagram. In this way, the structure of the model can be developed.

Simulation of Biological Attributes of Diabetes

[0093] Once a normal physiology has been defined, a user can then select specific defects

in the normal physiology by which the physiology for diabetes (e.g., type 2 diabetes) can be

modeled and simulated. The term “defect” as used herein means an imperfection, failure, or
30 absence of a biological variable or a biological process associated with a disease state.

Diabetes, including type 2 diabetes, is a disease resulting from a heterogeneous combination
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people with type 2 diabetes generally have basal rates of MGU comparable to that of normal
people without type 2 diabetes. Consequently, type 2 diabetic skeletal muscle is likely
insulin resistant. Such a defect can be introduced within the computer model by altering the

10 shape of the function f(i) (representing the effect of insulin on GLUT4 membrane content),

as shown in FIG. 12.

[0095] FIG. 12 shows a graph of the function f(i) (representing the effect of insulin on
GLUT4 membrane content) versus the interstitial insulin concentration, i. FIG. 12 shows
curve 300 for a normal person and curve 310 for a person with type 2 diabetes. The curves
15 differ in that insulin has less effect in the case of curve 310 compared to curve 300 thereby
representing insulin resistance known to occur in the type 2 diabetic skeletal muscle.
Mathematically, the curves 300 and 310 differ by parameter values that define the shape of

the curve.

[0096] Inone embodiment, a user can select the specific defects (relevant for diabetes)
20 from a browser screen. FIG. 5 illustrates an example of a browser screen that lists, by
biological areas, defect indicators associated with defects for diabetes that can be modeled.
The term “defect indicators” relates to the display, for example, via the browser screen of
defects relevant for diabetes. The user can select a particular defect indicétor, for example,

by a mouse click or keyboard selection.

25 [0097] For example, FIG. 5 illustrates various biologic areas such as adipose issue and
lipid metabolism, other tissues, pancreas, muscle and liver. For each of the biologic areas,
the browser illustrated in FIG. 5 lists various defect indicators associated with defects that
can be specified for that biologic area. To define a specific diabetes physiology, a user can
select specific defect indicators to indicate defects for modeling and then can customize the

30 parameters for that defect.
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paranmeters used in the function expression. To view the specified
[0099] AsFIG. 6 illustrates, the user-interface screen allows a user to specify alternative
10 value sets to the baseline value sets associated with a normal physiology. The baseline
value sets and the alternative value sets associated with the various type 2 diabetes defects
can be based on, for example, real physiological values relied upon from the related
literature. In one embodiment of the computer model, the user can specify alternative value
sets according to the method described in U.S. Patent 6,078,739, entitled “Managing objects
15 and parameter values associated with the objects within a simulation model,” the disclosure
of which is incorporated herein by reference. Although FIG. 6 only shows a single example
of a user-interface screen for a parameter set of a type 2 diabetes defect, many other

parameters sets are possible relating to other various physiological elements.

[0100] Thus, a user can select the defect relating to insulin resistance of the type 2 diabetic
20 skeletal muscle through a browser screen described above in reference to FIG. 5. In other
words, the browser screen that lists defects for diabetes can include an entry for insulin
resistance of the type 2 diabetic skeletal muscle. When a user selects such an entry, curve
300 (for a normal person without type 2 diabetes) is substituted within the computer model
with curve 310 (for a person with type 2 diabetes). Of course, when a user deselects such

25 an entry curve 310 is substituted with curve 300.

[0101] In addition to the defects listed above, parameter sets and value sets can be created
for processes not listed above. Many systems not involved in creating the pathophysiology
of diabetes are nevertheless affected by those changes (e.g. gastric emptying). Some of

these systems can use alternate parameterization to that representing a normal individual.

30 [0102] As described above, simulation of the biological attributes of diabetes is done in a

cross-sectional manner, where defects are introduced étatically via parameter changes.
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GLUTH4 translocation to can be made to decrease over time. The depiction of progression of

10 diabetes in the computer model can be used to study, for example, the progress of a normal
human to an obese patient to an obese-insulin-resistant patient to ultimately a diabetic
patient. Also, pharmaceutical treatments can be explored to prevent or reverse the

progression of diabetes.

Numerical Solution of thé Mathematical Equations and Qutputs of the Computer
15 . Model

[0103] Since the Effect Diagram defines a set of ordinary differential equations as
described above, once the initial values of the biological variables are specified, along with
the values for the model parameters, the equations can be solved numerically by a computer
using standard algorithms. See, for example, William H. Press et al. Numerical Recipes in
.20 C: The Art of Scientific Computing, 2nd edition (January 1993) Cambridge Univ. Press. As
illustrated above in the muscle glucose uptake example, one can derive equations, obtain
initial conditions, and estimate parameter values from the public literature. Likewise, other
initial conditions and parameter values can be estimated under different conditions and can

be used to simulate the time evolution of the biological state.

25 [0104] Note that parameters can also be used to specify stimuli and environmental factors
| as well as intrinsic biological properties. For example, model parameters can be chosen to
simulate in vivo experimental protocols including: pancreatic clamps; infusions of glucose,
insulin, glucagon, somatostatin, and FFA; intravenous glucose tolerance test (IVGTT); oral
glucose tolerance test (OGTT); and insulin secretion experiments demonstrating acute and
30 steady state insulin response to plasma glucose steps. Furthermore, model parameters can
be chosen to represent various environmental changes such as diets with different nutrient

compositions, as well as various levels of physical activity and exercise.
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[0106] The model can be configured so as to compute many outputs including: biological
10 variables like plasma glucose, insulin, C-peptide, FFA, triglycerides, lactate, glycerol,
amino acids, glucagon, epinephrine, muscle glycogen, liver glycogen; body weight and
body mass index; respiratory quotient and other measures of substrate utilization; clinical
indices of long-term hyperglycemia including glycosylated hemoglobin (%HbA1c) and
fructosamine; substrate and energy balances; as well as metabolic fluxes including muscle
15 glucose uptake, hepatic glucose output, glucose disposal rate, lipolysis rate, glycogen
synthesis, and glycogenolysis rates. The outputs can also be presented in several commonly

used units.

[0107] FIGS. 7 through 9 provide examples of outputs of the computer model under
various conditions. FIG. 7 illustrates a graph comparing the model results against measured
20 data for an oral glucose tolerance test. An oral glucose tolerance test was simulated based
on the metabolic characteristics of a simulated lean control, simulated lean type 2 diabetic
and a simulated obese type 2 diabetic. The simulation time for the patients considered was
two years. The measurements were made at a time that corresponds to an overnight-fasted
individual shortly after waking. The model results were compared to measured data from
25 Group et al., J. Clin. Endocrin. Metab., 72:96-107 (1991). The results shown in FIG. 7
demonstrate the ability of the model to simulate accurately oral glucose tolerance tests in

lean and obese type 2 diabetic patients as well as controls.

[0108] FIGS. 8A-H illustrate an example of model outputs for a 24-hour simulation of an
obese diabetic patient consuming three meals (55% carbohydrates, 30% fat, 15% protein).

30 While all model biological variables are simulated, the results are shown for circulating
levels of glucose (FIG. 8A), insulin (FIG. 8B), free fatty acids (FFA) (FIG. 8G),

gluconeogenic precursors: lactate, amino acids, and glycerol (FIG. 8E), as well as the
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and insulin results can be compared with data presented in Palonsky et al., N. Engl. J. Med.,
318(19): 1231-1239 (1988).

[0109] Note that the computer model can simulate therapeutic treatments. For example, a
therapy can be modeled in a static manner by modifying the parameter set of the appropriate
10 tissue(s) to represent the affect of the treatment on that tissue(s). Alternatively, therapeutic
treatments can be modeled in a dynamic manner by allowing the user to specify the delivery
of a treatment(s), for example, in a time-varying (and/or periodic) manner. To do this, the
computer model includes pharmacokinetic representations of various therapeutic classes
(e.g., injectable insulins, insulin secretion enhancers, and/or insulin sensitizers) and how

15 these therapeutic treatments can interact with the various tissues in a dynamic manner.

[0110] FIG. 9 illustrates a graph showing an example of model results for an oral glucose
tolerance test. The graph shown in FIG. 9 is based on a simulated obese type 2 diabetic
patient following treatment with muscle insulin sensitizer or pancreatic glucose-induced
insulin secretion enhancer. An oral glucose tolerance test was simulated in obese diabetic
20 patients with or without two theoretical interventions. One simulated patient received a
muscle insulin sensitizer, while the other received a pancreatic glucose-induced insulin
secretion enhancer. Note that the simulated post-prandial glucose excursions were
considerably lower in treated patients as compare to simulated diabetic controls, indicating

the potential effectiveness of these theoretical agents.

25 [0111]) The cdmputer model allows a user to simulate a variety of diabetic and pre-diabetic
patients by combining defects in various combinations where those defects have various
degrees of severity. This can allow a more effective modeling of the type 2 diabetes
population, which is heterogeneous. In other words, diabetes can have a wide range of
impairment, some of which can be distingunished clinically. Furthermore, clinically similar

30 diabetics can have differences in their physiology that can be modeled by using different
defect combinations. Consequently, the computer model can be used to better understand

and classify the real patient population for type 2 diabetes and to anticipate what drug target
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[0112] In sum, the computer model can enable a researcher, for example, to: (1) simulate
the dynamics of hyperglycemia in type 2 diabetes, (2) visualize key metabolic pathways and

5 the feedback within and between these pathways, (3) gain a better understanding of the
metabolism and physiology of type 2 diabetes, (4) explore and test hypotheses about type 2
diabetes and normal metabolisms, (5) identify and prioritize potential therapeutic targets, 6)
identify patient types and their responses to various interventions, and (7) organize

knowledge and data that relate to type 2 diabetes.

10 Validation of the Computer Model

[0113] Typically, the computer model should behave similar to the biological state they
represent as closely as possible. Thus, the responses of the computer model can be
validated against biological responses. The computer model can be validated, for example,
with in vitro and in vivo data obtained using reference patterns of the biological state being

15 modeled. Methods for validation of computer models are described in co-pending
application entitled “Developing, analyzing and validating a computer-based model,” filed
on May 17, 2001, Application Number 60/292,175.

[0114] The diabetic patients produced with the diabetes computer model can be validated

by running the following tests on the computer model: overnight-fasted concentrations of
20 glucose, post;prandial concentrations of glucose, metabolic response to 24 hour fast, oral

glucose tolerance test (OGTT), intravenous glucose tolerance test IVGTT), euglycemic-

* hyperinsulinemic clamp, hyperglycemic clamp, normal everyday behavior. The computer
model of diabetes can be considered a valid model if the simulated biological attribute
obtained is substantially consistent with a corresponding biological attribute obtained from a

25 cellular or whole animal model of diabetes or human diabetic patient. The term
“substantially consistent” as used herein does not mean that the biological attributes have to
be identical. The term “substantially consistent” can be, for example, relafivé changes that
are similar but with different absolute values. FIG. 7 shows examples of model simulation
results that are “substantially consistent” with the corresponding biological attributes

30 obtained from glucose following a glucose tolerance test. Table 1 lists the values for the

responses that can be evaluated in a non-diabetic and diabetic following over night fasting.
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Response Value for Non-diabetic Value for Diabetic
[Overnight fasted]

Plasma glucose 90 mg/dl 126-300 mg/dll
Plasma insulin 10 pU/ml 5-30 pU/ml
Plasma FFA _ 500 uM 500-900 pM
Plasma lactate 8 mg/dl 8-10 mg/dl
Plasma glycerol 0.5 mg/dl 0.65 mg/dll
Plasma amino acids 32 mg/dl 32 mg/dl
Plasma triglycerides 100 mg/dl 150-1000 mg/dl
Plasma glucagon 75 mg/dl 80 mg/dl
Muscle glycogen 400 g 200 g
Liver glycogen 72 g 40g
Muscle glucose uptake rate 28 mg/min 28-35 mg/min
Hepatic glucose output 140 mg/minl 155-275 mg/min

[0115] Table 2 lists the values for post-prandial responses that can be evaluated in a non-

diabetic and a diabetic. Another means of validation of a diabetes computer model would
10 be to verify that the model produces results substantially consistent with those present in

Table 2 for a non-diabetic and a diabetic. As the understanding of diabetes evolves in the

art, the responses against which the computer model is validated can be modified.

TABLE 2
Response Value for Non-diabetic ~ Value for Diabetic
[Post-prandial]
Plasma glucose Increase 40% Increase 50%
Plasma insulin Increase 490% Increase 240%
Plasma FFA Decrease 38% Decrease 50%
Plasma lactate Increase 10% Increase 20%
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B B 3N et cevatheRRitadl SRR G AREABLEGR, ToAATERN b oM Lhe

attached row 5 Modifier Effect

modi fi ers BAtfREOG produres rgmdtsoebamﬁxaﬂlarcgmstaftlvﬂw thbﬁrﬁi’&enﬁﬂ"ﬁ%&@ forj some
difier wll affect either a

cases a Yphldheti@hnd gg Péti ‘réAt‘s t§F i rftgx,xﬁ.p 1gbsdes qyelvesirftheartitbeh ar r ow

source arrow term or

terms. . .responses against whlch the computer model is validated can be modified.
"TABLE 3
Response | Value for Non-diabetic Value for Diabetic
[Orher tests] . ' :
2 hr OGTT glucose value 98-120 mg/dl | 230-350 mg/di

Euglycemic, hyperinsulinemic 7.2 mg/k : o
’ - . g LBM/min . 3,42 m, .
clamp glucose disposal rate o mg/kg LBM/min

Hyperglycemic clamp | 1% phase, 2™ ph ed '
‘insulin response - S phase, 2" phase 2" phase only

[0117] Whllc various embodiments of the i mventxon have been descnbed above, it should
10 be understood that they have been presented by way of example only, and not limitation.
- Thus, the breadth and scope of the present invention should not be limited by any of the

above-described embodiments, but should be deﬁned only in accordance w1th the following
claims and thelr equivalents. S

[0118] The previous description of the embodiments is proQidcd to enable any perscn
15  skilled in the art to make or use the invention, While the i xnventxon has been partlcularly
* shown and described with reference to embodiments thereof, 1t will be understood by those
- skilled in the art that various changes in form and details may be made therein without

departing from the spirit and scope of the invention.

[0119] For example, although a certain embodiment 6f a computer system is described
20 above, other embodlmcnts are possible. Such computer system embodiments can be for
example, a networked or distributed computer system. -

27



[0079] Conversion arrow, Source Only Mdifier Equation: d S=M , f 1 -!
arrowt er mgNTRHRG2Wbt ached arrow terns [0080] Conversion arrow, Target Only
Modi fier Equation: =M 1 arrowterm+ other atTached. arrowterns [0081]
The equation for a source>and target nodifier uses woth the Source Only
equation and.the Target Only equation. 15 [0082] When multiplicative and
additive nodifiers are conbined, effect is given precedence. For exanple,
if the following nodifiers are on an arrow, 20 al,a2: Additive, Source and
Target mnm,n2: Multiplicative, Source and Target Al, A2: Additive, Target
Only M, M2: Miltiplicative, Target Only then the rates are nodified by
Target node: (al +a2+A1+A2) * (mM *nR2) * (M *M2) Source node: (al +a2) *
(m*nR) 25 16 ' :

10 APPENDIX A

28



-WD 02/ 087506 PCT/ US02/ 13563 Exanple of a Mddel Conponent: Skeletal Miscle’
A ucose Uptake [0083] The follow ng di scussion provides an exanple of a
process bywd2ekrstdre nodul es of the above-descri bed conpu%e q§% can be
-devel oped. As di scussed above, the various elenents of th Eﬁ@@ﬁ %blc
system are represented by the conponents shown in the Effect 5 Di agram
These conponents are denoted by state and function nodes, which represent
mat hemati cal rel ationships that define the el enents of the physi ol ogi c

SYSt €M i Gole bl oS hel el.ationshi ps are devel oped with

t he ai d[& U ;“""'m\"’ffm’ ,,. B G : e AT
physi ol g . .

relatlol
10 the
exanpl e
nmuscl e.
rearranf
A FIG
upt ake, §
i ncl ude
[ 0085] ;
t he gl ug
gl ucose;
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.210, G.UT! Kkinetics; node 220, G.UT4 kinetics; node 230, Vmax for GLUTI
node 240, Vmax for G.UT4; and node 250, insulin effect on GLUT4 Vmax. The
fol |l ow ng sion relates to deriving the underlying _nmathenmatica
~re|at|onsh§§gﬁP§%%§hese physi ol ogi cal conponents based onPERY SOHBS&Hri at e
publicly avail able information. Al though not discussed herein, the
remai ni ng physi ol ogi cal conponents for the glucose uptake functions can be
simlarly derived frompublicly available information. [0086] Skeletal

nmuscl e olucose _uptake is a faC|I|tated d|foS|on process nedlated prlnarlly

their Ki|
ci rcul at

conconiH

| eads tg

of trang ng
gl ucose| ewed
in (PR ¢

GLUT1 an

Copyright © 2001 Entelos, Inc.




nmuscl e gl ucose uptake (M3U) has two terns: bi-directional glucose nediated
flux by 5 GUT land bi-directional glucose neditated flux by GUT4: M3
Vimax 1KITL( gwo @es7soymex4(i ) Kmd(9, -gl) (Kl + ge) (K., +0,) pfighed,gie) (Kme +
g; ) where, g,, is extracellular glucose concentration; g; is intracellular
gl ucose concentration; i is 10 interstitial "insulin concentration; K ,,
and Knd are the M chaelis Menten constants for G.UT] and G.UT4,
respectively; Vmaxl is the maxi mal unidirectional flux for GLUT1 nedi ated

transporialol... it LS ] anal _flux for GLUT4
medi at e@E]/Ei A \ \ ol U B0 Nfacti on
on M&U Lﬂ

i nt er st i

t hr ough -g:
1), tk .EUT4 and
the GL !ﬁned
fromthég :

k,) (K.,

§ -éopy}lgi;i (2] Zﬂlﬁ Ent .
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.[0089] The function, f(i), represents the effect of insulin on GLUT4
nenbrane content. The function f(i) is a sigmidal function having a val ue
under basalvocppesgirations of f(i) 25 equal to 1. The func¥b£ﬁ7h%§9

-sel ected to match steady state M3U during hyperinsulinemc 5 ﬁ6350m3
studies, for exanple, use leg AV bal ance technique to neasure | eg glucose
uptake. See, e.g., Dela, F. et al., Am J. Physiol. 263: E1134-43 (1992).
Thus, for each steady state, the M3U can be conputed as the LGU divided by

t he Ieg e P mliS el he. .o on_of _body nuscle f, is
for exa‘ui i Sl - T e A vy TR
par amet g s :

=D

exanpl e, ”
MU, B, |
extracel
assi gned
263: E113
can be 4§
341: 240 [
can be %
J. Physi

o

o

=

Sy

N

TIREEES

n, i,

éﬂ%&%fy
o1
bh)
23
o

. marierkd .:
R\ e /2
:d&::-ﬂ.- =

TR Tr s as T oA

]
il O
©
x
m
3
Q
-
>
n
2
E}
p-3
.2
a



263: C443-52 (1992). The normal M chaelis constant for GLUT1, Knt, can be
assigned a value of 2 nMMor 36 ngy/dl; see, e.g., Shepherd, P. R, et al.
NEJM 341: 2480 520873699) . The normal M chaelis constant for gdqiAléha 1688, can
be assigned a value of 16 mMMor 290 10 ng/dl; see, e.g., Ploug, T., et al.,
Am J. Physiol., 264:E270-8 (1993). [0091] Returning to FIG 11, the
above-descri bed equati ons can be related to nodes 200 through 250 of FIG
11. More speC|f|caIIy, t he nathenatlcal relatlonshlps aSSOCIated wi th node
200 cornﬁr T i ot 3 ; T TTOER ' g
correspg w; : ‘ b e § g » |l n
the MGUE | e

defi ned (M
rel ation
corr espcimg T . N DD
gl ucose I8 - C SURRA G e/ Of
t he Eff il : IR T ;
mat hemat]
system | : 2 \ S y .
appr opr i: R R TR - T i N 3 ] C all
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.25 structure of the Effect Diagram In this way, the structure of the nodel
‘can be devel oped. Sinulation of Biological Attributes of D abetes [0093]
Once a nor icol ogy has been defined, a user can then ecific
-def ect s iﬁﬂ?%ga%gFHBI physi ol ogy by whi ch the physi ol ogy #%ﬁhﬁﬁéﬂggés
(e.g., type 2 diabetes) can be nodeled and sinulated. The term"defect" as
used herein nmeans an inperfection, failure, or 30 absence of a biol ogical
vari able or a biological process associated with a disease state. Di abetes,
i ncl udi ngtype 2-diabetes s a disease_ Jting f L. a_het eroge
conbinaﬂgfﬁﬁ»‘ - i s s RS N R
can be diFi
in isol g
pr edi abel
pati ent
known t
type 2 d
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MU conp
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10 shape of the function f(i) (representing the effect of insulin on GLUT4
menbrane content), as shown in FIG 12. [0095] FIG 12 shows a graph of

t he functi e 6dsyso6r epresenting the effect of insulin on gﬁ%ow ane
content) versus the interstitial insulin concentration, i. Fl shows
curve 300 for a normal person and curve 310 for a person with type 2

di abetes. The curves 15 differ in that insulin has |less effect in the case
of curve 310 conpared to curve 300 thereby representing insulin resistance
known to =Ty e el ' Q ool j L\ f NE
curves 30fg|sK -
curve. [G
(rel evanti
exanpl e q
I ndi cat or!
ternl"deq
browser s
particul g
sel ecti onj
such as 4
nmuscl e ari
in FlG
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.can be specified for that biologic area. To define a specific diabetes
physi ol ogy, a user can select specific defect indicators to indicate

def ects fory@ypsigdrsgad and then can custom ze the 30 parane%gﬁﬁg%ggy%yat

-defect. 20 WD 02/087506 PCT/ US02/ 13563 [0098] For each sel ecte ect, the
user can then specify the values for paraneters associated with physiol ogy
of the various elenents of the physiology system FIG 6 illustrates an
exanple of a user-interface screen for the paraneter set of a type 2

di abet g “VSY-S SV Y a1 M VA~ N e | abes _Lhe | = ace
scr eenli R Ry o 3 i R T et Sk o
uptakeﬁg +
paraneg! 9,
entitlﬁ ]
sinula‘l

referek- a
user tf

associ | . : _ = R i o

al t er nj . g AR Y Ay Gct s
can bel l[ . . SISO L e AU | . o m

t he rJ;:

G

is
I
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literature. In one enbodi nent of the conputer nodel, the user can specify
alternative value sets according to the method described in U S Patent
6, 078, 739,wenpnd7sexd " Managi ng obj ects 15 and paraneter valp@sy %ﬁwﬁ ghat ed
with the objects within a sinulation nodel,” the disclosure 0 Ich is
I ncorporated herein by reference. Although FIG 6 only shows a S|ngle
exanple of a user-interface screen for a paraneter set of a type 2

di abet es defect, many ot her paraneters sets are p055|ble relatlng to ot her
varlvw;ﬂ-, : g - T SR WAL NaTa M < CYSVSPRC R e o dof ect
throJ, 3 : S ,

wor d§ M an
entr . ﬁVhen
a usk B t ype
2 dig gl for a
pers 1Qﬁ'5 an
gn;r: - !ihe

er ef DI
proci o

1 RE

at hi j-s
Fe.gu )
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.cross-sectional manner, where defects are introduced statically via

par anet er changes. 21 MD 02/ 087506 PCT/ US02/ 13563 Alternatively, the
conput er mxdeb2/daasper epr esent t he progression of diabetes. Eg&nﬁ% ARLE, one
-means of including diabetes progression in the conputer can 1 nvol ve
repl acing defect paraneters, fornerly fixed at a particular value, with

bi ol ogi cal variables (defect variables) that evolve over tine. The

time- evolutlon of the new defect variables can be 5 specified either as a
di rectofunet afLire_an c_function of other biol g or
defectl i Lk : A T r R eV o ATl (g
dlffei % : Lk

pr ogr

t hat %
transli
pr ogr
exanpl!
obese{
phar nd
progrcj
and ?

|
}

I
i
|
]
!
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!
|
I
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(0103] Since the Effect D agram defines a set of ordinary differential
equations as described above, once the initial values of the biol ogical
vari abl es woeo2meesosfi ed, along with the values for the nogelr/g’as/fes er s,

t he equations can be solved nunerically by a conputer using standard

algorithns. See, for exanple, WlliamH Press et al. Nunerical Recipes in

.20 C. The Art of Scientific Conputing, 2nd edition (January 1993)
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-WWO 02/ 087506 PCT/ US02/13563 [0105] The tine evolution of all biologica
variables in the nodel can be obtained, for exanple, as a result of the

nuneri cal 3ond/egsosn. Thus, the conputer nodel can provide, | e,
-out puts including any biological variable or function of Oggﬁ@#m%@égyp

bi ol ogi cal variables. The outputs are useful for interpreting the results

of sinulations perfornmed using 5 the conputer nodel. Since the conputer
nodel can be used to sinulate various experinental tests (e.qg.
g| UCOSH "=;—‘r—:|'7r'- ’._’—:'.;r';—:.*r’;‘"".:“— = and cli 4..,_ .
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[0107] FIGS. 7 through 9 provide exanples of outputs of the conputer node
under various conditions. FIG 7 illustrates a graph conparing the nodel
resul ts agapmssmeasured 20 data for an oral glucose tol er gpsgishHRksz AN
oral glucose tolerance test was sinul ated based on the netaboFic
characteristics of a sinulated | ean control, sinulated | ean type 2 diabetic
and a sinul ated obese type 2 diabetic. The sinulation tinme for the patients
considered was two years. The neasurenents were nade at a tine that
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.8D), relative contributions of whol e-body carbohydrate, fat and am no acid
‘oxidation (FIG 8H). The expansion and depl etion of the nmuscle and liver
gl ycogen sixay eag749g0l s are also shown (FIG 8F). The sinul O%ﬁ:fsg nses
-of these and other biological variables are in 5 agreenent ata
neasured i n obese type 2 diabetic patients. For exanple, the glucose and
insulin results can be conpared with data presented in Palonsky et al., N
Engl . J. Med. 318(19) 1231- 1239 (1988). [ 0109] hbte that t he conputer
model cafgE Ve T s T e e s
nodel ed iR ' ; i : ;i e, . i

vari ous
enhancer
treatnme
[ 0110]

an or al
S|nulaté
insulin/
enhancers



20 patients with or without two theoretical interventions. One sinmulated
patient received a nuscle insulin sensitizer, while the other received a
pancreati cwy eams®6i nduced insulin secretion enhancer. Notperit¥ei/iishs
si mul at ed post-prandi al glucose excursions were considerably [ower in
treated patients as conpare to sinmulated diabetic controls, indicating the
potential effectiveness of these theoretical agents. 25 [0111] The conputer
nodel al | ows a_user to S|nulate a varlety of dlabetlc and pre dlabetlc
pat i ey i TR 7 7 57
have Wil
of thejg
di abet|
di stir
have d
def
underw
and td
best d
clinig
nodel |
|
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-the dynam cs of hyperglycema in type 2 diabetes, (2) visualize key
metabolic pathways and 5 the feedback within and between these pathways,

(3) gai n awxedi/@rsognder st andi ng of the netabolism and phy h&gy/lgfs,type 2
-di abetes, (4) explore and test hypot heses about type 2 dlabe es nor ma
met abol i sns, (5) identify and prioritize potential therapeutic targets, (6)
identify patient types and their responses to various interventions, and
(7) organlze knomﬁedge and data that relate to type 2 diabetes. 10

Val i dss ; T y =

shoulg : i o SRR R A iy as
p055|nw ’ - :

agai nj

exanp er ns
of t

conpu

"Dev-I felon
May 1 nts
produ t he
foll of
20 %I e t
24 !

t ol erj

8 ™ Effect Diagram - Disbetes v1.0 maked.ell



hyperi nsul i nem ¢ cl anp, hyperglycem c clanp, nornal everyday behavior. The
conputer nodel of diabetes can be considered a valid nodel if the )

si mul at ed Wigodgr<pa!

attribute obtained is substantially ?@'?ﬁisﬁil?j%sw'th a

correspondi ng biological attribute obtained froma 25 cellular or

ani mal nodel of diabetes or human di abetic patient. The term

stent” as used herein does not nean that the biol ogical
be identical. The term "substantially consistent” can

"substantially consi
attributes have to
be, f ormeemTemy

Tabl e |
di abet &
is val ij
for Dia
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-[ Overni ght fasted] 90 ny/dl 126-300 ng/dll Plasna glucose Pl asna insulinl0
Unm5-30 U Plasma FFA500. t M600-900 p. M Pl asnma | actate8 ny/dl 8-10 ny/d

Pl asma gl y&0 ad/é37%6ny/ dl 0. 65 ng/ dl | Pl asnma am no aci ds32 nq,/‘;g.h%% ,%/gl
-Plasma triglyceridesl100 ng/dl 150-1000 ng/dl Pl asma gl ucagon ng% g ny/ dl
Muscl e gl ycogen400 g200 g Liver glycogen72 g40 g Muscl e gl ucose upt ake
rate28 ng/ m n28-35 ng/ mn Hepatic gl ucose out put 140 ng/ m n155-275 ng/ mn
[01151 Table 2 lists the values for post-prandial responses that can be
evaluated in_a _non- diabetic and a diabetic. Another neans of validation of
a di abet [RHBbE G R AR L Ak O T 13 G e ATy T O € S
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art, the responses agai nst which the conputer nodel is validated can be
nmodi fi ed. TABLE 2 ResponseVal ue for Non-di abetic. Value for Diabetic [Post
prandi al | wbawosrs@l ucosel ncrease 40% ncrease 50% Pl asna i neat/usoh/isdsgase
4909% ncrease 240% Pl asma FFADecr ease 38%becrease 50% Pl asma | act at el ncr ease
10% ncrease 20% 26 WO 02/ 087506 PCT/ US02/ 13563 [0116] Table 3 lists other
tests that can be used to obtain responses in a non-diabetic and a

di abetic. Yet another means of validation of a diabetes conputer nodel

woul gEmE ErTY e . A . s ST
consgr,j R A -
di ab Sl — e B : N .';‘:J
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-fQher tests] 2 hr OGIT gl ucose val ue98-120 ny/dl 230- 350 ng/dl Eugl ycem c,
hyperinsulinem c7.2 ng/ kg LBM nmin3, 42 ng/ kg LBM nmin clanp gl ucose di sposal
rate Hyper $lo/esrsoecl anp | St phase, 2nd phase2"d phase only erdsﬁ%iﬂsisi‘
Tesponse [0117] While various enbodi nents of the invention ﬁave eéen
descri bed above, it should 10 be understood that they have been presented
by way of exanple only, and not limtation. Thus, the breadth and scope of
the present invention should not be Iimted by any of the above-described
enb oI (TR P OXSA T ASRION v o 0 X SR - = g YR e ! -
enbokg R

or u
desc
t hos
made

Acidieixidation

FAminofA
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[0119] For exanple, although a certain enbodi nent of a conputer systemis
described 20 above, other enbodi ments are possible. Such conputer system
enbodi mentwo®ansiaes for exanple, a networked or distri buteer/eesRusar
system 27 ENTLOO5/02WD 5 10 APPENDI X A 28 WD 02/087506 A-1 29

PCTI US02/ 13563 WD 02/ 087506 Now A-2 30 PCT/ US02/ 13563 WO 02/ 087506
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PCT/US02/13563

33 PCT/ US02/ 13563 WD 02/ 087506 A-6 34 PCT/US02/ 13563 WD 02/ 087506
WO 02/087506
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A-14 42 PCT/ US02/ 13563 WO 02/ 087506 A-15 43 PCT/US02/ 13563 WD 02/ 087506
A-16 44 PCT/ US02/ 13563 WD 02/ 087506 PCT/ US02/ 13563 ‘
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What is clained is: 1 A nmethod for creating a conputer nodel of diabetes,
conprising: identifying data relating to diabetes, the data relating
changes i nW ad/asgsosal states to biological attri butes of PFARDEFIs63
identifying. a plurality of biological processes related to the data t he
plurality of biological processes defining at |east one portion of the
di sease state of diabetes; and conbining the plurality of biological
processes to forma simulation of glucose netabolismin the context of
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formng a first mathematical relation anong biol ogical variables associated -
with a 20 first biological process fromthe plurality of biological '
processes; wanit/oBmoeri ng a second mat hemati cal rel ati on anongcbiuséoassal
vari abl es associated with the first biological process and bi ol ogi cal
vari abl es associated with a second bi ol ogical process fromthe plurality
of bi ol ogical processes. 4. The nethod of claim3, further conprising: 25
creating a set of parametric changes in the first mathematical relation and
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-5 degree of severity, the set of parametric changes in the second

mat hemati cal relation being associated with a second di abetes defect

havi ng its vwom2/gieee of severity. 6. The nethod of claim zper
%FFhék F%ﬁﬁ of

<conpri sing converting at | east one biological variable fro
the first mathematical relation or second mathematical relation into a

bi ol ogi cal variable that evolves over tine; 10 and producing a series of
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processes, at |east two biological processes fromthe set of biol ogical
processes being associated with the set of mathematical relationships, a
conbi nat i o'w@D2/041806code to define the set of biological progasswsissg the
code to define the set of mathematical relationships defining a sinulation
of glucose netabolismin the context of nultiple macronutrient netabolism
and a processor coupled to the conputer-readabl e nenory, the processor
configured to execute the codes. 8. The conputer nodel of claim7,
wher ei : FR AL

G v IR T AT

I
[ es,

subst aj
wth ai
mhereh
di abet 4
the 5
set of}
bi ol ogi
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-reference pattern of diabetes, the second defect is a nodification of the
first biological process or a second biol ogical process fromthe set of

bi ol ogi cal woosess®s, the second biological process is rel
bi ol ogi cal attributes of diabetes in the reference pattern

%éﬁﬁls_LoéHﬁ%bet es.

10. A conputer executable software code, conprising: code to define a
normal bi ol ogical state through a set of biological processes, each

bi ol ogi cal process fromthe set of biological processes having its own

ed to
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25 identification. 11. The conputer executable software code of claim 10,
further conprising: code to deternmine at |east one sinul ated biol ogical
attri but e wadewds7sses t he nodi fied biological process associ pte@dsyyiibest he
first defect, the sinulated biological attribute being substantially
consistent with at | east one correspondi ng biol ogical attribute associ ated
with 30 diabetes in a reference pattern of diabetes. 12. The conputer
execut abl e softmare code of cIa|n110 further conpr|5|ng: 70 WD 02/ 087506
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seco“
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.10 associ ated paraneter set, the severity associated with the first defect

being different from the severity associated with the second defect. 14.
The conput avo exeosdsabl e sof tware code of claim 12, wherein:p OP ?

-def ect has an associ ated severity based on the change to the at Teast one
associ ated paraneter set; and 15 the second defect has an associated -
severity based on the change to the at |east one associated paraneter set,
t he severlty aSSOCIated mnth the flrst defect bei ng substantially simlar
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bi ol ogi cal processes, the set of biological processes being related to

gl ucose netabolismin the context of nultiple macronutrient netabolism 30°
code to reweioemsmosiser -specified identification of a firstpdefuged1ssedi cat or
fromthe plurality of predefined defect indicators, a first defect from
the plurality of defects being 71 WO 02/087506 PCT/ US02/ 13563 associ at ed
with the first defect indicator, the first defect being associated with at

| east one biological process and its associ d anet set, the at
| east oo I YA R B AR ey e '
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-defect being different fromthe severity associated with the second defect.
18. The conputer executable software code of ¢laim16, further conpri si ng:
15 code towlpbi/eseses nor mal bi ol ogi cal state t%rough t he Serdif(ué%hR&s%?' cal
-processes, _each biological process fromthe set of biological processes
bei ng asso hat selaimed is't s own parameter set. 19. The conputer executable
software code of claim 16, wherein the plurality of defects are associated
with type 2 diabetes. 20 20. A conputer executable software code,

conpri si ngl. coda mahauafoirmaa'n@humbmtwmedelbf@iae@eg%bmaﬁaﬁg.sses related to a
di sease state of diabetes jncluding: code to define a set of nathematical
rel ations assoc}dﬁf’%é"\gicﬁﬁ 1glating &q diabgtes, Hgidata relsting ehanges mrhlolhglcqg! stelrtesl tot yI of
bi ol ogi cal p; A& Lated with 25 interactions anong bi ol ogi ca
vari agl es ?alggoci g?ﬁ?%&ﬁ%ﬁg&%’i rst biological process, and 30 code to
definé a set of identiflyingetplumlity & bidlbgioal processel adlsted v the datase phghlitPop! 0gi cal

| urali f Dbiological.prqcesses and assoclated with
it er act i onQEEh BBt Sreinfiote 4 lipeiithe GBris o Blieotitam of Aebeien ond

bi ol ogi cal combining the plurality of biological processes to form a simulation of glucose

metabolism in the context of multiple macronutrient metabolism.

2. The method of claim 1, further comprising:
10 ~ producing a simulated biological attribute associated with the disease state of
diabetes; | '

comparing the simulated biological attribute with a corresponding biological

attribute associated with a reference pattern of diabetes; and
identifying the computer model as a valid computer model of diabetes if the
15 simulated biological attribute is substantially consistent with the biological attribute

associated with a reference pattern of diabetes.

3. The method of claim 1, wherein the combining the plurality of biological processes
‘includes:
forming a first mathematical relation among biological variables associated with a
20 first biological process from the plurality of biological processes; and
forming a second mathematical relation among biological variables associated with
the first biological process and biological variables associated with a second biological

process from the plurality of biological processes.

4, The method of claim 3, further comprising: .
25 creating a set of parametric changes in the first mathematical relation and the second
mathematical relation; and
producing a simulated biological attribute based on at least one parametric change
from the set of parametric changes, the simulated biological attribute being substantially

consistent with at least one biological attribute associated with a reference pattern of
30 diabetes.
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process, 72 WO 02/ 087506 PCT/ US02/ 13563 a first biol ogi cal process from
the plurality of biological processes being associated wth netabolism of

at | east tweohz/ogvséehe group of carbohydrates, fats and protgifgseassgcond
bi ol ogi cal process fromthe plurality of biological processes bei ll’)l?
associated wth t ahol i of _glucose. 5 21. The conputer executable

sof tware cdde OFHEF‘&B}?F?%QWE%W%WF&%Q: code to define a set of
aranmetric chan ; | ' ' thP 9 : ve a
Caer - apeci 11 od Puautid s of phaheileahalef 0 i b Mitel ERBL AL SREILT Ty
of predefi pardmduicabangesdn thatseqond ntdtieeniaticaltreldébmabe sendf patudetricrchangdelén the

i . 1.ndi .S bei L ' d with a first
et et 11 ofre stk Hac e #do et Widls b SRR5E Bhetinttingidomm coase

stat e sof didegred fsevéritg, the ket Of piamefRichhipes Mg a8cIAQimAhRARIEdIatiBA BERON
t he user-specified, identifjcation. 22. e conputer executable software

code of cl &fsReioted witha seeenddighstasslefrgt havingeits ovn degsee/ef sqverityr - speci f i ed
identification of a second defect indicator fromthe plurality of

predefi nedgdef eghe inBfhod 3F Alafin 31 fARKSRLANHsAIRT €Ct i ndicator fromthe
plurality of 15 defect indicators being uniquely associated wth a second

def ect from t hecqsivertiagiat ieassfone biological variable from the group of the first mathematical
relation or second mathematical relation into a biological variable that evolves over time;
10 and
producing a series of simulated biological attributes based on the converted
biological variable, the series of simulated biological attributes being substantially
consistent with a corresponding biological attribute associated with a reference pattern of
diabetes, the series of simulated biological attributes representing the disease progression in

15 the reference pattern of diabetes.

7. A computer model of a disease state of diabetes, comprising:
a computer-readable memory storing: _
code to define a set of biological processes related to the disease state
of diabetes; and. code to define a set of mathematical relations related to
20 interactions among biological variables associated with the biological
processes, at least two biological processes from the set of biological
processes being associated with the set of mathematical relationships, a
combination of the code to define the set of biological processes and the code
to define the set of mathematical relationships defining a simulation of
25 glucose metabolism in the context of multiple macronutrient metabolism;
and
a processor coupled to the computer-readable memory, the processor configured to

execute the codes.

8. The computer model of claim 7, wherein, upon execution of the codes, the processor

30 is configured to produce a simulated biological attribute for the disease state of diabetes, the
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-defects that is associated with the disease state of diabetes, the'_ second
defect being associated with at |east one biol ogical process and its

associ at ed war@metses set, ht he gt bI eazt o?ﬁeple};g?et g;eiie]'g i ggép/%@zt/l%g“vm th

d defect being:changed based on ser- ¢ ) .
Ji( gg ntS |efC iogatsld’B‘H, teg @P"tl%g?l ' thlpugtq being substantialdy mnsamomthtaﬂéaﬁ@ge bidlogl&kgs Sdf 0 nt
t he change : | at ed. paraneter set, the secon ef ec
havi ng ag aatstggéztiggfsggla{seg\ﬁﬁ ?f%?%%@giggéﬁtoﬁg'ageﬁﬁmge to the at |east one
associ ated paraneter set, the severity associated with the first defect

bei ng di f f & ent The computer medfeimifb}ﬁira%whéraitnletﬁg mdzeg ﬁ;,]g@r tawh Sg*’sfff%‘}:g _23.25
.abl. f code qof claim?20, further c :

IR O A e S S ST I L IS

pr edefs ned firstrkfect is AMRSEAGADH OS fir® Bfologdita? &{gbﬁ%xﬁ tHaKsef gﬂ%@%g;lﬁ%lﬁt ontn

f predefined link representation erng associate _
élihf f Z?Ean? H&Cﬁﬁﬁﬁt‘h%ﬁﬂst biglogicabproedsp is relatedus biologied! ettilbsted dfiabeaBrigaent at i on

' | ] ' iy i.p between a first _biological
Var | able. o JAkh dUbell 3he SeoBbd QHRY iPa fogteRRat of ik B fAIGRISA: ot 1 on
from the splocess precm@hi bidogicallpracesy fsif teadet OMSiolRicAlpracess&PIE$Ehat | on of

' ' | ' i an effect on the second bi ol ogi cal
Lgfi ];llblr Zt B@?Ag(i)(%'l 8rao|ces\§?sr }eﬁitt)cl.de to%?cylogr}%al attributes of diabetes in the reference pattern of

10 diabetes.

10. A computer executable software code, comprising:
code to define a hormal biological state through a set of biological processes, each
biological process from the set of biological processes having its own associated parameter
set, the set of biological processes being related to glucose metabolism in the context of
15 fnultiple macronutrient metabolism;
code to provide a plurality of predefined defect indicators, each predefined defect
indicator from the plurality of predefined defect indicators being uniquely associated with a
defect from a plurality of defects associated with a disease state of diabetes, each defect
from the plurality of defects being associated with at least one biological process from the
20 set of biological processes; and
code to receive a user-specified identification of a first defect indicator from the
plurality of predefined defect indicators, a first defect from the plurality of defects being
associated with the first defect indicator, the parameter set associated with each biological

processes that is associated with the first defect being changed based on the user-specified

25 identification.

11. The computer executable software code of claim 10, further comprising:

code to determine at least one simulated biological attribute based on the modified
biological process associated with the first defect, the simulated biological attribute being
substantially consistent with at least one corresponding biological attribute associated with

30 diabetes in a reference pattern of diabetes.

12.  The computer executable software code of claim 10, further comprising:
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WO 02/ 087506 PCTI US02/ 13563 a second link representation fromthe set of
predefined link representations being a representation of instances of the

first biol wg @as7seari abl e being converted to instances of phgyseRGBIEY
bi ol ogi cal vari abI e. 24. A nmethod for creating a computer nodel of
di abet es, conpriPss tyreceive apearwpenified identifidationy o sagond defedtdndicator fivath ¢lt i ons

to define r al eac oIo cess
from the. griPupidfprieabd et dicghes LT R0 £RR0be G ol Bareflh 52
rel ates chasrg:?esed with the! sogprdalefet ﬁidﬂﬁtdrahbpﬁxhﬁ@teﬁaét agddclatdduiiseRh di abet es;
produci ng ,a presentation.of the ylurallty of bi ol ogi cal processes based

on the us éal°l°§1§?le°6?%°ase1s ARt isAssQsiated Wik the ssFend q€§°%b¢‘58 6hanged hasedop s ses

defing ng ajsel-§Rsific@enAAEdtioan of the 10 disease state of diabetes;
produci ng a sinul ated biological attribute associated with at |east one

bi ol ogical__ attribute of diabetes based on the conbined plurality of
bi ol ogy pridees dds;computensxasytaplegofwaed dodr ofjcleim § Aevhroeiput er nodel  based on

a conparison b but n
cor r espondi ng gfll oi og?écfg(ﬁ hg% ?&%B@gteggés‘%bl a%'gé OI?Ehﬁ cga?%eet%?}é Zeasﬁqé’epat tern
of di abet @ssocixfed p&raxmtb:cxdt fand creating a conputer rmﬂel dof di albet es,
t betes, the data relatin
gﬁgﬁglezl Ing b: gl ne;%e]éérry geff bgs {ugellszsigcllarllt se?/eg{y%ased on the change to the at least o%e
10 associated parameter set, the severity associated with the first defect being different from

the severity associated with the second defect.

14.  The computer executable software code of claim 12, wherein:
the first defect has an associated severity based on the change to the at least one
associated parameter set; and .
15 the second defect has an associated severity based on the change to the at least one
associated parameter set, the severity associated with the first defect being substantially

similar to the severity associated with the second defect.

15. The computer executable software code of claim 10, further comprising:
code to produce a simulated biological attribute based on the parameter set
20 associated with each biological processes that is associated with the first defect, the
simulated biological attribute being substantially consistent with biological attributes of a

reference pattern of diabetes.

16. A computer executable software code, comprising:
code to provide a plurality of predefined defect indicators, each predefined defect
25 indicator from the plurality of predefined defect indicators being uniquely associated with a
defect from a plurality of defects associated with a disease state, each defect from the
plurality of defects being associated with at least one biological process from a set of
biological processes, the set of biological processes being related to glucose metabolism in
the context of multiple macronutrient metabolism;
30 code to receive a user-specified identification of a first defect indicator from the

plurality of predefined defect indicators, a first defect from the plurality of defects being
71



-biological attributes of diabetes; identifying a plurality of biological
processes related to the data, the plurality of 20 biological processes

defi ni ng awd enegrspgne portion of the di sease state of di abq,th:;(_ 'rso %63
: y i cal processes to forma sinu a?7| on of at

- I ni he .pl [ f . bi ol ' .
IcgcTs) It mozg %ﬁsg‘fl%ﬁ#é’g Ité%/fl?%F ﬂﬁle‘g "gf?waipram?tf&a’gt defect heing esspeirted ofitif atleast one

' : : : ' e del of diabetes,.

Conpr 1 i nop CjeRisaliBes3an Pkosi il pRdnfhi S BLICR SR piramster ataeraigied

changes i nwith thedipstddfecs being shanged Basebionlthusenkperifiediilétigioatidn; dhdbet es t "
0

i denti fyi a plurality. of Dbiological processes related to the data,

Ipl 5pa: i %”y ngf B‘”f%f’ g‘bf"'&é"e 5#6%@%3@6@ &Fﬂﬁ%&oapf # second defectgadicatontrom thhe
di sease stphRligf offirefdines defédtGndicAGRI Niddbnd H@e&lﬂ'gn?lﬂe!;p\furﬁfitgtgf QL%Qf[s %8l
processes to forma sinulation of at |east one biologi'cal attri but'e "0

di abet es | 3#seqkated with dhe segendrlefact indisntarathols¢cond defsot Ring aksomapditvith antedel  of

' : | ” - 1.5t 0Q.; C uter-readabl e nenory
Storing:  FTeRS e rYFbanst it AT eme B GO Yited SREPRaterdt o1 o1 ogi cal
processes assdcitediwith therecalidslefeve baihg thangbd Hiseh oh € useRsheeARE idctifiedtidne a
set of mathematical relations related to _

17. The computer executable software code of claim 16, wherein:

10 - the first defect having an associated severity based on the change to the at Jeast one
associated parameter set, the second defect having an associated severity based on the
change to the at least one associated parameter set, the severity associated with the first

defect being different from the severity associated with the second defect.

18.  The computer executable software code of claim 16, further comprising:
15 code to define a normal biological state through the set of biological processes, each
biological process from the set of biological processes being associated with its own

parameter set,

19.  The computer executable software code of claim 16, wherein the plurality of defects

are associated with type 2 diabetes.

20 20. A computer executable software code, comprising:
code to define a plurality of biological processes related to a disease state of diabetes
including: |
code to define a set of mathematical relations associated with a first
biological process from the plurality of biological processes and associated with
25 interactions among biological variables associated with the first biological process,
and
code to define a set of mathematical relations associated with a second
biological process from the plurality of biological processes and associated with
interactions among biological variables associated with the second biological

30 process,
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interactions anong biological variables associated with the biological
processes, at |east two biological processes fromthe.set of biological 5

processes o ngosaswoci ated with the set of mathematical relpyi@ashifs. 2
conbi nati on _of the code to define the set of biological processes and the

code to defiri&iolegical procgss frem theniwiality of biglegiral psonepsss teing a$sogjaadsa¥ithfjl ation
f at lea | |£al I ' S, kN the context o at
et abol | o eaegra? bEAAELEBvo Blrh ihelofip 8] b AYTHTR, bl PuRESTRAERA  ©he
processor biotgiggliprodess dront the pheality @f bivdogiaal pmceskts Bin@@ssoAate@ Wit er nodel
conprising: a conputer-readable nmenory

of a di sease te pf. di abetes,
storing:. c%la‘ea%%’%"agﬁlﬁ%“& set of biological processes related to the
di sease state of diabetes, and code to define a set of mathemati cal

rel at fons 2kl at Bk ¢mpdmteaemm@wwiewfeiaﬂﬁiz@?ﬁn}saréoﬁiﬂrﬁﬁxgasSOCi ated
with the biological processes, at |east two biological processes fromthe

set of bi ol ogi ¥ QfFEAsetolpaTagetsis skanges fon airstibialpgical erocsts; azg hemat i cal
rel ationships, @de @&5@@&9@5 u88-PLeifibfiAHatiOn B KAF dbA& isEtadl £ LY 091 ca
processes and the code _ o _
plurality of predefined defect indicators, the first defect indicator from the plurality of
defect indicators being uniquely associated with a first defect from a plurality of defects that
10 is associated with a disease state of diabetes, the set of parametric changes being changed

based on the user-specified identification.

22.  The computer executable software code of claim 21, further comprising:
code to receive a user-specified identification of a second defect indicator from the
plurality of predefined defect indicators, the second defect indicator from the plurality of
15 defect indicators being uniquely associated with a second defect from the plurality of
defects that is associated with the disease state of diabetes, the second defect being
associated with at least one biological process and its associated parameter set, the at least
one parameter set associated with the second defect being changed based on the user-
specified identification,
20 the first defect having an associated severity based on the change to the at least one
associated parameter set, the second defect having an associated severity based on the
change to the at least one associated parameter set, the severity associated with the first

defect being different from the severity associated with the second defect.

23.  The computer execu;able software code of claim 20, further comprising:

25 code to receive a user selection of a link representation from a set of predefined link
representations, each predefined link representation in the set of predefined link
representations being associated with a different mathematical relationship, the user-
selected link representation being associated with the interrelationship between a first
biological variable and a second biological variable,

30 a first link representation from the set of predefined link representations being a
representation of the first biological variable having an effect on the second biological

variable,
73




-to define the set of mathematical relationships defining a sinulation of at
| east one bi ol ogical attribute of diabetes in the context of protein

nmet abol i smMWOaE8780¢pr ocessor coupl ed t odt he ggnput er - r eadalj & HpEIRs%s t he

. igured to execute the codes. ' . .

processor conf 2 second Emk representation from the set of predefined link representations being a
representation of instances of the first biological variable being converted to instances of the

second biological variable.

24. A method for creating a computer model of diabetes, comprising:
5 receiving a plurality of user-selected indications to define a plurality of biological
| processes, each biological process from the plurality of biological processes being based on
data that relates changes in biological states to biological attributes of diabetes;
producing a representation of the plurality of biological processes based on the user-
selected indications, the plurality of biological processes defining at least one portion of the
10 disease state of diabetes;
producing a simulated biological attribute associated with at least one biological
attribute of diabetes based on the combined plurality of biology processes; and
assessing a validity of the computer model based on a comparison between the simulated
biological attribute and a corresponding biological attribute associated with a reference

15 pattern of diabetes.

25. A method for creating a computer model of diabetes, comprising:
identifying data relating to diabetes, the data relating changes in biological states to
biological attributes of diabetes;
identifying a plurality of biological processes related to the data, the plurality of
20 biological processes defining at least one portion of the disease state of diabetes; and
combining the plurality of biological processes to form a simulation of at least one

biological attribute of diabetes in the context of fat metabolism.

26. A method for creating a computer model of diabetes, comprising:
identifying data relating to diabetes, the data relating changes in biological states to
25 biological attributes of diabetes;
identifying a plurality of biological processes related to the data, the plurality of
biological processes defining at least one portion of the disease state of diabetes; and
combining the plurality of biological processes to form a simulation of at least one

biological attribute of diabetes in the context of protein metabolism.

30 27. A computer model of a disease state of diabetes, comprising:

a computer-readable memory storing:
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code to define a set of biological processes related to the disease state
of diabetes, and code to define a set of mathematical relations related to
interactions among biological variables associated with the biological
processes, at least two biological processes from the set of biological
processes being associated with the set of mathematical relationships, a
combination of the code to define the set of biological processes and the code
to define the set of mathematical relationships defining a simulation of at

least one biological attribute of diabetes in the context of fat metabolism; and

a processor coupled to the computer-readable memory, the processor configured to

execute the codes.

A computer model of a disease state of diabetes, comprising:

a computer-readable memory storing:

code to define a set of biological processes related ta the disease state
of diabetes, and code to define a set of mathematical relations related to
interactions among biological variables associated with the biological
processes, at least two biological processes from the set of biological
processes being associated with the set of mathematical relationships, a
combination of the code to define the set of biological processes and the code
to define the set of mathematical relationships defining a simulation of at
least one biological attribute of diabetes in the context of protein metabolism;

and

a processor coupled to the computer-readable memory, the processor configured to

execute the codes.
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