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Lecture 2:
Techniques for Parameter Estimation in the CV system

COLLEGE OF ENGINEERING & MEDICAL SCHOOL

COMPUTATIONAL VASCULAR BIOMECHANICS LAB

UNIVERSITY OF MICHIGAN http://bloodflow.engin.umich.edu/

© C. Alberto Figueroa — figueroc@med.umich.edu



A combined 1D-3D framework for fast parameter estimation

Xiao, Alastruey, Figueroa, IJNMBE, 2014
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* 1-D “equivalent” surrogate model
* |dentical inflow and Windkessel outflow BC
* Equivalent linear elastic vessel wall constitutive law
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A combined 1D-3D framework for fast parameter estimation
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Iterative approach for tuning outflow BCs in 1D model
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1D/3D Comparison: Idealized Geometries

Straight and tapered

Carotid/Aorta Curved Aorta Bifurcation

- ‘I

Comparisons using idealized geometries

“Best-case-scenario” for 1-D model assumptions
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1-D/3-D Comparison: Idealized Carotid
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1-D/3-D Comparison: Idealized Aorta
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1-D/3-D Comparison: Idealized Bifurcation

Idealized aortic bifurcation
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1D/3D Comparison: % Errors in Flow and Pressure

Cases Flow

straight carotid 0.31
tapered carotid 0.38
straight aorta 1.74
tapered aorta 1.9
larger diameter aorta 1.62
low-flow aorta 1.58
curved aorta (1 plane) 1.91
curved aorta (3 planes) 1.92
aortic bifurcation 0.64

Pressure

0.22

0.34

0.98

1.22

0.64

0.75

0.97

1

0.4

Good agreement between 1D and 3D

Largest errors near peak

On average, relative errors less than 2% over cardiac cycle

systole
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1D/3D Comparison: Idealized Full Aorta
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1D/3D Comparison: Idealized Full Aorta
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1D/3D Comparison: Patient-Specific Aorta
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So far it’s all been outflow BCs... What about the wall?

Methods for Non-Invasive Assessment of Arterial Stiffness
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Methods: Image-based Modeling of Hemodynamics

Methods for Invasive Assessment of Arterial Stiffness Gireumferential Direction
120~
100 -
COMPUTER- LOAD AIR-TIGHT
CONTROLLED CELL COVER - XYZ-STAGE 80r
ACTUATOR \ /7
\ ', 60

) : 40
H M 0 L | il
R iy W

e =1 | AR S !
| Il hY | Axial Direction
7 AN J 120
/ \\_ 30 - 60 years
TEMPERATURE- 50-5,000 um
CONTROLLED BATH VESSEL 100+
80+
©
o
>  60f
N
40+
Gleason et al., ] Biomech Eng 2004 201

COLLEGE OF ENGINEERING & MEDICAL SCHOOL

COMPUTATIONAL VASCULAR BIOMECHANICS LAB Ferruzziet al., J Roy Soc Inter 2010 iy

UNIVERSITY OF MICHIGAN http://bloodflow.engin.umich.edu/



Case study: Pressure Gradients in Aortic Coarctation
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* Aortic Coarctation (CoA)

* 8%-11% of congenital heart defects
(10 000 patients annually in Western world)

u

¢ Treatment: aIIeviate bIOOd pressure (BP) End-to-end anastomosis End-to-side anastomosis

gradient through the coarctation 3TN ﬁ\JU& ﬁ\(%

* Open repair or stenting 7

* Diagnosis and treatment planning: importance of BP metrics:

 BP at rest:

* Catheter-driven transducer (accurate but invasive)
* Sphygmometer (less accurate but non-invasive)
* Doppler ultrasound imaging (Bernoulli’s equation)

© C. Alberto Figueroa — figi

e BP at stress (pharmacologically-induced):
e Catheter-driven transducer (accurate but invasive)

e Current putative treatment guideline: BP gradient > 20 mmHg at rest
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Pressure gradient (drop) through a stenosis

U, : mean velocity unobstructed tube

U I | _
— D,, A, D,A D,, A, : Diameter/Area unobstructed tube
| | | | S
D,, A, : Diameter/Area obstructed tube 2
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v Pressure gradient has a complex,
nonlinear dependency on flow
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Pressure gradient (drop) through a coarctation

* Pressure wire measurements at rest and stress
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Implications of abnormal pressure indices

* Lessons learned from animals models of hypertension
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* Transverse aortic banding revealed that vessel remodeling (thickening
and stiffening) is strongly correlated with changes in pressure pulse

Short time-courses also showed marked changes in vascular structure
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Implications of abnormal pressure indices

Eberth et al., J Hypertens 2009

Pulse pressure is associated with
wall thickening

Pulse pressure is associated with
loss of axial stretch
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Implications of abnormal pressure indices

* Pulse pressure is associated with loss of elastin and collagen production.
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CMR & pressure data in repair CoA patients at rest & stress
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CMR & pressure data in repair CoA patients at rest & stress

Pressure (mmHg)

Pressure (mmHg)
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CMR & pressure data in repair CoA patients at rest & stress

2D-SSFP data

Ascending Aorta Distensibility

2D SSFP,

Descending Aorta Distensibility
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Arterial Stiffness estimated from Pressure and Vessel Motion

Simultaneous knowledge of distensibility
AND pressure is used to derived elastic properties

Diastolic
Configuration

Pasc
2D SSFP,,

C

Systolic ‘ Pdesc
Configuration 2D SSFPy,.
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Arterial Stiffness in repaired CoA patients at rest & stress

Vessel stiffness increases with stress (pressure)
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Results — CFD predictions

Pressure (mmHg) Velocity (cm/s) WSS (dyn/cm?)
50 60 70 75 0 25 50 75 100 ¢ 10 20
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Pressure (mmHg)

(Wire - CFD)

Validation of computational predictions

Pressure gradient (Rest) Pressure gradient (Stress)
c1) QRN D SN, g L — 30 -
[oT0)
25 oo L 2 -
£
20 f---- s E 20 -
; H Wire
15 - 15 A
5 B CFD
10 + »v 10 4
7]
()
5 - = 5
a.
0 - 0 4
p3 p4 p8 p10 pl2 p15 p16 p3 p4 p8 p10 pl2 p15 p16
Patient Patient
Bland-Altman (Rest) o Bland-Altman (Stress)
4 mean+25D0 000000 b e e e m - - - - - = == - = ] mean + 25D
-7 777°77 2.82 — 6 - 7.01
2 . . E o .
0 : - mean L.’ 3- ° mean
0.09 o g 1.34
e * . -_; . .
Ll NP § Eaﬁ_zgzg =~ -3 1T o _____ mean - 25D
a ' 6 Z.34
0 2 4 6 8 0 6 12 18 24 30
(Wire + CFD)/2 (Wire + CFD)/2
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Filtering Techniques for Parameter Estimation
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3D Data Assimilation Framework

Pressure data
Data _ 120 from applanation
= tonometry
E 100
R Flow/velocity data from phase contrast MR Data

§ 80 50 o
@ L]
Q g
20 - S
5 I~
S

-50 —\‘

Flow/velocity data “*~.

@
3 711 from doppler VAL
; 8t/ | ultrasound ~0y vl
= al - e Sequence of wall motion surfaces
- segmented from time-resolved MR or CT data
4 SE 8 —
Data | | » ﬁ
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Data Assimilation Framework

e Data assimilation: combine mathematical model with real-world
measurements to produce estimate of “true state” of system
(including the values of the model parameters)

* We adopted a sequential approach based on a reduced order
unscented Kalman filtert-23

* The goal of this work is to explore applications in blood flow
simulation in systemic arterial networks

1. Moireau et al. ESAIM: Control, Optimisation and Calculus of Variations. 2010
2. Chabiniok et al. BMMB. 2012
3. Bertoglio et al. /NMBE. 2012
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The Model and Augmented State

The model (forward problem)
| model operator

X = A(X) (i.e. Navier-Stokes)

state
X(0) =Xo+¢*

; initial uncertainty/error

Augmented state

parameters

! Includes uncertainty
in the parameters
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State Variables and Parameters

velocities pressures accelerations waII boundary 0-D model states

vnapnavnvuna PODa 9

Model parameters

9n — [Eh(l)’ Eh(Z)’ L ’Eh(nrcgions), Rgl)’ Rgz), . 7Rgnoutlets), C(l)’ 0(2)7 e C(noutlets)]

\ J \ J \ J
| | |

Vessel wall stiffnesses Windkessel resistances Windkessel compliances
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Observation Error

observation operator —

Z = H(X)+(

\
measurement error

Segmented
data
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Simulated
wall
boundary

Cross-sectional averaged pressure and flow
H(Xn) - [Qla Q2: ceey Qnobs_Qa Pla P27 . 7Pnobs—P]¥;7

0, :/a o(@,ty) - fida

1
/ p(x,t,)da
area; J,.

P, =

Distance to a sequence of wall motion
surfaces (interpolated linearly in time)

Z —H(X,)=D(X,) = adist(z + u, S)
+ (1 — ag)dist(z + u, Sk+1)
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Data-driven Estimation

Goal:
Minimize discrepancy between model observations and real measurements

miny.J(X)

J(X) = /0 (Z—H(X)) (W)~ H(Z—H(X))dt+(X(0)~Xo) ' (P)'(X(0)—Xo)

*  “Variational” approach
* Gradient-based minimization
* Adjoint method

* “Sequential” approach

~ A

X = AX) + K(Z — H(X))

/ . - X(0)
innovation C:c{ m
estimate X(0)

gain
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Sequential Approaches

e Classical Kalman filter gives optimal estimates for linear models
 “Unscented” Kalman filter! is an effective extension to nonlinear models

* Reduced-order unscented Kalman filter? (ROUKF) enables estimation of an
uncertain subset of augmented model states (i.e. the model parameters)

* Asetof (p+1) “sigma points” (also called particles) samples the
estimation-error probability distribution at each time step (p is the # of
parameters)

* |n practice, this means running (p+1) concurrent simulations

1. Julier, S. Proceedings of the 1995 American Control Conference, 1995
2. Moireau et al., ESAIM: Control, Optimisation and Calculus of Variations, 2010
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Integration of Open-Source Data Assimilation Library

Ve rda ndl generic library for data assimilation

XA = Ava(XOF60% 0 (@)
- — o (%) — 7 . (7)) —
X = EaX) Ui = Znyr — H(X 1
91:4-1 = Ea(éf{'iﬂ?) ’ -2
SimVascular solver LY, = [X7)Da ™" Q
flh)— . N
Loy = (051D [1™]T S
= o = DT :
O+ GO+ 5 oeime =—p xO- gO- | [P = THEWALL F
. n 2 Un’ = n+13Yn+1 X, = X, - LX U7 (LZ ) wil Ea(l“ﬁ
ROUKF routine step n+1 n+1 n+1Yn+1\n+1 n+1 1
0;:“ - 6;+1*Lg.+1Un_Jl1(Lfﬂ)TWrb_hEa(rn,u)
o)
—
]
S
. A .50
o+ A+ 0T i
Xn ,Hn Compute e i Advance ~(2)— A2) Compute Xn+1: 0n+1 |
a . - - o 0 (g0}
-> Iilgma X?g )+, 951 )+/7 O“Set(te';ne —> X,0.,0, a posteriori —>» o
X oints : estimate X 8 V
Ly Lg’ Un Loyis Lyg1, Una t?o
e i
4 ° £
—
® 3
° <
C, = VUit ©
X+ = X, +LXcrt ©
ggw _ E),T+LE,C,'{1](” Advance . N _
KD+ gD+ _gp onset:i’;ne —_— quszJrll) :Qiﬁjll)
y 4 Xiao, Moireau, Schaeffter, Figueroa,

: informatics 4”7 mathematics i%céoleLAR BlDME T Ll In preparation
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Idealized Carotid: Estimation of Windkessel Parameters from P & Q

Forward problem:
Parameters values
assumed to be known

Extract “synthetic data”
from simulation results

Observation Plane

7 3
- R, R2 Q
/""/ C E
< 3
”~ v i 3
> v - ?g)
0 e s 1 P /’/ §
(]
-}
.90
_____________________________________________________________________________________ e
|
3
IED 130¢ | §
" 20
£ 110 D) [
g S, o
) = CU
5 90 S {2
E :
O 1O
Q. 70t ®)

0 02 04 06 08 1 3 02 04 06 08 1

time [s] time [s]

Synthetic pressure and flow data
+ Gaussian white noise, 40dB SNR
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Idealized Carotid: Estimation of Windkessel Parameters from P & Q

0.20 2.0 1.6
A _L(T_-[;m‘f Pa) 1 16l R,[Pas/mm’] | 12}
1.2} 0.88
. * % 0 0.4} R, [Pas/mm’]
7 different cases 0.8} S —
b.O 0..4 6.8 1.0 0.0 6.2 6.4 OI.6 0.8 l‘.O 0'00.0 6.2 6.4 0‘.6 C;.S 1.0
time [s] time [s] time [s]
A: Conly W 20— ———
v s/ nmrTy
. R,[Pas/mm’] :
B: R, only s 5]
C: R, only B
D:R,and C 1o 10
E: Rl and C 0.5 , , 05} R, [Pas/mm’]
F: all, including restart | _ _ __ Rl [ essmmras
o —
O‘00.0 02 04 06 0.8 10 0'00.0 02 04 06 038 10
time [s] time [s]
R, (Pa s/ mm] RT1Pas M
**All these cases were initiated
using a good initial guess for F
the pressure state
o i, "'\ R, [Pas/mm
) ) ~ C[mm’/Pa] - i__—' ~ C[mm’/ Pa]
0.0 0.2 0.4 0.6( 0.8 1.0 0.0 0.2 0.4 0.6( 0.8 1.0
] time [s] . .time [s]-
Lesson: If we have observations on Q & P, we can estimate any combination of the
Windkessel parameters
COLLEGE OF ENGINEERING & MEDICAL SCHOOL
COMPUTATIONAL VASCULAR BIOMECHANICS LAB 1

UNIVERSITY OF MICHIGAN

http://bloodflow.engin.umich.edu/



Idealized Carotid: Estimation of Windkessel Parameters from P & Q

What happens if we don’t have a good initial guess for the pressure field?

Without pressure observation With pressure observation

180 180
=
)
= I
E140 140
2
2
b
2100 100}
°
£
60 60
2.5} | | | | - 2.5}
2.0t R,[Pas/mm’], 2.0} R, [Pas/mm’]]
1.5} - 1.5}
R, [Pas/mm’]
0.5¢ R, [Pas/mm’]] 0.5t
=== el — B E_ R N E_¥_ e
0.0f C [mm? / Pa]] 0.0f C [mm’ / Pa]
00 02 04 _ 06 08 10 00 02 04 _ 06 08 10
time [s] time [s]

Lesson: If no observation on P, and bad initial guess on state of P, the Windkessel
parameters are not identifiable
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Idealized Carotid: Estimation of Wall Stiffness + Distal Compliance

Forward problem:
Parameters values
assumed to be known

Extract “synthetic data”
from simulation results —
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—

pressure observation plane

Region1l Region 2 Region 3
3 E; s 1 (5175
j 055 045 065 /P
2 MPa MPa MPa

140
120
100+

80

dISp x2 0 0.5 1 15 2

S

mm Hg

Synthetic
wall motion data

Synthetic pressure data
+Gaussian white noise, 30dB SNR
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Idealized Carotid: Estimation of Wall Stiffness + Distal Compliance

le-04

1.0 | x 1 y 3.5
E, Region 1 C, windkessel
0.9 E, Region 2 130 ©
E, Region 3 §
42.5 =
ffffffffffffffffffffffffff o
g
120 8 =
41.5 &
i
,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
.5
41.0 =
0 4 1 ] I ] 0 5
0.0 0.5 1 1.5 2.0

Estimation started with bad initial guesses for parameters but good for state of P

Lesson: If wall motion data and pressure observations are available, we can estimate the
total compliance of the system, e.g.:

- The proximal compliance (vessel stiffness)

- The distal compliance (Windkessel)

COLLEGE OF ENGINEERING & MEDICAL SCHOOL

COMPUTATIONAL VASCULAR BIOMECHANICS LAB

UNIVERSITY OF MICHIGAN http://bloodflow.engin.umich.edu/

© C. Alberto Figueroa — figueroc@med.umich.edu

45



Idealized Bifurcation

Case A: symmetric distal beds
Case B: non-symmetric distal beds

i : Case A | Case B
— E 130 pressure [mm Hg] E 130 pressure [mm Hg]
?_) 50 | 1
= | 110 L 110
g 0 I :
= ! I 90 r90
-0 0.5 I 0 70
time [s] | : 0 05 1 15 2 : 0 05 1 i5 2
. 40 140
: %0 flow [cc/s] ! 30 flow [ce/s]
R, R> | I - | =
*—NW—1—AW\ . = /\M/\/\”
_]_ C : 0 L0
I , / A I S I i35
— — // : :8 flow [cc/s] ! :g flow [cc/s]
\ \/ v ) HIzo 20
Y1 me\ Mo 10
/ / | 0 L0
* / Lk E ~105 05 I‘H 15 2 E 10— t']‘l'l 15 2
Outlet 1 Outlet2 e | e
Forward problem: “synthetic data”
Parameters values Pressure at |
assumed to be known Flows at Il and Il
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Idealized Bifurcation (good initial guess for the state of P)

A: symmetric distal beds . B: non-symmetric distal beds

|
|
5 :
I
4 : T ANal®
L h |
R, [Pas/mm’] : R, [Pas/mm’]
_____ N — ! T
= 3 ——
k> R
3 2t 3
I
1 ! '
5 E | 1
C [mm®/ Pa] | R, [Pas/mm’]
\ :
______________ 3
OF ‘ . R, [Pas/mm’]] : . IC [/ l?a]
0.0 0.5 1.0 1.5 2.0 : 1.0 1.5 2.0
time (s) | time (s)
5 I
|
|
4l _ I
R, [Pas/mm’] |
i I
I e EEEaEEE N
5 B
=] s R, [Pas/mm’]
o 2t = =
I
1} : C [mm?® / Pa];
| P ——
O B L Sy s W V. B S S g e o) : i
‘ ‘ R, [Pas/mm’] ! . . R, [Pas/mm’]
0.0 0.5 1.0 1.5 2.0 I 0.0 0.5 1.0 1.5 2.0
time (s) ! time (s)

Lesson: If we have observations on Q & P, we can estimate any combination of the
Windkessel parameters for multiple outlets
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Idealized Bifurcation (bad initial guess for the state of P)

Without pressure observation

60}

inlet pressure [mm Hg]

5
N O

outlet 1

Blfsniol Clned /5 Lesson: If no observation on P,
and bad initial guess on state of P,
the Windkessel parameters are
not identifiable

With pressure observation

eroa — figueroc@med.umich.edu

We need information on Pressure!
(either as initial guess on the state,

inlet pressur

R, [Pas/mm?]

—Atberto T

Lﬁ-w\ or a observation)

outlet 1

outlet 2

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
time [s] time [s]
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Full patient-specific aorta (with synthetic data)

Forward problem: \l
Parameters values & ‘ Dhervation
assumed to be known cross-section
E [MPa] h[mm]
0.77 1.50
R2
*— MW\ 4AVAY
0.28 0.27 _I_ C
cross-section case A case B case C
(no P obs.) (P obs. left carotid) (P obs. all outlets)
I Q Q P.Q
II Q Q PQ
I Q PQ PQ
v Q Q P,Q
A% Q Q P.Q
VI Q Q PQ
VII Q Q PQ
VIII Q Q PQ
IX Q Q PQ
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Full patient-specific aorta (with synthetic data)

15 A. No pressure observations {9 B. Pressure observation at left carotid i C. Pressure observations at all outlets

=1 B

— 2| =

s E

—_— 4 "L—)‘
s
6
—_— 7
8

g

32 E

1 »

<

=

=

185 E

g

P

<

&,

8" Y0 o

06 08 10 I : : 8 0. X ; ; : ; : 8 0. i 7 6 08 10 12
time [s] S time [s]

Lesson: surprisingly, even without an observation on pressure, things work if a good
initial estimate on the pressure state is known (which of course means we know
something about the pressure)
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Full patient-specific aorta (with real data)

i I. Common Innominate

L200

! Flow [cc/s]
) | " \/\N———

0

ol 00 02 04 0.6 0.8

: 7 I1. Left Subclavian

. : Observation !

cross-section

0 0.2 0.4 0.6 0.8

I11. Left Carotid

L20
L0
: 0.2 04 0.6

! ; 0.8
R, R
! IV & V Renal
: 60
C 1
I 40
- ) \,/\T\R
I 0
v : 0 0.2 0.4 0.6 0.8

i VI & VII Iliac
) 50

: o 0.2 0.4 0.6 0.8

i [s]

COLLEGE OF ENGINEERING & MEDICAL SCHOOL

COMPUTATIONAL VASCULAR BIOMECHANICS LAB

UNIVERSITY OF MICHIGAN http://bloodflow.engin.umich.edu/

© C. Alberto Figueroa — figueroc@med.umich.edu



Full patient-specific aorta (with real data)

et
o

—_—
W
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=

=
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=
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O 0 W B W N~

W
1

[\

Lesson: all parameters are
identifiable: estimates on C,
R; and R, remain constant
WA —= = gfter several cycles

R, [Pas/mm’]

I

W
=
(8]

S
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e
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=
o

time (s)
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Full patient-specific aorta (with real data)

— Data
Estimation

VII
P(mmH
140 ( g
120
Vi VARVRVARYRRRR
80
60 1 1 1 1 1 ]
0 1 2 3 4 5 6
time (s)
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Conclusions

* Computational for CV modeling usually rely on a large number of
parameters

* Estimating these parameters is often the most time consuming
and non-systematic task of the modeling process

* 1D techniques, combined with physics-based knowledge of the
circulation can be used to quickly estimate the first round of
material parameters for the 3D techniques

* Automatic techniques for efficient and automatic material & BC
parameter estimation are important to drive both translational
and fundamental hemodynamic simulation
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