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Table S1: Small network model parameters for the default simulations and for the examples of Fig. 3.

parameter | dimension | meaning Default value Example value
K; [-] Balance between source 1 1
conductances and network
conductances
K, [-] Balance of the pressure drive and Triangle: 10 Triangle: 10
reference for adaptation Pentagon: 20 Pentagon: 10
ﬁs,i [-] Source pressures rescaled to the Triangle: [1, 0.5, 0] Triangle: [1, 0.75, 0]
maximal source pressure Pentagon: [1, 0.75, 0.50, Pentagon: [1 0.75 0.40 0.20 0]
0.25, 0]
G, [-] Source conductances rescaled to Triangle: [1/3, 1/3, 1/3] Triangle: [ 0.35 0.2 0.45]
the sum of source conductances. Pentagon:[0.2,0.2,0.2, Pentagon:[0.2,0.2,0.2,0.2,0.2]
0.2,0.2]
Zj [-] Segment lengths rescaled to the Triangle: [0.27, 0.33, 0.40] | Triangle: [0.4 0.4 0.2]
total length. See Fig. 3 for the Pentagon: [0.12 0.14 0.15 Pentagon: [0.20.10.10.2 0.2 0.2]
numbering. 0.17 0.200.22]
To/s [-] Initial radii, relative to the results of | 1.01 1.01
the simplex search for an
equilibrium state.
tena [-] Simulation time, rescaled to the 30 30

adaptation dynamics, K;




Table S2: Simulation results. Parameters are at default values unless otherwise indicated. 7} ;: initial relative
deviations of radii from results of the simplex search for an equilibrium. All indicated combinations of 7, for
the adapting segments were simulated, e.g in simulation set 3, for 7,5 : [0.3, 1.01, 3], 27 combinations of
initial states were simulated. This set of initial conditions was used for each variation in the other parameters.
Parameter sweeps were done by varying each of the indicated parameters, for each segment where relevant,
while keeping the others at their default value. For the dynamic parameters, the choices for initial states and
several time-averaged values for parameters were combined with a range of sine-wave oscillations of
amplitude 0.5. For the direction-dependent adaptation rates K; we changed the values for the rate of
outward growth (K3 yp), while keeping the rate of inward adaptation or shrinkage at the default value of

K3 pown = 1. The results are summarized as the number of simulations that rendered a specific number of
remaining segments, and as the number of remaining loops observed in these simulations.

Sim | Description Topology | Initial conditions, Number | Distribution of Number
set Non-default of number of of sims
parameters, sims remaining segments | with
Parameter sweep remaining
Dynamic parameters loops
Number | Number
of of sims
remaining
segments
1 Variation of Triangle Example parameters 729 0 42 0
initial state (Table S1) 1 134
Tos : 2 563
[0.050.10 0.150.25 3 0
0.50.991.01 2.04.0]
2 Variation of Pentagon | Example parameters 729 0 0 0
initial state (Table S1) 1 0
7oss  [0.3,1.01, 3] 2 0
3 361
4 368
5 0
6 0
3 Parameter Triangle Toss +[0.3 1.01 3] 1,215 0 47 0
variation K, K,: 1 472
[0.10.31310] 2 696
times default 3 0
P, , each G , each L:
[0.050.250.50.75
0.95]
4 Parameter Pentagon | 7y/s:[1.01 3] 3,072 0 1 0
variation K, ,K,: 1 35
[0.2 1 5] times 2 1
default 3 984
P, , each Gy , each L: 4 2051
[0.250.50.75] 5 0
6 0
5 Time-varying Triangle Tos  [1.01] 486 0 18 0
parameters Ky, K;: 1 147
[0.2 1 5] times 2 321
default 3 0
P, , each Gy , each L:
[0.250.5 0.75]




Dynamic:

Ky, K, , P;,, each
Gs

Freq: [0.02 0.2 2],

Ampl: 0.95
6 Time-varying Pentagon | 7/ : [1.01] 1,440 0 0
parameters K, K, 1 28
[0.2 1 5] times 2 7
default 3 253
135,2 , each G, , each L: 4 1152
[0.25 0.5 0.75] 5 0
Dynamic: 6 0
Kl ’ 152 ’ ﬁs,2—4-'
each G
Freq: [0.02 0.2 2],
Ampl: 0.95

7 Direction- Triangle Toss +[0.31.01 3] 135 0 1
dependent fena: 300 1 73
adaptation rate (K3 pown = 1, 2 61

default) 3 0
Ksup :
[0.10.31310]

8 Direction- Pentagon | /s : [1.01 3] 192 0 0
dependent tenq: 300 1 0
adaptation rate (K3 pown = 1, 2 0

default) 3 96
Kz up : 4 96
[0.215] 5 0
6 0

9 General Triangle Toss +[0.31.01 3] 324 0 31
hemodynamic K, =20 1 146
adaptation a:[0.511.5234] 2 147
model B:[0.511.5234] 3 0

10 General Pentagon | 7/, :[1.01 3] 768 0 37
hemodynamic a:[0.511.5234] 1 44
adaptation B:[0.511.5234] 2 5
model 3 315

4 367
5 0
6 0

11 Dissipation Triangle Toss + [0.31.01 3] 27 0 5

model K, =50 1 13
o=4 2 9
B=2 3 0

12 Dissipation Pentagon | 75 :[1.01 3] 64 0 0

model K, =50 1 21

o=4 2 0

B=2 3 18

4 25

5 0

6 0

13 Triangle 405 0 5




simulations:

Heterogeneous Toss +[0.3 1.01 3] 1 217
reference WSS Each 7, : 2 188
[0.10.31310] 3 0
14 Heterogeneous | Pentagon | 7/, :[1.013] 1,152 0 0
reference WSS Each 7, : 1 0
[0.215] 2 0
3 516
4 636
5 0
6 0
15 Heterogeneous | Triangle Toss + [0.31.01 3] 324 0 0
adaptation rate Each K5 : 1 179
[12510] 2 145
3 0
16 Heterogeneous | Pentagon | 7/, :[1.013] 1,152 0 0
adaptation rate Each K3 : 1 0
[1310] 2 0
3 529
4 623
5 0
6 0
Total number of 12,214

Supporting movie Coronary adaptation: Regression of coronary segments for increasing levels of
WSSref. Distal conductance in these simulations was taken equal to the published values. Shown are
steady state topologies for increasing WSSref in each frame. For clarity, segmental diameters are not
shown. Panel A: 3D view. B-D: 1 cm transverse sections, taken at respectively 6.21-7.21 cm (B), 4.29-
5.29 cm (C) and 2.37-3.37 cm (D) above the apex of the heart. Blue: open segments; red: segments
that have regressed at the indicated WSSref. Circles: entrance points (left anterior descending and
circumflex arteries) of the left coronary circulation. The right coronary circulation was not included

in the data.




SI 1 Prove of the loss of loops in models for vascular
adaptation

In this Section, we study the various models that were presented in the main text an-
alytically. In these proofs we study the system presented in equation (2) in the main
manuscript:

dr g, [
i kregrjk(ﬁujjﬂﬁ = Treg): (STL.1)
ik

In this analysis the fact that this system is in the dimensionfull setting does not influence
it; it does make the dependence on the parameters clearer. In order to analyse the stability
of the equilibria, we need to differentiate | Pjj|, thus, we need to be careful because of the
absolute value. Therefore, we introduce the sign of Pj; as sj; = sign (Pj).

SI 2 Wall shear stress dependent vascular adaptation
for the triangular topology

First, we assume adaptation to wall shear stress and take @« = = 1 and analyse the
model for a triangular topology. The pentagon setting studied in the main manuscript can
be treated in an analogous way, see also Section SI 5 for a very general network topology.
The model for a triangular setting of vessels and a = =1 is given by

dr r
722 kregTIQ(Tmm’-Plﬂ - Tref) = F
dr T
diis kregr23(f2zglp23‘ - Tref) = F2
dr r
7? kregr?)l(fg;llpi%ﬂ — Tref) = F3. (SI 21)
where Py + Pos + P31 = 0.
Then, the fixed points need to satisfy
T12
P — Tref — 0
2L12| 12| = Tref
23
— | P3| — Trer =0 SI2.2
2L23| 23] — Tref ( )
31
P3| — 71 = 0.
2L31| 31] = Tref

Now, we assume that the parameters are such that there exists at least 1 fixed point for
which all r; # 0 and study that point from now onward. In case system (SI 2.1) does not
have a fixed point with all r;;, # 0 then we conclude that a loop is not present.

The stability of the fixed point can be determined by linearizing around the point,

then we obtain iz
E == Dﬂststza <SI 23)



where Z = (212, 223, 231) and DF|yy is the Jacobian evaluated at the fixed point. and

oF  OF OF,
87“ Br %r 1
_ 2 2
DF1|stst - %T 5 87}«25’ dar 1
37‘12 Oras (91”31

22?2 rle(’P12| :3|_|IZ ?agfllj) k % %2 88|f21§‘ 0| Pas| ;}:2% %2 28;12:
- ?rggﬁ 2tz 23(1 P25 5523 ) L I e .
22291 %1 8rfgl 22(;91 %1 31’23; LgT31(|P31| + 73 87‘;11 )
2
bl + h00) g hone g ko,
= /{ng 52227;23 gffj kreg (Tref + 8222213 (?35:;2;)) kTeg 52227;233 % ’
Kreq 'S 9rrs reg SER G0 gy + SR

where the matrix is evaluated at the fixed point that satisfies (SI 2.2). In the last step
we use that (SI 2.2) is satisfied. There are two methods to show that the fixed point is

unstable.

SI 2.1 First method
Using, equation (SI 2.3), we determine

z z dz
2 .2 1 2 .2 2 2,2 3

9 92 9 2 9 2
= KyegTref(S12L12753751 21 + S23LostioT51 22 + S31L3177975523)

P, P OP: oP: OP: OP:
2 {( 12 23 O3 12 Ob2s  Of

1
+5 kregr127“237’31 )22

Oria * Ori2 Ori2 )Zl * (67"23 Oras Oras
8P12 8P23 ap31
87’31 + 87’31 * 87”31 )ZS}

2 2 2 2 2 2
= kregTref (812012753751 21 + Sa3Logriariy 22 + S31L3177575523),

where the r;; satisfy (SI 2.2). In the last step we use that P + Py3 + P3; = 0 such that
differentiating this sum also yields zero. Next, we define

Y = 512[/127‘%37";121 + 823L237’%27"§122 + 831[/317’%27"3323, (SI 24)
and obtain that 7Y
E = kregTrefY'

Solving this equation results in
Y(t)= celreaTrest

where ¢ = Y(0) is a constant. Thus, for ¢ > 0 and increasing ¢ we find that Y also
increases and we conclude that the combination

2 .2 2,2 2,2
512L127"237’3121 + 523L237"127’3122 =+ 531[/317"127’2323
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always increases. Moreover, we conclude that A = k.47 is an eigenvalue and that it
is positive. Therefore, we conclude that the fixed point Z = 0 in equation (SI 2.3) is
unstable which corresponds to the fixed point (SI 2.2) being unstable for the linearized
system. This also implies that the fixed point is unstable for the full nonlinear system (SI
2.1), see [2]. Hence, when a fixed point exists for which all r; # 0, it is unstable.

ST 2.2 Second method

In this section, we will use another method to determine the stability of the fixed point (SI
2.2) namely by studying the eigenvalues of the matrix DFys. To obtain these eigenvalues,
we need to determine the characteristic polynomial by analysing

det(DﬂStst — )\I)

= det k

2
kreg(Tref + v 8P12) — A

323"‘%3 0Pa3
T€g 2L
k 531731 OPs31

oriz

k 3127’%2 OP12

523753 OP>3

kreg(Tres + 2023 Oras
k 5317’31 OP3;

)_

A

2 .
k 512779 QP9

reg 21,

ors1

k 523753 0Pa3
T€9 2Lo3 0Or3;

kreg (Tref +

2
531731 OPs31

T€9 2L31 Oriz T€9 2L31 Oras 2L31 Or3:
kregTref - A 0 0
= det 0 KregTre — A 0
0 0 k,«egTTef - A
k 512775 OPyy 812775 OP1y k 812775 OP1y
79 2L15 Oris T€9 2L195 Oros T€9 2L15 Ors1
+ . 523733 0Pa3 523733 0Pa3 k. 523733 0Pa3
T€9 2L53 Oris T€9 2L53 Orag T€9 2L93 Ors
. 58173 0Ps; 531731 P31 k. 53173 0P3;
T€9 2L31 Orie T€9 2L31 Oras T€9 2L31 Orsi
FregTref — A 0 0
= det 0 EregTres — A 0 +C
0 0 kregTref .

Here, C' is a matrix of which the rows are linearly dependent since Pjs + Ps3 + P3; = 0.
We will use this fact to determine the above determinant.

Remark SI 2.1 Note that in general it is not true that det(A + B) = det(A) + det(B)
for 2 matrices A and B and so we do not use that here.

If we write out the determinant we find that
det(DﬂstSt — )\_[) = (kreg'rref — )\)H(A),

where H can be determined explicitly in terms of all above expressions. Next, we look at
the solution of the characteristic polynomial

det(DﬂStst — A]) = O,

and conclude that one of the eigenvalues is given by A = kyeg7rer > 0. Therefore, one of
the eigenvalues is positive, and thus, the fixed point is unstable also for the full nonlinear

system (SI 2.1).

)_



SI 3 Loss of loopiness by local hemodynamic adap-
tation occurs in a wide variety of models

The above analysis can be used for a wide variety of models for hemodynamic adaptation
which were also considered in the main text.

SI 3.1 Generalized adaptation to hemodynamic conditions

In this section, we look at a generalized system for hemodynamic adaptation and still
focus on the triangular setting. Thus, we analyse the system

driz iy p s )y

W = ]{Zrengg(QL?2|P12‘ _Tref> = F1

dr

7? = kregr23<2L ’P23"3 — T 2}) By

dr

d731 kregrgl( }3’ ’Pgl‘ﬂ — ;2}) = Fg, (SI 31)
t 31

where Pio + Pys+ P33 =0, a > 0 and # > 0. Then, the fixed point for which all r; # 0 is
given by the point that satisfies

T12 |P12|5—I1) O,

217, I
T
23 P |,6’ 2 _ 0
23 - xre - 9
2L’8 f
re
S|Py’ - 2l =0, (SI 3.2)
2L
The stability of this point can be determined by linearizing around the point, then we
)
obtain iz
— DFyuZ, (SI 3.3)
dt
where Z = (Zlg, 2923, Z31> and
Kreg B 9| Pi2|? kreg ,.a+108|Pi2|? kreg ,.a+10|P12|?
217, ria(a| Pral” + 719 Br1o ) 200,712 "oz 212,712 “orgy
_ k'reg a+1 8|P23‘[3 k'reg ﬁ a|P23‘ k'r'eg a+1 8|P23‘ﬂ
DFys = 202,72 “or 2L, 7930t Paz|” + 123 Oros ) 202,128 “ors
k"reg a+1 d|P31‘B kreg ..a+1 8‘P31|6 kreg B 8‘P31|
205 31 Tarn 208, 3L Torss 2L, (o P | 4 s %520)
ﬂ 1.8 B-1_8 B—1_8
L ( 1) + Ply syt 3P12) k BPL shorist opy, k BPY shorttt apr,
reg\ATref 2Lﬁ or12 reg QLB Oras reg orL” ors1
_ B 23 5237"23 ' 9Py (2 Pyg 15537"23 OP>3 BP. 3713237"23 0P3
n kreg 2L63 Ir12 kreg (Oéxref + 2L§ 67”25) kreg 2L 87"31
B—1_8 -1.8
k ,BP 31 331’"31 5P31 k BPY gy e 3P31 k ( (3) + Py sy 3P‘31
reg 2L§1 Or12 reg 2L§1 Oras reg\ATref Lgl Or31

)



where the matrix is evaluated at the fixed point that satisfies (SI 3.2) and we again use
this in the last step. - -

Here, we analyse the case where all the TT(;Jf) are the same so T;;Jf) = T,f for (ij) =
(12),(23),(31). We use method 1 from Section SI 2.1 to prove that the fixed point is
unstable. Method 2 from Section SI 2.2 could also be applied and results in the eigenvalue
A = akyegTrer > 0, we refrain from showing that here.

To apply method 1, we determine

dzy dzo dz
B-1pp-1_8 18 ,a+l, a+l B o+l a+l +1,.a+14%<3
Pa3  P3y 819 L or9s7 13y p P P 523[/237"?2 31 p P P12 313[/317’?2 T3 p

= kregTrefa(SuLm(P23P31)”8_1(7“237"31)a+121 + 323L23(P12P31) 1(7“12710,1)&“22
+S[133L§1(P23P12)571(7”127"23)a+123)

+= kregﬁ(P12P23P31) (7“127”237”31) H(

0P, OP. oP.

12 1 23 i 31
57“12 Oras Ors;
= kregTrefa(512L12(P23P3l) (7”237‘31) Z1 + 823L23(P12P31) (7”127‘31) +122
+575 L) (Po3 Pr2)? ™ (r1ar23) ' 23)

)(21 + 22 + 23)

where the 7, and Pj, are evaluated at the fixed point. In the last step we use that
Piy + Pos + P3; = 0. Then, we find for

Y = szL?z(PQ?,PM)B_I(T23T31)a+121+553L§3(P12P31)’B_1(7“127“31)a+12’2+3§1[z§1(P23P12)’B_1(7“127“23)a+12'3>

that
dY

dt oszegTrefY

Solving this equation gives that
Y (t) = ce®reaTrest,

where ¢ = Y(0) is a constant. Thus, for ¢ > 0 and increasing we find that Y also increases
and we conclude that the combination

512L12(P23P31) (7”237’31) Z1+823L23(P12P31) (7“127’31) 22+831L31(P23P12) (7”127”23) +1Z3

always increases. Similar to before this also results in the eigenvalue o = akyegTres-
Therefore, we conclude that the fixed point Z = 0 in expression (SI 3.3) is unstable
corresponding to the fixed point (SI 3.2) being unstable for the linearized system and also
for the full system (SI 3.1).

SI 3.2 Different 7,.; among adapting segments

Here, we assume that the reference wall shear stress 7,.; are different for the various
vessels and denote these by quzjf). We can extend method 1 in section SI 2.1 to this case.

10



Analogous to before, we determine the linearized system and get that

z dz dz
512[/127’%37’%171 =+ 523L237’%2T§172 —+ S31L31T%27’§373
dt dt dt
= kreg(slzT(e])cL12T237”3121 + 5237, (e}L23T127’3122 + 8317, TE}L317”%27“§323) +
0Py 0P 0Ps 0Py 0Py 0Ps
+— k:re r2r2.r? { + 2z +
971272803 (3 T12 Ori2 37”12) (37"23 Oras Oras
-+ )2’3
87’31 87“31 87'31

)22

_ 1) 2 2 (2) 2 2 (3) 2 2
= Kreg (8127, p L1aTa373121 + 8937, p LaaT19731 22 + 8317, 1 Li31712772323)

where the r;; are evaluated at the fixed point. In the last step we again use that Py +

Now, we assume without loss of generality that s;o = s93 = 1 and s3; = —1 then there
are three distinct possibilities:
3
(Al) ref7 rge])” > 7_1E )
2 3)
(AQ) ref7 ref < 7—ref
3
(A3) ref 7ge])” < T’Se}’

others are similar. We study case (A1) and assume, again without loss of generality, that

+1) (2) ®3)
ref > Tref > Tref

Then, we define
2 2 2 2 2 2
Y = 812L12T23T3121 =+ 823[1237“127"3122 + 831L31T12T23Z3,

and find that

av
dt

1) 2,2 (2) 2 .2 (3) 2.2
kT@Q(SuTreleQrQST?)lZl + 3237'refL237"127‘3122 + S317—7"efL31T12T23Z3)
(2) 2 2 (2) 2.2 (2) 2.2 (2)
> (kr@g(‘leTreleQrQBrSlzl+823TrefL23r12T3122+S3lTrefL31r12/r23Z3) 2 KregTyerY.

To determine an estimate for Y in this inequality, we can use a theorem by Petrovitch
[3], see Appendix A for the precise statement. Applying the theorem, we conclude that

Y(t) > cefreome,

where ¢ = Y(0) is a constant. Thus, for ¢ > 0 and increasing ¢ we find that Y also
increases and we conclude that the combination

2 2 2 .2 2 .2
812L127”23T3121 + 823L237”12T3122 + S31L317”12T2323

always increases. Therefore, we conclude that the fixed point Z = 0 in equation (SI 2.3)
is unstable which corresponds to the fixed point (SI 2.2) being unstable, also for the full
nonlinear system.

11



For possibility (A2), a proof analogous to the above proof can be given so we refrain
for doing that here. When (A3) holds, we redefine the |Pj;|’s in the system such that
S93 = S31 = 1 and s;3 = —1 and then a similar argument holds.

To summarise, the fixed point (SI 2.2) is always unstable in the case of different 7,.¢’s.

SI 3.3 Different adaptation speed between the adjacent segments

Here, we take a different adaptation speed for the segments, hence, the £,., in the expres-
sions for the F; are taken different namely as k() . We can extend method 1 in section SI

reg*
2.1 to this case. Again, we determine the linearized system which is
dz
dt DﬂststZ (SI 34)
where Z = (212, 293, 231) and DF|y is the Jacobian evaluated at the fixed point. and
) #235 <3 |stst
(1) (7- + %@) L) s12775 9Py (1) 512775 9P1y
reg ref 22L12 Oria reg 2L12 872‘23 reg 2L15 Orsy
= (2) 823733 O3 (2) 523793 OPa3 (2) 823733 O3
DEStSt reg 2Lo3 Orio kTeg(Tref + 22L23 87’23) reg 2Los 8231 )
(3) 831731 OP31 (3) 831731 OP31 k(3) (7_ 4 531731 6P31)
reg 2L31 Oriz reg 2L31 Oras reg\'ref 2L31 Or31

Using this, we determine

2 4%

dz dz
3127<§§2;’f7(»§2,L127“§3T§17; + 5237477(»2,]?7(«2L237"f27“§1df; + s31kl) k) Lyyrior
= kﬁ}agkregkﬁez}ﬂnef(slgL127"§37“32)121 + 823[4237"%27“?2)122 + 831[4317"127"2323)
OPs 0Pss 0Ps; 0P,s 0P»3 0Ps3;
+ 1R @ )2 12 2 + + 2+ + +
o 'regiiregreg 12723731 (a i 87”12 37‘12) 1 (87”23 67’23 87"23

0P OP: OP.
12 + 23 + 31 2
67”31 87’31 87‘31

22

(1) (3) 2 2 22 2 .2
= kregkregkregTref(812L12r23r3121 + 823L237’12T3122 + 831L317’12T2323),

where the 7;; satisfy (SI 2.2). In the last step we again use that Py + Py3 + P51 = 0.

Now, we assume without loss of generality that s1o5 = s93 = 1 and s3; = —1 then there
are three distinct possibilities:

(P1) k) > k2 £

reg = "Vreg’ 'reg

(P2) k) < kB k2

reg — "Vreg’ reg

(P3) k&) > kL) > k2

eg — "‘reg’
others are similar. We study case (P1) and assume, again without loss of generality, that
kY > k2 > kS

reg — "Vreg =

First, we study possibility (P3) then we find for

2,2 2,2 2,2
Y = 812[1127’237"3121 + 823[1237’127"3122 + S31L317’127“2323

12



that

dY d 21 dz?
g?y"ﬁ?y% Z S Qk’ k? L12 237"31% + s S923 l{? )k?( )L23T%QT§1E + S31 k'( )k’ )L317"%2T

reg'Vreg reg'Vreg reg'treg

= EDEDE® £ Y.

reg'Vreg'Vreg

2 47

To determine an estimate for Y in this inequality, we use a theorem by Petrovitch [3], see
Appendix A for the precise statement. Applying the theorem, we conclude that

Y(t) > cekﬁ)gmft,

where ¢ = Y(0) is a constant. Thus, for ¢ > 0 and increasing ¢ we find that Y also
increases. Therefore, we conclude that the fixed point Z = 0 in equation (SI 2.3) is
unstable which corresponds to the fixed point (SI 2.2) being unstable for the linearized
system and also for the nonlinear problem. For the other possibilities we have to redefine
the Pj;’s again, similar to Section SI 3.2.

SI 3.4 Direction dependent adaptation

Here, we analyse the case when the vessel radius increases slower and decreases faster
than default. Hence

ki when Trer > 0,
ksreg_{ 1 2Lk| A (ST 3.5)

ky  when ; | k| — Trep <0,

where 0 < k1 < ko and we again choose @ = 5 = 1.

In Section SI 3.3, we already showed that when the k., are all different (or when
they are the same) that the equilibrium with all the rj; # 0 is unstable. Therefore, in
that case, there exists at least one orbit which starts close to the fixed point but does
not stay close to the fixed point for all time. More precisely, there exists an € > 0 such
that for every ¢ > 0 there exist initial conditions 7y = r(to),to such that |[r5; —ro| > ¢
and |r5} — r(to)| > € for all t > t; where 3} is the fixed point and r(t) is a solution
of the system. Now, we assume that we start on this orbit. Then, the only possibility
for the fixed point to become stable is when this orbit moves towards the fixed point.

er ik| — Trep = 0 so that and the sign of

Tref changes. However, that does not follow from the above assumption (SI

rjk? ‘

3.5) so we conclude that the fixed point remains unstable.

SI 4 Adaptation under dynamic conditions

Next, we analyse time dependent periodic variations of the parameters. We denote the
vector of all parameters G, Ps; and Lj; by pn. When we take parameters to depend on
time this implies that

p(wt) = py + g(wt),

13



where iy, is the vector of the constant input parameters and g is a periodic function with
period wT'.

Moreover, we denote the vector of all radii rj; by R and the corresponding system as

T _ PR, u(t)). (ST 4.1)

We analyse two choices namely when the periodic variation is slow and when it is
fast. For the fast periodic variation we choose w > k,¢,7;.r Whereas for the slow periodic
variation we take w < KpegTref-

Note that this system is the same as in the main manuscript since there we study the
dimensionless system whereas we still analyse the system with dimensions.

SI 4.1 Fast periodic variation of parameters

In the case when the perturbation is fast we assume that w > k,47res and introduce
€= k”w# where 0 < ¢ < 1. Then, we rescale system (SI 4.1) by introducing 7 = £ and
obtain iR
— = eF(R, u(1)). (SI 4.2)
dr
We will analyse this system by using the averaging method and introduce the associated
averaged system

Zi =cF(y) (ST 4.3)
where LT
Fly) = 7 [ Fly, p(w)du. (ST 4.4)

This system is of the same form as the system studied in Section SI 2, so with constant
parameters. When we assume that there exists a fixed point (with all 7;; # 0) then we
already showed that for this system the fixed point is unstable.

To study the full perturbed system (SI 4.2), we can use the Averaging Theorem which
can be found in for example [1], Theorem 4.1.1. Here we use that F is at least C?
and bounded on bounded sets, and of period T in 7. Then there exists a C? change of
coordinates R = y + ew(y, 7) under which (SI 4.2) becomes

dy _
dT_6

where F} is of period T" in 7. Moreover

F(y) +&*Fi(y, u(r)). (SI 4.5)

(i) if R(t) and y(t) are solutions of (SI 4.2) and (SI 4.5) with R(0) = Ry , and y(0) = vq,
respectively, and |Ry — yo| = O(e), then |R(t) — y(t)] = O(e) on a time scale 1/e.

(ii) If po is a hyperbolic fixed point of (SI 4.3) then there exists €y > 0 such that, for all
0 <e<eg, (SI4.2) possesses a unique hyperbolic periodic orbit 7. (t) = py + O(e)
of the same stability type as py.
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Hence, we conclude from (ii) that in case the system (SI 4.5) has a fixed point with 7 # 0
that system (SI 4.1) has a periodic solution for sufficiently small. Moreover, since the fixed
point is unstable and hyperbolic (no eigenvalues with real part zero), the corresponding
periodic solution is also unstable.

SI 4.2 Slow periodic variation of parameters

In this section, we study the case when the parameters are perturbed by a periodic
function that is slow, in other words, we choose w < kycy7ref. Then, the system is slaved
to the original system.

We now set ¢ = —¥

kregT'ref

that there exists a function g; such that

with 0 < e < 1. Then, by using a Taylor expansion, we know

pu(t) = po + g(et) = pp + g(0) + egu ().
Substituting this in system (SI 4.1) and again using a Taylor expansion this reduces to

dR

i F(R, ) + eF5(t). (ST 4.6)

with F5 a function.

Now, for ¢ = 0 the system (SI 4.6) reduces to a system with constant parameters.
Again we know from Section SI 2.1 that if there exists a fixed point with 7, # 0 it is
unstable. Next, we use the Implicit Function Theorem in a similar way as in the proof of
Lemma 4.5.1 in [1] to conclude that for ¢ sufficiently small, system (SI 4.6) has a periodic
orbit. Moreover, we conclude that since the fixed point that exists for € = 0 is unstable,
the corresponding periodic orbit is also unstable.

SI 5 General network that contains loops

The above can be generalised to a network that contains a loop. We assume that the
network has n nodes, K in- or out-pressures denoted by F;;,¢ = 1,--- K, and contains a
loop that consists of m nodes (m < n). Then, |Pj;| = |P; — F;| for two adjacent nodes
and k # j, otherwise (for non-adjacent nodes) |P;;| = 0. The system is still given by (SI
1.1) and here we study o = 8 = 1 but the analysis could also be extended to all the cases
analyzed above. For the loop we use the notation jy, - - -, 7, for the connecting nodes. So,
J1 connects to jo and so on, and j,, back to j;.
We find that the sum of all pressures differences within the loop is zero so
m—1
Py + Z sz‘jiJrl = 0.

=1

Again, we assume that the system (SI 1.1) has a fixed point were rj, # 0 for all
adjacent nodes. Such fixed point exists depending on the choice of the parameters.
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Linearising around the fixed point we obtain

dz
% — D-F]Ststza (SI 5].)
where Z is the vector over all nodes z;, and DFy is the Jacobian evaluated at the fixed

point. Then, we define

m—1 m—1 m—1
Y = SijlLJmJIZJmJI H Tjkjkﬂ + Z S]i]i+1LJi]i+lz]z‘]i+l(/rjm]j H rjkjk+1>' (SI 5'2)
k=1 i=1 k=1,k+i

So we define an expression similar to (SI 2.4) but only take into account the vessels of the

loop. Then, we find that
ay

E = kregTrefY
Solving this equation results in

Y(t) = cefreaTrest,

where ¢ = Y (0) is a constant. Thus, for t > 0 and increasing ¢ we find that Y also increases
and we conclude that the sum (SI 5.2) over the z;; in the loop increases. Therefore, we
conclude that the fixed point Z = 0 is unstable which corresponds to the fixed point being
unstable. Hence, the loop is unstable for the linearized and also for the full nonlinear
system, and therefore, it will disappear.

Remark SI 5.1 In the case when there are more loops present in the network we can
generalize the above and can conclude that all these loops are unstable and will disappear.
This case relates to the eigenvalue X = kyegTrey having a higher (algebraic) multiplicity
and more eigenvectors so a higher geometric multiplicity.

Remark SI 5.2 The above proof for a general network for 1 or multiple loops can also
be extended to be applied to the other models that we studied in Sections SI 3 and SI 4.
We refrain from giving those proofs here.

A Theorem of Petrovitch

The Theorem proved by Petrovitch [3] states that
if u satisfies the differential inequality

du(t)

>
and y is the solution to the ODE
dy(t)
— — Fy(t),t
e ACIOR)

under the boundary condition u(ty) = y(ty), then: for t < to, u(t) < y(t) and t >
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