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

Ψiso =
c
2
(I1 −3), (15)

Ψaniso =
k1

2k2
{exp[k2(I4 −1)2]+ exp[k2(I6 −1)2]−2}, (16)

where c, k1 and k2 are material parameters. c is associated with the isotropic (ECM) response,
while k1 and k2 are associated with the fiber (anisotropic) response. The Cauchy stress is given
by

σ = c dev(b)+2ψ4 dev(a1 ⊗a1)+2ψ6 dev(a2 ⊗a2), (17)

b = FFT
, (18)

dev(•) = (•)− 1
3
[(•) : I]I, (19)

where ψ4 = ∂Ψaniso/∂ I4 and ψ6 = ∂Ψaniso/∂ I6 are the derivatives of the anisotropic strain en-
ergy function with respect to the invariants I4 and I6. b is the left Cauchy-green tensor. The
derivatives were computed to be

∂Ψaniso

∂ I4
= k1(I4 −1)exp[k2(I4 −1)2], (20)

∂Ψaniso

∂ I6
= k1(I6 −1)exp[k2(I6 −1)2]. (21)

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

F =


λr 0 0

0 λθ 0

0 0 λz

 , where λrλθ λz = 1, (22)

b = C =


λ 2

r 0 0

0 λ 2
θ

0

0 0 λ 2
z

 , (23)

dev(b) =


2
3λ 2

r − 1
3

(
λ 2

θ
+λ 2

z
)

0 0

0 2
3λ 2

θ
− 1

3

(
λ 2

r +λ 2
z
)

0

0 0 2
3λ 2

z − 1
3

(
λ 2

r +λ 2
θ

)
 . (24)
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Hence, the isotropic stress is given by

σ iso = c


2
3λ 2

r − 1
3

(
λ 2

θ
+λ 2

z
)

0 0

0 2
3λ 2

θ
− 1

3

(
λ 2

r +λ 2
z
)

0

0 0 2
3λ 2

z − 1
3

(
λ 2

r +λ 2
θ

)
 . (25)

Considering the effects of the fibers, a1 = Fa01, where a01 and a02 are given by the fiber angle β .

a01 =

 0
cosβ

sinβ

 , a02 =

 0
cosβ

−sinβ

 , (26)

a1 =


λr 0 0

0 λθ 0

0 0 λz




0

cosβ

sinβ

 , a2 =


λr 0 0

0 λθ 0

0 0 λz




0

cosβ

−sinβ

 , (27)

a1 =


0

λθ cosβ

λz sinβ

 , a2 =


0

λθ cosβ

−λz sinβ

 . (28)

(29)

Now converting a1 and a2 into matrices and determining the deviatoric part

a1 ⊗a1 =


0 0 0

0 (λθ cosβ )2
λθ λz cosβ sinβ

0 λθ λz cosβ sinβ (λz sinβ )2

 , (30)

dev(a1 ⊗a1) =


−1

3

(
(λθ cosβ )2 +(λz sinβ )2

)
0 0

0 2
3 (λθ cosβ )2 − 1

3 (λz sinβ )2
λθ λz cosβ sinβ

0 λθ λz cosβ sinβ
2
3 (λz sinβ )2 − 1

3 (λθ cosβ )2

 ,

(31)

a2 ⊗a2 =


0 0 0

0 (λθ cosβ )2 −λθ λz cosβ sinβ

0 −λθ λz cosβ sinβ (λz sinβ )2

 , (32)

dev(a2 ⊗a2) =


−1

3

(
(λθ cosβ )2 +(λz sinβ )2

)
0 0

0 2
3 (λθ cosβ )2 − 1

3 (λz sinβ )2 −λθ λz cosβ sinβ

0 −λθ λz cosβ sinβ
2
3 (λz sinβ )2 − 1

3 (λθ cosβ )2

 .

(33)

22/27

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2024. ; https://doi.org/10.1101/2024.08.18.608471doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.18.608471
http://creativecommons.org/licenses/by-nc-nd/4.0/


Now computing the stress σθθ

σ rr = c
[

2
3

λ
2
r − 1

3
(
λ

2
θ +λ

2
z
)]

− 2k1(I4 −1)
3

exp[k2(I4 −1)2]
[
(λθ cosβ )2 +(λz sinβ )2

]
− 2k1(I6 −1)

3
exp[k2(I6 −1)2]

[
(λθ cosβ )2 +(λz sinβ )2

]
,

(34)

σθθ = c
[

2
3

λ
2
θ − 1

3
(
λ

2
r +λ

2
z
)]

+
2k1(I4 −1)

3
exp[k2(I4 −1)2]

[
2(λθ cosβ )2 − (λz sinβ )2

]
+

2k1(I6 −1)
3

exp[k2(I6 −1)2]
[
2(λθ cosβ )2 − (λz sinβ )2

]
,

(35)

σ zz = c
[

2
3

λ
2
z − 1

3
(
λ

2
r +λ

2
θ

)]
+

2k1(I4 −1)
3

exp[k2(I4 −1)2]
[
2(λz sinβ )2 − (λθ cosβ )2

]
+

2k1(I6 −1)
3

exp[k2(I6 −1)2]
[
2(λz sinβ )2 − (λθ cosβ )2

]
.

(36)

Now computing the fiber-related invariants

I4 = C : (a01 ⊗a01), and I6 = C : (a02 ⊗a02), (37)

=⇒ I4 = λ
2
θ cos2

β +λ
2
z sin2

β , and I6 = λ
2
θ cos2

β +λ
2
z sin2

β . (38)

The final stress values are

σ rr = c
[

2
3

λ
2
r − 1

3
(
λ

2
θ +λ

2
z
)]

− 4k1

3
exp[k2

([
λ

2
θ cos2

β +λ
2
z sin2

β
]
−1

)2
]
[
(λθ cosβ )2 +(λz sinβ )2

][
λ

2
θ cos2

β +λ
2
z sin2

β −1
]
,

(39)

σθθ = c
[

2
3

λ
2
θ − 1

3
(
λ

2
r +λ

2
z
)]

+
4k1

3
exp[k2

([
λ

2
θ cos2

β +λ
2
z sin2

β
]
−1

)2
]
[
2(λθ cosβ )2 − (λz sinβ )2

][
λ

2
θ cos2

β +λ
2
z sin2

β −1
]
,

(40)

σ zz = c
[

2
3

λ
2
z − 1

3
(
λ

2
r +λ

2
θ

)]
+

4k1

3
exp[k2

([
λ

2
θ cos2

β +λ
2
z sin2

β
]
−1

)2
]
[
2(λz sinβ )2 − (λθ cosβ )2

][
λ

2
θ cos2

β +λ
2
z sin2

β −1
]
.

(41)

We know that σ = σvol +σ , where σvol = 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),
θ = Θ, and z = Z. Here R ∈ [Ri,Ro], Θ ∈ [0,2π] and let Ro −Ri = h be the thickness. Hence, the
deformation gradient and Cauchy green tensors are given by

F =


R
r 0 0

0 r
R 0

0 0 1

 , (42)

b =


(R

r

)2 0 0

0
( r

R

)2 0

0 0 1

 . (43)

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

∂σrr

∂ r
+

σrr −σθθ

r
= 0. (44)

We use this to get the value of internal pressure as

Pi =
∫ ro

ri

σθθ −σrr

r
dr. (45)

We can substitute σrr −σθθ = σ rr −σθθ , because σrr = σ rr + p, and σθθ = σθθ + p, where p is the
hydrostatic pressure. Hence

Pi =
∫ ro

ri

σθθ −σ rr

r
dr, (46)

Computing the RHS

σθθ −σ rr = c
[
λ

2
θ −λ

2
r
]

+
4k1

3
exp[k2

([
λ

2
θ cos2

β +λ
2
z sin2

β
]
−1

)2
]
[
3(λθ cosβ )2

][
λ

2
θ cos2

β +λ
2
z sin2

β −1
]
.

(47)

Substituting the values for λr, λθ , λz, we get

σθθ −σ rr = c

[( r
R

)2
−
(

R
r

)2
]

+
4k1

3
exp

[
k2

([( r
R

)2
cos2

β + sin2
β

]
−1

)2
][

3
(( r

R

)
cosβ

)2
][( r

R

)2
cos2

β + sin2
β −1

]
.

(48)

We can compute Pi by integrating Eq. S46 over the thickness of the vessel.
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S.3 Uniaxial testing behavior

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

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

Figure S3. Schematic describing the variation of impedance with frequency and the estimation of 0Hz-
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 (1mm). 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.

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

Figure S5. Variation of pressure with lumen area. Lumen area was normalized by the original lumen area
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