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Brain microcirculation
Structure
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What is generic ?
The physics of red blood cell flows _

s

Lateral migration RBC flux partition

of cells away from
vessel walls
Lateral migration
of cells away from
vessel walls

Cell-free layer

—.‘.— 2~ 5%
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* Reynolds Number (pUd/u) <<1
= Womersley number (pwd?/p) <<1

= Hematocrit (H) ~ 0.45

* Confinement ratio (LRBC/d) 0.5to2

¥ Secomb Ann Rev Fluid Mech 2017



What is generic ?
” he pysics of red bIoochI s

Lateral migration RBC flux partition
of cells away from

vessel walls

Lateral migration

Y/ of cells away from 3
2 vessel walls
RBC flux partition

= Womersley number (pwd?/p) <<1
= Hematocrit (H) ~ 0.45
* Confinement ratio (LRBc/d) 0.5to2

* Secomb Ann Rev F|UId Mech 2017 e Handbook of Phy5|ology MlcrOC|rcuIat|on 2002 e PhD A.Me



What is generic ?
The general organlzatlon of thevascular archltecture N

Q Brain networks are multl scale with two components

Cassot et al,
Microcirculation 2006

Microcirculation 2006
S
b

Cassot et al,

500 pm 100 pm




What is generic ?
The general organlzatlon of theascular archltecture

a Caplllary networks in the bram are 3- connected space-filling

Q Volume density
~2 %

Q Exchange surface
~5 mmZ/mm?3

= Looped and random at small scale QA Cumulative length
~500 mm/mm?3

= Homogeneous & Space-filling above ~50un

(Each point in the tissue is close to a capilla Cassot et al. 2006

Heinzer et al. 2006

-> REV/ Porous medium Risser et al. 2007
N E L

* Lortho:s and Cassot J Theor BIO/ 2010 | T o ‘ . a



What is generic ?

The tremendous heterogenelty of hemodynamlc parameters
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DeSJardln et al. Neurobloloy of agmg 2014



What is specific ?

The detalls ofthe vascular archltecture

Arterloles and venules

Human temporary muscle
Cheung et al. J. Anatomy 1996

Skelelal musdo Brain cortex
Vaupel et al. Sem rad onc, 2004  Cassot et al. Microcirculation 2006




What is specific ?

The detalls ofthe vascular archltecture

Adrenal gland

Augustln et al. SC|ence 2017




What is specific ?

The need for a constant mncroenwronment
LEDCINLE T s 7 o e

3 lonic/ Osmotlc balance

= Neurotransmitters / Electrical impulse

= Constant volume (Skull)

Q Protection against neurotoxicity

=» Existence of the Blood-Brain Barrier
Ehrl

ich 1885, Goldman 1913

Slits  Pores Tight junctions
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” Paulson, 2002

Muscle capillary endothelium Brain capillary endothelium




What is specific ?

High metblctivity/ No energy storage

Q A high metabolic activity (energy demand)
" Brain weight ~2% total weight
" Brain blood flow ~15 to 20% of total flow

d No energy storage

= Circle of Willis

= Connections between cerebral arteries

basilar
artery

= Connections between surface vessels

internal carotid ‘k
aremnes ===

vertebral—"

artenes

=> Existence of redundancies 7~

1- Circle of
Willxs

xternal carotid
arteries

common carond
e Arleres

~subdlavian
arteries




What is specific ?

H|gh metabollc actlwty/ No energy storage

Q A high metabollc activity (energy demand)
= Brain weight ~2% total weight

= Brain blood flow ~15 to 20% of total flow

d No energy storage

=>» Two distinct regulation pathways
Brain autoregulation : global Neurovascular coupling : local

—_— Arteriole 8
Vasodilation Vasoconstriction Capillary

@ Smooth muscle
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Semplicini et Calo, 2005
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Brain Microcirculation

B ... plays a key roleii

S— S—
[ FAS S Saw S ae:

n brain physiology

0O,, Nutrients,

Lorthois et al, JTB 2014

Diameter variations

B ... and in our ability to observe the functioning brain
Q Neuro-vascular coupling

Q Hemodynamically-based functional imaging techniques (H,0** PET, fMRI)




Brain Microcirculation
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M ... isinvolved in disease
d Stroke

Q Neurodegenerative disease (Alzheimer)

Alzheimer '/’\‘\\
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Brain Microcirculation
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Brain Microcirculation
H . is invol
d Stroke

Q Neurodegenerative disease (Alzheimer)
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Brain Microcirculation in Alzheimer’s disease
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Vascular damage
Occlusions
Vessel disappearance

s SRS NV Y

Functional impairment
Reduced blood flow \

Increased heterogenity
5 Onset of hypoxia
: AP accumulation ?
Impaired regulation
Cognitive decline
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Investigation tools and associated scales

Macroscopic scale Brain scale

Microscopic scale

1 mm 10 mm (mice) 10 cm (human)
Size
>
1 um| RBCs
10 um | Microvessels
1 mm
* IRM/PET
< >
Reso-
ETANAES

lutionV



Investigation tools and associated scales

In vivo experlmental methods
LN LE L o BPES =R Y SRS NN ES NSO A L) >

Brain scale

50 um 10 mm (mice) 10 cm (human)
Size
>
1 um .3 Intravital multiphoton microscopy
<€
10 um
Lmm IRM/PET
< >
Reso-
ETANAES

lutionVY



Intravital multiphoton microscopy
Structure

LENNE L2

Q Healthy and dlseased (AIzhelmer) anlmal models

syjuow ¢

*Nishimura et al. JCBFM 2010



Intravital multiphoton microscopy
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Intravital multiphoton microscopy

Function
ETANAR AN« T
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Glucose Exchange (6NBDG)

g §

A B (blood)

(% change)

vkl

g

Fluorescence intensity

o

)

A (astrocyte)

Fluorescence intensity
(% change)
-288888

N (neuron)

Chuquet et al. 2010

Fluorescence intensity
(% change)
-888888

Chuquet et al. 2010 25




Intravital multiphoton microscopy
Function
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Intravital multiphoton microscopy

Function
[ZNTE\IE U7 T Z

£

[@Penet anence
B .Deop:c':gmd ‘
B Surface arterdle

D1 D2 D3& D4

500 pm Downste am Vessels

Nishimura et al. JCBFM 2010 Nishimura et al. PNAS 2007

“Penetrating arterioles are a bottleneck in the perfusion of neocortex”




Investigation tools and associated scales

In vitro experlmental methods
LN LE L o | BPES =R Y SRS NN ES NSO ' RS =T

Brain scale

10 mm (mice) 10 cm (human)

Microfluidi Size
icrofluidics S S
1 um Intravital multiphoton microscopy
< >
10 um
L IRM/PET
< >
Reso-
LECINE T

lutionVY




Microfluidics

Lo\ lE 7 . A PASASYE A A Y SAVASE PN A AN . 7 WS T
Roman et al. Microvascular research 2012, Roman et al. Biomicrofluidics 2016, PhD A. Merlo 29



Investigation tools and associated scales

Numerlcal S|mulat|on

ERreas A L)

Brain scale

10 mm (mice) 10 cm (human)

) - Size
Microfluidics > iz >

1 um Intravital multiphoton microscopy

<
RBC resolved simulation
10 um

1 mm

IRM/PET
< >

Reso-

RN S
lutionY




RBC resolved simulations
Some examples -

< g - 0 g
" . P
= < L] __ S

IBM / FV / FE / front-tracking method

http://bagchi.rutgers.edu

EIAAEA ' LAV PRTLSY
Balogh &Bagchi, J Comp Phys 2017




RBC resolved simulations

Some examples
[FNTE\LE T : AN S U RNA

Lagrangian tracking of RBCs in a network

(a) /oumow (d)
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Obrist eaI. Philos Trans Royal Soc A: athematia
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Investigation tools and associated scales

Post-mortem experlmental methods
LN LE L o ' PR R Y SAAVASI RNV AS S TN SN : RS =T

Brain scale

10 mm (mice) 10 cm (human)

) - Size
Microfluidics > iz >

1 um Intravital multiphoton microscopy
< >

<KESM / X-ray utomo ¥ / Confocal ’ S

10 um

1 mm

IRM/PET
< >

Reso-

FETONCAS
lutionY




Knife-Edge Scanning Microscopy
(Micro- Optlcal Sectlonmg Tmography)

LENNE L2

Mayerlch et al. Blomed Opt'/cs Express 2011 Xue et aIPLOS ONE 2014




Human anatomical database (inserm Tonic)

post mortem confocal |mag|ng
LI\ T2 TN YN :

Cassot et al. 2006 4 > " s /

Q 1.2x 1.2 x3 um3in areas as large as 10 mm? x 300 pum
Q Vascular network graph (centerlines, radii, connectivity)
Q Morphometric analysis (segments, bifurcations)* SO

*Cassot et aI 2006 2010 Lauwers et aI 2008 Lorth0|s et aI 2014



Investigation tools and associated scales

Numerlcal 5|mulat|on
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Brain scale

10 mm (mice) 10 cm (human)

) - Size
Microfluidics > iz >

1 um Intravital multiphoton microscopy

< < > =
RBC resolved simulation

10 pum < <KESM / X-ray utomo / Confocal
Network simulation

1 mm

IRM/PET
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Reso-
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d Brain versus other organs
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Blood flow in networks
Modeling framework

. . _ . e :

Blood Flow in Microvascular Networks
Experiments and Simulation

A.R. Pries, T.W. Secomb, P. Gachtgens, and J.F. Gross

Q Invivo experiments
= Rat mesentery
= Structure (R, L, Connectivity)
* Hemodynamic data (Q, Hyype)

LS - / %

Pries et al. Circulation Research 1990




Blood flow in networks
Modelmg framework

ESCNETY o5

Blood Flow in Mncrovascular Networks

Experiments and Simulation

A.R. Pries, T.W. Secomb, P. Gachtgens, and J.F. Gross

A Simulations
= The vascular network is described as a graph
= The blood is viewed as an equivalent fluid (i.e. at vessel scale)
= |ts non-linear rheological properties are described by empirical relationships
= A first guess on their coefficient is based on experiments (in vivo or in glass tubes)

A Simulation/Experiments
= The values of these coefficients are adjusted to best match the in vivo measurements
= This gives insights on biophysical aspects of blood flow in the microvaculature

AN NG ‘ i ' { Y WA S - aw s 9s; A L
Pries et aI Circ Res 1990, Rasmussen et aI I\/I/croc1rculat'lon 2018 Prles et al. Cardiovascular Res 1996 39




The blood as an equivalent fluid

Apparent V|sc05|ty and relatlve viscosity
EDCINE T2 0N 2 A T <X R L3 ! Y T AN D0 S ¢ LT
‘ If thc ﬂund is Newtonian and the ﬂow IS lammar
we have the Hagen-Poiseuille formula [ Eq. (8) of Sec. 3.3]:

Ap 8;1 (1)
AL ma®

where 4p is the pressure drop in length AL, u is the coefficient of viscosity of
the fluid, a is the radius of the tube, and Q is the volume rate of flow. If the
fluid is blood, this equation does not apply; but we can still measure Ap/4AL

and @, and use Eq. (1) to calculate a coefficient p;

=== . (2)

The u so computed is defined as the apparent coefficient of viscosity for the
circular cylindrical tube,

Eq. (2) is formally identical to Poiseuille equation
but this does not imply a parabolic velocity profile
(nor any other assumption on the shape of the velocity proﬁle)

Fung « Blomechanlcs Mechanlcal Propertles of lemg Tlssues Sectlon 51» 1981




The blood as an equivalent fluid
Apparent V|sc05|ty and relatlve V|sc05|ty

ELEAA DS oA S

Apparent and relative viscosities are not intrinsic properties of the blood;
they are properties of the blood and blood vessel interaction, and depend on
the data reduction procedure. There are as many definitions for apparent
viscosities as there are good formulas for well-defined problems. Examples
are: Stokes flow around a falling sphere, channel flow, flow through an
orifice, and flow in a cylindrical tube.

10 um B 10 um S -

The simplest well-defined model for blood : a two-fluid model with fixed o

Ivlind U/dy]-= uoutd U/dY]_,_

uappzuout/[(1'8/R)4(uout/uin'1)+1]

Fung « Blomechanlcs Mechanlcal Propertles of lemg Tlssues Sectlon 51» 1981



The blood as an equivalent fluid
Apparent V|sc05|ty and relatlve V|sc05|ty

Apparent and relative viscosities are not intrinsic properties of the blood;
they are properties of the blood and blood vessel interaction, and depend on
the data reduction procedure. There are as many definitions for apparent
viscosities as there are good formulas for well-defined problems. Examples
are: Stokes flow around a falling sphere, channel flow, flow through an

o
The simplest well-defined model for blood : a two-fluid model with fixed o
3,5

orifice, and flow in a cylindrical tube.
10 um 10 um S -

£ 3 //
8 uin/uout
225
s L Happ=Hous/ [(1-8/R) g/ b-1)+1]
= 3
E 1,5 - —

1 T T T T 1

0 10 ZRO( 3(; 4050 Hrel “app/ “plasma [Qp/asma/ leood]same AP
p.m

Fung « Blomechanlcs Mechanlcal Propertles of lemngssues Sectlon 51» 1981



The blood as an equivalent fluid
Apparent viitand reti osity
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The blood as an equivalent fluid
| ifurtionlaw |
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Blood flow in networks
Modeling framework

NN E L2 Y AN NG A PRI L LT W

@ The vascular network is represented as a
graph, with prescribed BCs

Q A uniform hematocrit distribution
(H=0.45) is assumed

Q The viscosity K,,, in each vessel depends
on its diameter d and hematocrit H
(Pries et al. 1996)

QA Their resistance R is deduced
R = (128 gl )/( )

0 Mass conservation (Z;[qul_'l (Pg.—Pp)l = 0)
is solved yielding the pressures at each
node

A Flow rate in each vessel is deduced using
. . . _ -1
the linear relationship Qpg, = Rpg, (,in_ P,)

A Hematocrit in each vessel is deduced
using a bifurcation law for phase
separation (Pries et al. 1996)

Roman et al. Biomicrofluidics 2016

Lrt

— . — ——R N N

ois et al. Neuroimage, 2011a




Blood flow in networks
Modeling framework

Blood Flow in Microvascular Networks

Experiments and Simulation

. L \ - —
. 2 \ > =
, T A

A L)

A.R. Pries, T.W. Secomb, P. Gachtgens, and J.F. Gross

A Simulations
= The vascular network is described as a graph
= The blood is viewed as an equivalent fluid (i.e. at vessel scale)
= |ts non-linear rheological properties are described by empirical relationships
= A first guess on their coefficient is based on experiments (in vivo or in glass tubes)

Q Simulation/Experiments
= The values of these coefficients are adjusted to best match the in vivo measurements
= This gives insights on biophysical aspects of blood flow in the microvaculature

[ZDCINE Uo7 7 AN g =Y SR L1 Y T AN PN VESS T, 1) 2R L >
Pries et al. Circ Res 1990, Rasmussen et al. Mlcroc1rculat/on 2018, Pries et al. Cardiovascular Res 1996 46




Blood flow in networks
Modeling framework

N NGt SO

= Flow direction

913 seg. 546 seg. 436 seg.

Taser 2. Evaluation of Model Simulation In the Rat Mesentery Under Six Different Sets of loput Conditions
Network A Network B Network C

Coaditson H, Viscasity law Niev r',& Npa r".:: : ..\'...\, i,
] Predicted In witro 44 (48%) 0,060 30 (5.5%) 0133 13(3.0%) 0177
2 Predicted Usniform 25 (2.7%) 0.080 24 (4.4%) 0.163 T(1.6%) 0.226
3 Predacted Modified 15(1.6%) 0.145 25 (40'%) 0153 2(0.5%) 0333
4 Mecasured In witro &9 (7.6%) 47 (8.6%) 22(5.0%)
S Mcasared Unsform 25(2.7%) 24 (44%) T(1.6%)
6 Mcasared Modified 20(2.2%) 9 (5.3%) 1(0.7%)

Hg, discharge hematocnt; Nowy, segments in which the predicied flow direction was laverted relative 1o observation; 'y, the squared coefficient
of correlation between predicted and measured discharge hematocries in all vessel sepments. H, was cither predicied from the phase-separation
eflect or measured in vivo,

(Pries et al. 1990)

= Minimisation of the number of vessels with wrong flow direction

=» In vivo viscosity law




Blood flow in networks
Modeling framework
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FIGURE 8. Schematic drawings showing possible reasons for
high resistance in small microvessels.




Blood flow in networks
Modelmg framework

PSRN
. . . g E 5 ]
= |n vivo viscosity law i R
. |
1 He: 0.6
. iodbacsol |
% 4 1,
8 N \ | 0.45
> F .03
comparison with the original viscosity law (Figure 1) £ ] T s
shows a marked viscosity increase in the low diameter W
range. It should be cautioned, however, that this < ¥ e o
viscosity relation cannot be considered as a precise, G s : —
quantitative representation of effective blood viscos- w ool T W i o mess |
ity in vivo, Model results with comparable values of 2 il -
Nywv and r’..q could be achieved with a number of g ¢
viscosity relations that exhibit significant quantitative W
differences to those described by Equation 7. All |
these relations, however, are qualitatively similar in 1
predicting a viscosity increase with decreasing vessel s )

diameter below about 15 um. The results presented

DIAMETER, pm

(Pries et al. 1990)



Blood flow in networks
Validation against i

d Hematocrit
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Blood flow in networks
Back to the bram...

LENINLE o2 0
a Strengths*

*" Changes in vascular structure
(vessel occlusions, vessel
dilations) can be easily imposed

" Post-processing is versatile

e Spatial maps : baseline
parameters, parameter variations
induced by changes in structure g DTG

 Spatial averages NN
* Passive tracer injection : vascular

territories, transit time
distributions, lagrangian analysis

* Correlations between variables:

e.g. flow variation = f(topological
distance) 'mmse ommm Pressure variations

A L)

* Lortho:s et al. Neuro:mage 201la&b



Blood flow in networks
Back to the

Q Strengths*

= Changes in vascular structure
(vessel occlusions, vessel
dilations) can be easily imposed

= Post-processing is versatile

e Spatial maps : baseline
parameters, parameter variations
induced by changes in structure

* Spatial averages

* Passive tracer injection : vascular
territories, transit time
distributions, lagrangian analysis

* Correlations between variables:
e.g. flow variation = f(topological
distance)

/ £

roiage, 2011a&

ZDCINE T2 T
* Lorthois et al. Neu




Blood flow in networks
Back to the brain...

[FNEN\E U7 7 S
d Weaknesses

* Need of comprehensive high resolution anatomical data

= Sensitivity to vessel diameters, boundary conditions, domain size ?
=» Critical for the exploitation of human data (post-mortem, slices)

= SR Y ISAPAS S ARV AR S SRR S NI A RS YA



Blood flow in networks
Back to the braln...

EI Weaknesses
= Need of comprehensive high resolution anatomical data
= Sensitivity to vessel diameters, boundary conditions, domain size ?
=» Critical for the exploitation of human data (post-mortem, slices)

Q Validation vs. mice experimental data in large domains

fictitious fictitious
capillaries capillaries

From Tsai et al. 2009
- Cap. -

Cruz-Hernandez et al. Nature Neuroscience 2019




Blood flow in networks
Back to the bram...

LENNE L2

ad Comparlson of velouty dlstrlbutlons W|th TPSLM experlments

-‘ “
® Penetatng antenokes / 1000 microns / Penodized
Lapenmentis (Santoabolam t 4. 20102) " y
® Ascmdng venudet /) 1000 microm / Periodoed
18} @ Simudstion - 1000 mecrom /| Penodized \ ] 18} Penatrating & surface arterioles, Santsakultarm (2012)

Penetrating anenoles, Tayhor | 2016
O Simuiation - 1000 micromns (Raw data) " .y 2 !

16 } Ny d 16 + Aaceading venuled, Tayler (2016)
Simuision 300 mkroms J No Flow Ascenging & surface Venules data from Santissduarm (2012
.. . . .
14 } = 14}
E I3
12} € 12
<) —
= -
w 10} c 10
S 3 %
g ~ * e
8| sy \ t{:} 3 .
’ ! =
- ’ |," : _E.) ‘ ..
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"E-.U;{(L:j)kx YYEYS 0 P ?.

....................

% R I -. 3 2 1 50 0 50
I; Velocity logarithm {m/s) I ; Vessel diameter {microns)
In capillaries In penetrating arterioles
(less than 300 um under brain surface) and ascending venules

Cruz-Hernandez et al. Nature Neurosuence 2019




Blood flow in networks
Vascular component of AD' impact of smaII initial perturbation

Q In APP/PSl mice, "'2% cap|IIar|es are staIIed by Ieucocytes*
stalled flowing Capillary stalls observed in young AD mice,
before amyloid deposition
2 003,
-
3 L] - AD
g 0.02} - & = Wi
- _. . o =
2 r —— n
S 2 ==
> 0.01} . . - E
g - o *
S ooob—— 4 0 L . 1 .1 .
- 0 20 ,40 60 80 100 120

Q Pharmacological removal of stalls increases blood flow

and improves memory performance

[ZDCINE Uo7 7 S k- ; R
Cruz-Hernandez et aI Nature Neurosuence 2019 56




Blood flow in networks
Vascular component of AD |mpact of smaII |n|t|al perturbatlon

T

EI Effect of random caplllary occlusmns on blood ﬂow patterns
= 2% capillary occlusions

= Assuming no changes in perfusion pressure, no diameter variations

Flow variations (%)

Cruz Hernandez et al. Nature Neurosuence 2019



Blood flow in networks
Vascular component of AD' |mpact of small initial perturbation

L ANAL P2 b R (% A LI

a Effect of random caplllary occlusmns on global blood flow

' ® Mice / 1000 microns / Periodized (n«5)

O Mice / 1000 microns / No flow (n=5)
0.2} ®  Mice / 300 microns / Periodized (n=5x3) w
Mice / 300 microns / No flow {n=5x3)
® Human /300 microns / No flow [n=5)
-0~ 3-connected periodic networks ,

O ' A A A 4 A A A A A )
0 2 4 6 8 10 12 14 16 18 20
Percent of capillary ocduded

=» No threshold (versus Hudetz, Microvasc. Res. 1993)

=» Similar blood flow reduction mice, humans and 3-connected mesh

Cruz- Hernandez et al. Nature Neurosuence 2019




Outline

d Brain versus other organs
= What is generic ?
= What is specific ?
3 Why study brain microcirculation ?

= |n health
=" |n disease

3a Investigation tools and associated scales
Q Blood flow in networks

a Mass transfers in networks

Q Blood flow at organ scale




Distribution of Péclet numbers

10°
5 10 '
§ 10"
<
¢ 107!
a.
£ 10
é | i
" o+ *.Radial Péclet number:
<U>R/DV
1074 L—— —
5 10 15 20 25 30 35 40 45

Abs. Flowrate (nl/s)
Diameter pm

Extension to mass transfers :

What are the errors of a network approach where radial
concentration gradients are neglected in vessels

(well-mixed model*) ?

PhD Max:me Berg

*Secomb etal. 2004 Fang etal. 2008 Relchold etal 2009 Lmnmger et aI 2013 Sweeneyetal 2018 60




Extension to mass transfers :
Ditriuti f Iet number o

£

Frequency density %

1 1.5

0.5

15 20 25 30 35 10 45

Abs. Flowrate (nl/s) i
Diameter pm

Radial Péclet number : Pe, = <U>R/D,,
Length for complete mixing : L ~ Pe, R

PhD Maxime Berg

S T




Extension to mass transfers :
Dlstrlbutlon of Peclet numbers o

ECRANCAS

3| , Radial Péclet number :
<U>R/DV

5H 10 l."') )() 20 30 35 10 45
Diameter pm

10

Abs. Flowrate (nl/s)

What are the errors of a network approach where radial
concentration gradients are neglected in vessels

(well-mixed model™*) ?
PhD Max:me Berg

*Secomb etal. 2004 Fang etal. 2008 Relchold etal. 2009 Lmnmger et aI 2013 Sweeney et al. 2018 62



Mass transfers at vessel scale
Phenomenology and5|mpllﬁcat|ons

Q Blood brain barrier
" |Jonic/Osmotic balance (neuronal communication / constrained volume)

= Protection against neuro-toxics

- e

Paulson, 2002

Sllts Pores Tight Junctlons
Muscle capillary endothelium Brain capillary endothelium

L Damkoéhler number :
d Boundary conditions at vessel surface

" Flux continuity: D VC,.n=D*,cVCiicie-N
* Membrane condition : D,VC,.n=-K_(C\ACyiccyc)




Mass transfers at vessel scale
A 1D effectlveequatlonlthm vessels (e<<1)

LEINE o2 o o/ R SAAVESIENNER TN SO
Q Asymptotic limit of small tissue concentration
* Membrane condition : D VC,.n=-K_(C,-ACiiccie)

=> Robin condition : ‘D, VC,.n=-K_,C,
Q Volume averaging with closure (coll. Y. Davit, M. Quintard)

a(C ‘ )
<c9t‘ ) £ Ueps - V(Cy) = DegsV(Cy) + Kegg(Cy) = 0
R
where U,_;; = Pe (14 U,|) . 5
= s )J (UYL
e Pe? Pe = -5~
e 1 Da :
[,e _ m . . N
Yeft = eDam +|4 Da "Dy

and U+ and Pe_.depend on ¢, Da,, and the shape of the velocity profile.

mm" £ 5. g 7 o | e N Y ;
Berg et al. Journal of Fluid Mechnaics, in press 64




Mass transfers at vessel scale

A 1D effectlve equatlon W|th|n vessels (e<<1)

Q Effective velocity

0 8 [ 1 T T 7 T 1T T 110000 T T I00I0] 1 T Thiin 1T T OhTIt
.

— ) = 2

mmm T = 4
‘%‘ 0‘6 | mimn ) = 6 = = —
nun’n,zg L L
+ 04 o S e
0.2 -
) T—— WM _|
L1l 1 el 3 oy aspnl 3 sl o i
10— 10-%* 10 10° 101 102 10°

eDa,,

Berg et al Journal of FIu:d I\/Iechna/cs in press | o | 65



Impact at network scale

P0|seU|IIe velomty proflles

NN E L

' g = ," /~.
i N

a Statlonnary extraction (ﬂux through vessel waIIs / entry flux)

Effective model WM model
l ——l— ,\r‘ l odis .’\rt_ .'.“.o."0¢-}
- Cap. «w+ Cap. Y )
0.8 || eales Ven. U8 eme Ven, K o
- |01 wes |01 .0. ,{
0.6 0.6 ;s X .
» » » .
& & '
£
0.4 04 o .
. ’
.‘ o'
0.2 0.2 ..' 4 S
" - :
i - .‘ ‘-..A...
( . - - A ( ’ .g 47 - -
10°* 10-% 102 107 10° 1000 10 108 10-* 10-% 10°%2 10" 10° 1000 100 100
¢eDa,, eDa,,

Berg et al Journal of FIu:d Mechna/cs in press o




Mass transfers at network scale

Network model
LN E T T N S ——

d Intravascular tracer

concentration

1.000e+00
7.500e-01
5.000e-01
2.500e-01
0.000e+00

Q Coupling with tissue
DS\ 127 SN AN RS Y
Berg et al. Journal of Fluid M

- S T,
SSD< I Ly

echnaics, in press
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Outline

aQ Why study brain microcirculation ?
" |n health

=" |n disease

d Brain versus other organs

= What is generic ?

= What is specific ?
Qa Investigation tools and associated scales
Q Blood flow in networks

Q Blood flow at organ scale




Extension to larger scales
Model reduction at mesoscale

AN

Slope = -3\

Box Counting

10° 10! 10?

Anatomical data*  Multi-scale analysis*

Equivalent continuum
< = DNOR A L1 S T AN P VB AR ETES, T PR ) >
oretical Biology 2011, ** Peyrounette et al. PLOS ONE 2018

= N S

al of The

*Lorthois & Cassot, Journ



Note : Model capillary networks

Lorthois et al, JTB 2010

Smith et al. tbs



Extension to larger scales

Hybrld network/contmuous approach for blood ﬂow

L \ ' Q0 Network approach in the
3 : ‘3,‘.\ i arteriolar and venular trees
J R s X Q Replacing the by
{ S %} b 8 a continuum discretized using
2 e | SRR FV method
AT S\, 0 Developing a multiscale
i A p! - coupling model at the
| Na coupling points
l B
| | @ PLOS | one
P jr—
- h
-~ RESEARCH ARTICLE
Multiscale modelling of blood flow in cerebral
microcirculation: Details at capillary scale
control accuracy at the level of the cortex

Peyrounette et al. PLOS ONE 2018 m— ~ , s



Blood flow at network scale
Hybrld network/contmuous approach

= Uniform hematocrit SR B | Q

= Art/Ven : Human data { '1);/ \f\“ ' \fj
(Cassot et al. 2006) N éf:"l*v‘(_ ;“ = W

= Capillaries : iy PK‘; » - TR
Synthetic networks i MR
& Equivalent continuum

(Permeability, effective viscosity)

Multi-scale coupling condition

750000 vessel-equivalent

e 1200 coarse meshes:
Darcy equation (Finite Volume)

* 600 Art/ Ven:
Linear network approach

parameters:

e 275 coupling points

Peyrounette et al. PLOS ONE 2018



Blood flow at network scale
Hybrld network/contmuous approach

Q Validation by comparison W|th network approach

« with coupling model

Pressure « without coupling model
local error A \Y% A \

.05
' 05 1 0.9

|
/M

0.1

eIror

(1.05

- ]
il(__'_\"./ I yof

1D / coarse 3D multi-scale coupling condition is are needed*

LACINGE o2 0N e P AT ASY
Peyrounette et al. PLOS ONE 2018

35y v s P
5 . D)




Blood flow at network scale
Hybrld network/contmuous approach

Q Why a non-trivial couplmg condltlon is needed ?

= Strong pressure gradients around coupling points

* Poor scale separation

ﬂszf(Psll qs) Vs. ES:PS
Multiscale Hybrid Simple Hybrid
Pressure (FPa) I
' 1000 fl
- B t . ON
E _ —
: —
M 100 § |-(\
e J ) i-7cN
/ \ H
o : / -

Peyrounette et al. PLOS ONE 2018 - - | o 74



Investigation tools and associated scales

Numerical simulation

Microscopic scale

Macroscopic scale Brain scale

e

1 mm 10 mm (mice) 10 cm (human)
' idi Size
Microfluidics S S
1 um Intravital multiphoton microscopy
<€ < —> >

RBC resolved simulation
KESM / X-ray ptomo / Confocal

10 um <—<
Network simulation

< - - —>
Hybrid Network/Continuous

1 mm IRM/PET




Conclusions
Focused on methods and dldn t answer much qestlons

B Tremendous progress of the experimental investigation tools...

Q Structure, RBC velocity, pulsatility, glucose, oxygen, ...
.. has been driven by fundamental questions in neuroscience

QA Neuro-vascular coupling
Q Interpretation of functional imaging

d Role of microcirculation in brain disease

B This generated a huge amount of high resolution data...

Q In various species, age and disease conditions at various scales
B ... which need modeling for coherent understanding
B There is a huge potential

Q For understanding the brain, with perspectives in the clinics

Q For understanding fundamental questions in hemophysics
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