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Supplementary Material

S.1 Non-linear and anisotropic constitutive model for the pulmonary artery
The isotropic and anisotropic strain energy functions are given by:

¥y = 51 -3), (15)
k - _
aniso — 2—];2{exp[k2(14 - 1)2] +6Xp[k2(16 - 1)2] - 2}7 (16)

where ¢, k| and k; are material parameters. c is associated with the isotropic (ECM) response,
while k; and k; are associated with the fiber (anisotropic) response. The Cauchy stress is given

by

G =cdev(b)+2y, dev(a; ®ay) + 2y dev(a, ® ay), (17)
b=FF (18)

1
dev(e) = (e) — 5[(e)  1]L, (19)

where ¥, = 0¥ aniso/ 914 and Wy = 0¥ uniso /9l are the d_erivatives of the anisotropic strain en-
ergy function with respect to the invariants 74 and /6. b is the left Cauchy-green tensor. The
derivatives were computed to be

awam'so - -
= =k (Is — 1) explky (T4 — 1)?], (20)
1y
awanisa 7 =
= = k1 (Ts — 1) explka(Ts — 1)?]. 1)
Ig

For an ideal case, assume the following isochoric deformation vector with no shear components

A 0 0
F=|0 A 0], where A, AgA, =1, (22)

0 0 A
(A2 0 0

b=C=|0 A3 0], (23)
0 0 A7
347 =3 (A5 +42) 0 0

dev(b) = 0 -3 (Ar+22) 0 : (24)
I 0 0 A2 =3 (A2 +43)
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Hence, the isotropic stress is given by

IN—1(A5+22) 0 0
Gigo=C 0 25— (A2 +22) 0 : (25)
0 0 A2 =3 (A7 +25)
Considering the effects of the fibers, a; = Fap;, where ag; and ag are given by the fiber angle 3.
[0 [0
apr = |cosPB |, ap = | cosP |, (26)
| sin 3 | —sinf3
A 0 0] 0 A 0 0 0
ai=|0 A O] |cosB|, a=|0 A 0 cosf |, 27)
(0 0 A [sinf |0 0 A [—sinf
[0 [0
a; = [AgcosfB|, a = | AgcosfB | . (28)
| AzsinfB | —AsinfB
(29)
Now converting a; and a, into matrices and determining the deviatoric part
[0 0 0
aja; = |0 (A cosﬁ)2 AgAzcosBsinf |, (30)
|0 AgA;cosfBsinf3 (A.sinB)*
= (()L@ cosﬁ)2+(7tzsin[3)2> 0 0
dev(a;®@a;) = 0 2 (AgcosB) — L (AsinB)> AgA. cos B sin B
| 0 AgA cos B sinf3 %(ftzsinﬁ)z— 1 (Ae cos B)?
(3D
[0 0 0
a®a= |0 (Ao cosﬁ)2 —AgA;cosPBsinf |, (32)
0 —AgA,cosBsin (Azsin B)?
——% ((kg cosB)2+(7LZsinﬁ)2> 0 0
dev(ay ®ay) = 0 2 (AgcosB)* — 1 (AsinB)? —AgA,cos Bsin B
i 0 —AgA.cos B sin B 2 (A.sinB)* — L (Agcos B)?
(33)
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Now computing the stress ogg

o= |33 (3439 - P axplty (112 [ (g cosB)? + (Resin)]
_ (34)
_ Wexp[b(ﬂ, 1Y [(/19 cos )2+ (/lzsinﬁ)z} ,

8L ety 17 [2 (Rgcosp)? — (Resin)’]

Cgp = C{%)Lg—%(lg—f—lzz)}—f— 3
(35)

+ 2000 ooty 17 [2 (e cos ) - (2csinB)]
6.z c E/mf _ % (224 ,192)} L=l - 1) [2(2:sinp)? ~ (Agcos B ”
+ wexp[b(k 1) [2 (AesinB)% — (Ag cos ﬁ)z] .
Now computing the fiber-related invariants
I4=C: (ag1 ®ap), and Is=C: (ap®ap), (37)
— Iy = Ajcos’ B+A2sin’ B, and Tg= A5 cos® B+ AZsin®B. (38)

The final stress values are

_ 2 1

— ﬁexp[kz ([Agcos® B +A2sin*B] — 1)2] [(/'Lg cos ) + (lzsinﬁ)z} [Agcos® B+ AZsin* B — 1],

3
(39)
—_ 2 1
Ogg = C [5192 — § (A'E+)’Z2):|

+ %CXP[IQ ([Agcoszﬁ +A¢ZZ Sinzﬁ] — 1)2] |:2 (2’9 COSﬁ)z o ()vz Sinﬁ)z] [)L(ezcoszﬁ _{_AZZ Sil’lzﬁ . 1:| ’
(40)

_ 2 1
O, = 2¢ |:§A,ZZ— g (Af,.2+zfg):|

+ %exp[kz ([)Lgcoszﬁ —}—7LZ2 sinzm _ 1)2] [2(7tzsinﬁ)2 ~ (A Cosﬁ)z} Mgcoszﬁ +)sz2 sin? B — 1} ‘
41)

We know that o = o,,, + ¢, where 6,,; = pI is the hydrostatic stress and p is the hydrostatic
pressure.
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S.2 Fluid pressure during inflation of vessel

For pure inflation of a cylinder, the variables in the deformed configuration are given by r =r(R),
0 =0, and z =Z. Here R € [R;,R,], ® € [0,27] and let R, — R; = h be the thickness. Hence, the
deformation gradient and Cauchy green tensors are given by

B o

F=|0 % , (42)
0 0 1
(& 0 0

b=| o (%)2 ol - (43)
| 0 0 1

We can compute hydrostatic pressure using the equilibrium equation Vo = 0. In cylindrical
coordinates

d Oyr Oyr — Opgo
+ =

0. 44
ar r “44)
We use this to get the value of internal pressure as
p— / " 060 = Orr 4, (45)
T r

We can substitute ¢, — 0gg = G, — Ggg, because 6,, = G, + p, and Gyg = Ggg + p, Where p is the
hydrostatic pressure. Hence

I)i:/romdn (46)
ri r
Computing the RHS
Goo— O = [Ag— A7
47)

Substituting the values for A,, A9, A;, we get

So0—r —c [(Ig)z_ (E)]
et ([ o s 1) | () oot ] [(5) s st

(48)

We can compute P, by integrating Eq. 546 over the thickness of the vessel.
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S.3 Uniaxial testing behavior
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Figure S1. Uniaxial testing of MPA tissue specimens from (A) control rats, (B) PH rats. CTL: n=6, PH:
n=6.

S.4 Effect of remodeling parameters on pressure waveform
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Figure S2. Effect of individual vascular remodeling events on the pressure waveform. (A) Volume flow
rate at the inlet, (B) Pressure waveform for increased vessel stiffness and distal resistance. (C) Volume
flow rate at the inlet with an increased period of zero flow after the pulse, (B) Pressure waveform increased
distal resistance to study the relaxation behavior.
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S.5 Variation of PA impedance with frequency

PA Impedance

Frequency

Figure S3. Schematic describing the variation of impedance with frequency and the estimation of OHz-
and characteristic impedance.

S.6 Validation against 3D FSI

For validation, we have compared the 1D FSI framework presented in this study against a 3D
FSI framework. Here we simulated a constant fluid flow rate through a Y-branch, where the
length and radius of each vessel are 50mm and 5mm respectively. The thickness is set to be
20% of the radius (Imm). The flow rate is set to 30ml/s. For the vessel properties, the stiffness
of fiber components was set to 0, and the shear modulus (c) was set to 60kPa. To perform the
equivalent simulation in 3D, we performed the simulation in ANSYS workbench, coupling the
transient structural and Fluent modules. Here, the displacement of the inlet and outlet faces
was constrained such that only radial and circumferential displacement was allowed. A single
additional point on the inlet was completely fixed to ensure stable simulations.
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Figure S4. (A) The pressure predicted by the 1D simulation mapped onto a representative geometry, and
(B) Pressure on the wall of the fluid domain. P: Parent vessel; C1, C2: child vessels.
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The results indicated good agreement between the 1D and 3D simulations. The pressure at
the inlet in the 1D simulation was 42.8 Pa. Correspondingly, the pressure on the fluid domain
wall from the 3D simulation was 44.7Pa. The difference between the predicted values is likely
due to the idealized bifurcation assumed by the 1D FSI framework.

S.7 Effect of non-linear material model
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Figure SS. Variation of pressure with lumen area. Lumen area was normalized by the original lumen area
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