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Virtual Physiological Human ;

ConpBioiMed

« Will improve our understanding of human physiology and diseases
« Will assist clinicians in the design of personalised medical treatments

Source: CompBioMed



Human Circulatory System

ConpBioiMed

Characteristics:

Highly complex geometries
Highly unsteady processes
Different dynamic scales

Fluid-structure interactions

Source: CompBioMed



HemelB 2

ConpBioiMed

3D fluid flow solver based on the
lattice Boltzmann (LB) method

* Suitable for complex geometries
* Highly scalable on CPUs and GPUs

* Available features include
a) self-coupling,
b) elastic wall model,
c) rheology models, etc.

* Open-source

Source: www.hemelb.org 4



Imposing Boundary Conditions '

ConpBioiMed

Aims:
« Accurately represent the
truncated systems
 Efficient and scalable

Du T, Hu D, Cai D (2015) Outflow Boundary Conditions for Blood Flow in

Arterial Trees. PloS ONE 10(5): €0128597. doi:10.1371/journal. pone.0128597  1tJ Adv Eng Sci Appl Math (January-March 2016) 8(1):46-60 >



Imposing Boundary Conditions

ConpBioiMed

Aims:

Accurately represent the
truncated systems
 Efficient and scalable

Common strategies:

* Pressure

* Traction

 Flow rate + assumptions
on flow profile

* Coupling with reduced-
order models +
parameters tuning

Du T, Hu D, Cai D (2015) Outflow Boundary Conditions for Blood Flow in

Arterial Trees. PloS ONE 10(5): 0128597, doi:10.1371/journal. pone.0128597  1tJ Adv Eng Sci Appl Math (January-March 2016) 8(1):46-60 6



Imposing Boundary Conditions '

ConpBioiMed

Aims:

Accurately represent the
truncated systems
 Efficient and scalable

Common strategies:

* Pressure

* Traction

 Flow rate + assumptions
on flow profile

* Coupling with reduced-
order models + 1~
parameters tuning Inflow

Du T, Hu D, Cai D (2015) Outflow Boundary Conditions for Blood Flow in

Arterial Trees. PloS ONE 10(5): €0128597. doi:10.1371/journal. pone.0128597  11tJ Adv Eng Sci Appl Math (January-March 2016) 8(1):46-60  /



Imposing Flow Rate Ratios at Outlets

CompBioiMed

Grinberg’s strategy:
* Prescribes ratios of flow
rates (Q) at outlets
 Efficient for large systems

Qr&f o Rj
Qj Rref

=1

where j = 1, ..., N if there are N outlets,
and ref refers to one of the outlets.

Grinberg, L. & Karniadakis, G. E. Outflow boundary conditions for arterial networks with multiple 3
outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Imposing Flow Rate Ratios at Outlets

ConpBioiMed
Grmbe.rg s strategy: '® T
* Prescribes ratios of flow 09 | O R/R
rates (Q) at outlets 08 |
 Efficient for large systems o7l
« Accurate if resistances (R) . _
are sufficiently high . ® &
0.4 b
Qr&f o Rj =% 0.3 |
Qj Ryef i ®
& 8 9 10
where j = 1, ..., N if there are N outlets,
and ref refers to one of the outlets.
Grinberg, L. & Karniadakis, G. E. Outflow boundary conditions for arterial networks with multiple 9
outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Contributions of the Current Effort

ConpBioiMed

» Clarity the general role of the parameters (R and C)

« Study the impacts of the parameters on the stability,
accuracy, and convergence of the simulations

Sharp Chim Yui Lo, J. W. S. McCullough, P. V. Coveney et al.
Imposing Ratios of Outlet Flow Rates on Large Arterial Networks
with Two-Element Windkessel Model: Parametric Analysis, 10 May
2022, PREPRINT (Version 1).




Electric Circuit Analogy

ConpBioiMed

Blood Vessel Electric Circuit

?' \
Qin
pressure Voltage Blood in ‘% ) Vessel

Blood Out

flow rate electric current
Hemodynamic elements of a vessel
flow resistance resistance R B i
Pi g AMA—MN . i N
—> —
- . n Qir. Qm:,t
wall elasticity capacitance o —
flow inertia inductance Equivalent electric Circui

Naik, Ketan B., and P. H. Bhathawala. "Mathematical modelling and simulation of
human systemic arterialsystem." Int ] Eng Innovative Technol 4, no. 1 (2014)



Two-Element Windkessel Model S

ConpBioiMed

« Approximates vessels as an
RC circuit

« Converts flow velocity to

+ pressure at boundaries

* Filters high-frequency noise

- ™

dP
P+ RC = RQ P: pressure
U: flow velocity

Q_/ﬁ.ﬁdA Q: flow rate

Source: https://www.quora.com/What-is-the-impedance-of-an-RC-circuit-connected-across-DC-source 12



Choice of Resistance

[
i A

Co B Med

1. Conceive an arbitrary vessel as a cylinder of length L and
radius r

-t
2. Then, the flow resistance of the vessel is LK, where K = i_i

-t

Source: https://www.shutterstock.com/image-illustration/illustration-blood-vessel-301073339 13



Choice of Resistance

3.The total resistance of an outlet vessel is given by LK + R

-

outlet

€
] s
-
4. Then, a necessary condition for Grinberg’s method must be
R> LK

Recall —— ~

14



Choice of Resistance

3.The total resistance of an outlet vessel is given by LK + R

-

outlet

€
] s
-
4. Then, a necessary condition for Grinberg’s method must be
R> LK
Recall —— ~

5.This condition is parametrised as 0,
Rier = TRE‘E

15



Choice of Capacitance

ConpBioiMed

Upper limit for the capacitance:
1. The homogeneous (transient) solution is Recall
dP
P(t) = P(0)exp(—1/RC) P+RCS - =RQ
2. The characteristic decay time is RC
T T T |— P _PI _I_ - F,E_Pin"
-"“'\__,""‘\____r.-_'-a._."’_‘\ ;f“\.___a'r“‘-\__,-'_‘-h_-"-‘\\_
20 4I'D EID BID 1 lZi'lD 120
Grinberg, L. & Karniadakis, G. E. Outﬁboundary conditions for arterial networks with multiple 16

outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Choice of Capacitance i

ConpBioiMed

Upper limit for the capacitance:
1. The homogeneous (transient) solution is Recall

P(t) = P(0)exp(—t/RC) P—I—RC%:RQ

2. The characteristic decay time is RC
3. Transient solutions should fade out shortly
4. Therefore, we should avoid RC > 1/ax

where w, is the fundamental frequency

20 40 60 80 100 120

Grinberg, L. & Karniadakis, G. E. Outflow boundary conditions for arterial networks with multiple 17
outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Choice of Capacitance

ConpBioiMed

Lower limit for the capacitance:
1. In Fourier space, Recall
dP
A A P+RC— =R
P(0) = Z(0)0(w), TROG =R
R R
Z(w) = exp[.ftan_' (—@wRC)]
[ +ioRC v 1+ (®RC)?
2. The pressure and the velocity have a phase
difference of
tan~ ! (—@RC)
Grinberg, L. & Karniadakis, G. E. Outflow boundary conditions for arterial networks with multiple 18

outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Choice of Capacitance

ConpBioiMed

Lower limit for the capacitance:
1. In Fourier space, Recall
P(0) = Z(0)0(w), P+RCT = RO
Z(w) = T iﬂRC o RmRC explitan”! (—@RC)]
2. The pressure and the velocity have a phase e am B P::;S;I'ée

difference of 110

|

60

tan~ ! (—@RC)

Velocity
(cm/s)

3. Such a time lag is also observed in experiments

4. Therefore, we should avoid RC < 1/

time lag

Grinberg, L. & Karniadakis, G. E. Outflow boundary conditions for arterial networks with multiple 19
outlets. Annals Biomed. Eng. 36, 1496-1514, DOI: 10.1007/s10439-008-9527-7 (2008).



Choice of Capacitance i

ConpBioiMed

The upper limit and the lower limit
RC > 1/ RC < 1/

suggest a parametrisation

20



Choice of Capacitance i

ConpBioiMed

The upper limit and the lower limit
RC > 1/ RC < 1/

suggest a parametrisation:

Cj = Yre/(0R;)

21



Desired Flow Rate Ratios >

ConpBioiMed

 Based on the principle of minimum work, Murray showed
that Q ~ r3in any cross-section of a vessel

« With mass conservation, the relation becomes

22



Desired Flow Rate Ratios

ConpBioiMed

 Based on the principle of minimum work, Murray showed
that Q ~ r3in any cross-section of a vessel

« With mass conservation, the relation becomes

Q= 3
E;‘ F;

 Depends only on the geometry used

« Useful when physiological data is unavailable

 For a more accurate description, other powers can be used




Simulation Domains %

ConpBioiMed
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ConpBioiMed

Stability Maps

 Model parameters cannot be arbitrary

« Stability enhances with the value of C

»* unstable

* stable

»* unstable

e stable

*  unstable

* stable

15
10

L =

HAZhO|

AN XA AKX AKX AKX KX XXX

XXAXAXX XX

LI KKK KX

LI o XXX X

. » o e\ ¥ W W W

5 g =W o
HAZHo)

SN XXX XXX XX

HKAXAXXX XX

L KK AKX AKX

LI e\ X XX X

I ) o o\ W W ¥

R g @ e
UM\_.NUD_

logzyr

logzyr

logz yr

Fine grid

Medium grid

Coarse grid

25



Error of Flow Rate Ratios

ConpBioiMed

 Q ratios approach the desired values as R increases

But there are intrinsic errors

Simulated Q ratios
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Error of Flow Rate Ratios

ConpBioiMed

« The Q ratios depend weakly on C
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Convergence and Fluctuations 7—/-.

ConpBioiMed

« Slower convergence and stronger fluctuation as C increases

— outlet 0 — putlet 2 === desired — putlet 0 — putlet 2 - == desired
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Time lag

CompBioiTed
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Conclusions >

ConpBioiMed

* The value of R should be larger than a threshold
* An estimation of the threshold value is proposed and tested

30



Conclusions .

ConpBioiMed

* The value of R should be larger than a threshold
* An estimation of the threshold value is proposed and tested

« The smaller the value of C, the faster the convergence rate
and the weaker the fluctuation of flow variables

 The simulation is stable if C is larger than a threshold

31



Conclusions

ConpBioiMed

* The value of R should be larger than a threshold
* An estimation of the threshold value is proposed and tested

« The smaller the value of C, the faster the convergence rate
and the weaker the fluctuation of flow variables

 The simulation is stable if C is larger than a threshold
* Guideline for choosing the values of R and C

« The methods used are directly applicable to larger and more
complex vascular domains encountered at full-human scale
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