computational modeling in biology network

Anatomical scaffolding of transport
models

Reference map for cross-repository model harmonisation

B. de Bono, N. Kokash, R. Occhipinti, D. Nickerson, P. Hunter



computational modeling in biology network

Models need explicit boundaries

Problem
e Quantitative physiology models describe flows between compartments.
e \Where does the process actually happen?
e Compartment boundary definitions are usually missing
e Many physiological processes occur across a material boundary

o amembrane, vessel wall, epithelial layer or shared tissue interface.
Solution

e ApiNATOMY methodology provides means to pin-point process location
e Knowledge representation where these boundaries are first-class objects
e Foundation for interoperable multiscale physiology models

https://apinatomy.org/



How Substances Cross Biological Boundaries

Four fundamental mechanisms that drive movement across membranes and barriers

1. Fick’s Law
Diffusion of solutes
Molecules move from high

concentration to low
concentration.

Low
concentration

High
concentration

Flux o (Concentration difference)

DA
J= -A_X-(Cl -G)

Example:
Oxygen diffuses from alveoli
into blood.

At a glance

What moves?

Solute molecules

Electrochemical gradient

2. Starling Filtration
Bulk fluid movement
Water and small solutes are pushed

out or pulled in by competing
pressures.

Hydrostatic pressure
(pushes out)

?

Oncotic pressure
(pulls in)

3. Glomerular Filtration
Starling filtration in the kidney
High pressure in glomerular

capillaries drives filtration into
Bowman'’s space.

High hydrostatic
pressure

/
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Jy = KI[(PC 7 PI) = 0’(7[5—7?;)]
(Hydrostatic) — (Oncotic)

Example:

Fluid leaves capillary at the arterial
end and is reabsorbed at the venous
end.

Driving force What moves?

Water + small solutes
(bulk fluid)

Concentration /

v
s

oncotic pressures

GFR = K; x (Net filtration pressure)

~ Pgc — Pps — mge

Example:

Water, glucose, ions are filtered from
blood into Bowman'’s space; proteins
and cells are retained.

Driving force What moves? Driving force
Water + small solutes

(ultrafiltrate)

Hydrostatic & High glomerular

hydrostatic pressure

the

(>
)

computational modeling in biology network

4. Membrane Transport
Carrier/channel-mediated

Specific molecules cross via proteins.
Can be passive (down gradient) or
active (against gradient with energy).

Passive (down gradient)

® o
0

No energy required

o .0
® o —>
e e

Active (against gradient)

® o0
o0 0o —» :
....

e
ATP

Flux depends on transporter,
gradient, saturation, regulation
(saturable kinetics).

Example:

Na*/K* pump, glucose reabsorption
via SGLT.

What moves? Driving force

Gradients + energy
(ATP or coupled)

Specific molecules /ions



Transporter-mediated pharmacokinetics in PB-PK models
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PB-PK models work well for passive disposition, but less well for transporter-mediated drugs.

o PB-PK model structure
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o Hepatic uptake: lumped vs. matrix approach

‘ Lumped clearance for OATPs

Sinusoidal
blood d

° ° ®
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L °
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Hepatocyte Bile
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— Transporter-mediated flux
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Combines multiple transporters into one clearance term.

e Kidney: why deployment (facet) matters

[ Lumped term that is meaningful

1

Basolateral membrane (faces blood)

Blood (

Tubular

°
°
e ® o
° o
OAT3 )

(

OAT1 and OAT3 share the same membrane facet
and fluid environment = can be lumped meaningfully.

CLoaT1+0AT3
(basal)

‘ @ Take-home message: Anatomical information helps define the valid extent of lumped terms (which facets and fluids they span),

Lumped term that is NOT rﬁeaningful

Basolateral Apical
(faces blood) (faces tubular fluid)
r 3
Blood [ Tubular

» OAT1 fluid
° Ui

@ R
OAT4 is on the apical membrane (different facet,

different fluid). Combining with OAT1 or OAT3 would
span two facets and two fluids — not measurable.

CLoaT1+0AT3+0AT4
(not meaningful)

Matrix (individual) approach

Sinusoidal
blood

o ® —{oaTPIB1 [CL ] h
I '—C >—’ OATP1BT °

(e —@ATNB?D—» [CLomm] 0 ©
°

. ;
o
S —{OATP251>—> [CLOAmm] °
T °
e c

Represents each transporter separately.

Hepatocyte Bile

o Consequences of lumping

Why lumping?
Experimental,
not anatomical.

No probe assay
isolates one
transporter.

Data identify only
the sum, so the
model carries
their total.

Hidden physiology: the model records a clearance
but not the facet it crosses or the transporters

it represents.

No place to plug in new knowledge: if new inhibitor
data separate OAT1 from OAT3, there is no explicit

term to update.

Limited extrapolation: lumped terms cannot be
reliably applied beyond the experimental conditions

they summarize.

but it cannot recover individual transporter contributions that the data cannot identify.
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The Renal Medullary Concentrating Mechanism e

()

. . . . tati | del biol twork
1. Radial organisation of the outer medulla (rat kidney) 2. How zone-based models work computationalmodeling in biclogy networ

Outer medulla W A single zone as a well-mixed compartment

(radial view) Zone 1 - Central bundle
Long descending vasa recta

&
Interstitial layer (well-mixed)

Zone 2 - Inner zone (periphery)
Mostly thick ascending limbs

Represents interstitial cells,
merged capillary plasma and
interstitial space.

All conduits assigned to this
zone exchange solutes across
their own wall with this

L shared fluid.

S— Zone 3 - Middle zone [
Thin limbs, descending limbs

,,,,, Zone 4 - Outer zone J
Collecting ducts G i 5 3
Inner medulla Same zone = communicate Different zones = no direct exchange
Organised around Two tubules in the same zone Tubules in different zones do not
collecting duct clusters @ Collecting duct @ Thick ascending limb @ Thin limb communicate via the shared communicate directly.
600 Qo interstitial layer between them. 1
) 9, % | 1
9 0 4 e=== Long descending vasa recta !
=== Long ascending vasa recta — :
J 1
3. Why zone assignment matters — and what is missing
Predicted osmolality vs. depth Current practice What is missing in each case is
; . _ 1800 « Each model records its a reference to a defined anatomical object.
Zone assignment is the most é” Model AB Model B own zone assignment
consequential structural choice. E _— [ in its own terms. The model needs conduits in the same Neither model
% *** | ——— | « No external renal zone to refer to a shared compartment, is wrong.
Changing how finely the medulla i — — anatomical reference. so the assumption can be stated once.
E T
is divided into zones changes the % 600 ] : s Both implicitly
) - . 3 ¢ If consensus updates, The pharmacokinetic model needs to refer refer to anatom;
predicted concentration gradient £ Zone map in Zone map in every model must be 153 :’na(erial barrier with explicit identity, hat neith Y
down the meduilla [59]. o 0 its own its own edited separately. < o g tha .nfelt er can
1 2 b file p file area and face, so a permeability has explicitly name.
0 2 4 6 8 * Models that disagree somewhere to inhere and a transporter
Depth from corticomedullary junction (mm) cannot be automatically has a direction over a facet.
compared.

@ Solution: reference models to defined anatomical objects. Then assumptions are stated once, models can be compared, and updates propagate automatically.



Physiology Model Composition Without Explicit Boundaries Is Problematic e

modeling in biology network

Independently developed component models Unanswered questions
Model_1 - @ tp;:e they crossing i Without an explicit boundary:
PeaRanapMIGRIDoUnGAR X difficult to automatically
A g 8 match models
hog y \ 299999 Do they use
; ! 444444 | the same membrane? X parameters have no explicit

I
I 9 anatomical “home”
1

Mode|_2 — |\ ﬂux . —_— N\ —0‘00 Should :hell’b " @ X shared assumptions are
ﬂ compartment A - compartment B ‘ o PARnSoERShalE duplicated
- Nl (R 4 .
‘ o s o Hages mgkmg X disagreements are difficult
— conflicting anatomical 6 Aetact
assumptions? Qi0eice
= — _— e — —— . S— — — w4
With an explicit boundary Explicit anatomical boundary
(Shf':e_q .o.ti{ea) P 5 With an explicit boundary:
Model_1 i : e e— Model_2 ;
:???? \ « models can reference the same object
compartment A | ¢ compartment B ——
Q ; J)J)(B(B‘ ) ’ + parameters can be attached to
E e ; | oy that object
E J E v shared assumptions are expressed once
references same : - 3 ) ' references same .
boundary object  “--=----==--- i Boundary parameters ___________. ' boundenyiebject v disagreements can be detected
\ Py, Pa ... J and resolved

Result: Clear semantics, reusable components, consistent parameterization, and reliable whole-body / digital-twin models

a



Survey of quantitative modelling repositories

20 repositories grouped to 6 categories

1. No anatomy 2. Ontology terms 3. Geometry only
Missing: referent Missing: boundaries Missing: semantic ID
4. Relations / IDs 5. Flux annotations 6. Implicit process
Missing: boundary obj Missing: routes Missing: anatomy
Key finding

No tier offers explicit, semantically identified, reusable boundaries

Incompatible boundary representations

ModelA ____________ Mmoo - Model B
Flux annotation Geometry only

Boundaries cannot be reliably reused across repositories

Category Example

No anatomy SABIO-RK

Ontology
terms

Geometry

Relations /
IDs

Flux
annotation

Implicit
process

BioModels

VCell

Virtual
Brain

CellML /
PMR

Gene
Ontology

Anatomy represented
as

Molecular/experimental
metadata

GO compartment terms

Membrane surfaces &
volumes

Region-to-region
connections

Source — sink —
mediator

Biological-process term
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Missing

Anatomical location

Explicit boundary

Semantic identity

Intervening structure

Explicit boundary

object

Membrane, direction,
route
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Boundary as first class citizen in semantic modeling

Lyph = a layered biological conduit

Each layer has:

identity

material

ontology annotation(s)
geometry

potential parameters

Scale-free

The same construct can represent

a vessel

nephron segment
bronchiole

axon

cell

membrane transporter

[Layer:j:2]

[Layer:j:1]

[Layer:j:0]
,—V

:
[axis of rotation]

Mat:m7 ‘Cytoplasm’

Mat:m3 ‘Plasma membrane’

—— Mat:m2 ‘Extracellular fluid’
Mat:m8 ‘Protein AQPT

[BAG: 7]

[CHAIN:f] {o,p,q}

Cell Segment

luminal facet of the capillary endothelial cell

k
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Lyphs - define compartment composition

An artery A vein
y- P thick thin layer of muscle
\I outer wall and elastic fibers
Venule ¢
Valve A
Connective tissue 4 5]
with elastic fibers Arteriole 7 ( £ small i la rge
Circular smooth < lumen By 5 > lumen
muscle ‘( Endothelium . 2 fairly thin
Elastic tissue (\ Elastic tissue . thick layer of muscl Sl
“| . -
Endctialen v - and elastic fibres
A Artery ) -y
ircular .
smooth A capillary
muscle
Connective
tissue very small lumen
. e Ve wall made of
;m W’\ a single layer of cell
. " - —— FIGURE  Blood vessels. (A) The wall of an artery, (B) the ’
//\'-“——& wall of a capillary, and (C) the wal of a vein Sections through the three types of blood vessels

B Capillary

The aorta, the body's largest artery, consists of three distinct
structural layers—the inner intima, middle media, and outer

adventitia. .. A= et .
e-car vas vascular-media"

ular-adventitia"], ...

ular-endothelium",

Layer #1: Urine

Layer #2: Epithelial Cell Layer
Layer #3: Basement Membrane

Layer #4: Muscular Layer /
Layer #5: Connective Tissue Layer




Chains - concatenate lyphs to routes ¢ismbine

 — s o e
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same lyph, many levels

= —_— —_— L} —_—
different lyph at each level
-———r—r T T T W W
- - EEEE E & =
— m g B n A I | - ]

| '! g - E & B S B BFE = = & ¥
% = =F 0 = = & = ﬁ = = -
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dynamic number of levels to
spread through a housing chain




B Embedding coalescence

Blood Thoroughfare !nary Thoroughfare

Lateral or diffusive exchange

1 | Y

Endothelja] cell
I Seégment chain.
Lumina], Lateral, Abllrxlmciﬁzlln'

Membrane channel segment chain:
(Cytosolic, Transmembrane, Extracellular)

Several biological conduits may communicate through the same material region.

Distal convoluted tubule

Renal Efferent Arteriole

Distal convoluted tubule

Renal Afferent Arteriole
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Model: lyphs + materials + chains + coalescences + .77~

= Mat:m7 ‘Cytoplasm’
s URINE BLOOD
i)
TUBE: s ‘ TUBE:
g T Mat:m11 ‘Na+' L3EN] al ¥ /! _ <
9
— — — w Mat:m4 ‘Cytosol’ Mat:m10 ‘CI- Y /;
N — o o ¢ N /
> > > E 17 Mat:m1 ‘Body fluid’ \\ i
. o .
H H . 4 ) i/ [CHAIN:h] {x,y,z}
% % % Mat:m2 ‘Extracellular fluid’ Mat:m12 ‘K+ % l/I
Mat:m9 ‘HCO3-' [TUBE:b]
=) E = l BLOOD
Y
BLOOD Mat:m5 ‘Plasma’ < Mat:m13 ‘Albumin’ P
[CHAIN:w]{j, k,1} l & d- %
#-[ % Mat:m6 ‘Blood’ ! N L N
[BAG:1]  [TUBE:k]  [BAG:3] N
y A
URINE \ [TUBE:y]
¥ \
[CYST: £] [CHAIN:g]{a,b,c} transporter's cytoplasmic, trangsmembrane and extracellular
/
[TUBE:y] regions each sit in the correct féc\et-specific environment
. /, \\
Descending Vasa Recta y . Y
Bl \Whole Kidney Graph

[TUBE:c] [TUBE:z]
URINE BLOOD



Modularization and namespaces ¢ipmbline

Model-A Model-B If resource is referenced but not defined:
1. raise a warning
endothelial_cell | 2. generate default local resource (fault tolerance)
Model-B:endothelial_cell // If referenced with namespace - do nothing until Model-B
e No naming conflicts Potential benefits for PBPK modeling
e Models remain independent e Model interoperability

e Entities from one model can be unambiguously
referenced or reused in another

e Extend existing definitions, e.g., use external
lyph as supertype

e Quality control via path finding

e Automatic encapsulation of subgraphs,
dynamic groups (e.g., neuron populations)

Automatic identification of shared anatomy
Reusable anatomical assumptions

Explicit parameter locations

Detection of conflicting assumptions
Multiscale route reasoning

Foundation for whole-body / digital-twin model
composition
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Interactive KG visualization

Major practical contribution!

ApiINATOMY visualization respects
semantic constraints:

s 55 sasy I o sosome 595 ke gy IO Pro-wrC ptrogy I8 rewra espcrse IO sy B0 vt B Crargs g WA
N e A patctogy I St B Doty B Pt 5 st BN Comasintons. B Comorsiction B S0 scovomic

A is-part-of B — Ais inside of B
e Atraverses B — nodes of a link
conveying A are constrained to

the borders of B

(a) KG without visualization effort. (b) KG visualization with node and edge classification.

- -

: p I N |
~ . .

i || T1 .
= 3

BN .

: .

(e) KG semantic- and context-aware layout genera-
tion. () Relationships between concepts providing visualization constraints.



TOO map - a scaffold to visually arrange models égmbine

A KG with thousands of objects is difficult to understand as a graph

Lovwer Gastrointestinal Upper Gastrointestinal

i Systemic E Pulmonary Arterial
g’:et:;"l:;haﬁc Y Post-lymphatic nlal
Venous Venous Dum

nlT1
e |:| i
ds2 d2s1 Parathyroid D
Thyroid R
Pituitary
d253 Spleen d254 ap
Faciocervical
Infracervical Ganglia u2G1  Ganglia Hypothalamohypophyseal
nlGl Portal
| System 5
d1H 3
n2G3 nlG3

DXF
Infraventricular CSF Tract = Supraventricular CSF Tract

Axial Skeleton Cisterna Olfactory

n3A2 Magna n402
| c

n3a3 Meninges 404

Skeltal Musculature , Retinal
B Q - Eustachian Tube

Turbinath HNG 4
Maucosa \ o\
S

n3M3| n4R4

External
Pulmonary Venous Ear Canal

Lower Limb Skeleton Upper Limb Skeleton , Vestibulocochlear
n3L1 302 n4v2 v
Nasal
n3L4 n3U3 4 b
2 { Cardiac
4 4y Sonduction i
T n3 Tacts s Nasolacrimal
Ocaden ) e o

b

A T—0 map (orbis terrarum, orb or circle of the lands; with the letter T Srreme et
inside an O), also known as an Isidoran map, is a type of early world
map that represents the Afro-Eurasian landmass as a circle (= O)
divided into three parts by a T-shaped combination of the

Mediterranean sea, the river Tanais (Don) and the Nile.

Inframammary i
Skin Y Lactiferous Tract

Supramammary
Skan


https://en.wikipedia.org/wiki/T_and_O_map
https://en.wikipedia.org/wiki/Early_world_maps
https://en.wikipedia.org/wiki/Early_world_maps
https://en.wikipedia.org/wiki/Afro-Eurasia
https://en.wikipedia.org/wiki/Don_(river)
https://en.wikipedia.org/wiki/Nile

The TOO Map

Preserves

ApiNATOMY TOO Map

e  connectivity
e  topology
e anatomical relationships

Sacrificing:

e  metric spatial accuracy
e  detailed geometry

Two ways to explore

1. Manually select structures
2. Search by biological terms or
ontology IDs

Semantic search
Ontology-based similarity

Only relevant graph subset display.

A major practical contribution is an interactive KG visualization

https://apinatomy.net/uscala.html?scena=triptych v2



https://apinatomy.net/uscala.html?scena=triptych_v2

Whole-Body Knowledge Graph (WBKG) es
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ApiNATOMY records provenance with the assertion. Unsupported claims are discarded; uncertain claims are escalated for adjudication.

Literature — extraction — identity resolution — verification — expert ratification

ApiNATOMY TOO Map

The workflow records:

source publication
species

evidence sentence
verification result
expert ratifier

date

e Literature mining

e harvest evidence about
membrane proteins

e embedded in distinct
membrane facets

e cells that line the
epithelium and
endothelium.

Epithelial surface (green), circulation (red), nervous system (blue)a



Interactive multi-scale views cmpne

Medulla

Nuclear traffic in the medulla Neuro-effector junction
Medulla divided into cerebrospinal fluid, ependyma, Nerve ending and pancreatic beta cell come into close
and parenchyma contact
Counted neuron segments entering and leaving each The connection occurs between specific anatomical
nucleus surfaces

Counts are automatically derived from model
relations



Semantic filtering

Enter a free-text query, such as “Endothelial
cell” and “intestinal L cell”.

Matching ApiNATOMY entities are shown on
the map, while non-matching entities are
hidden.

The similarity threshold and number of
results can be adjusted by the user.

scena-loopproof - 05181f5 v

canonical - 0518116 - 2026-08-12 v Reload
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Core, content & mapping modules

Shows modules and their
dependencies

Module & reference graph — dependsOn (solid) and awaite

» what does this do?

SCHEMA ORE CONTENT MAPPING

Flags cross-module references
as resolved or dangling

__schema__ branemem chain2toomap

coalescences housing_map

Provides resource counts per
module

git protcard
housings treemaps

nervous

Currently contains modules for:

neurons

Gastrointestinal: 592
Neurons: 1,396 Ay
Neural: 310
Renal: 260 7
Pulmonary: 116
Membrane proteins: 66
Core objects: 105

too
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Where we are and what’s next

WBKG is not a finished map
Three organs curated to cell-level detail, the rest scaffolded for growth

Next step: connect WBKG's material boundaries to the annotation practices researchers
already use

No need to abandon your native format!
The bigger point: models can be assembled together, even if authored separately

Once they explicitly reference the same material boundaries!

THANK A @
YOU §: ¢
.
.

Let's talk resource integration — reach out!



