Development and analysis of patient-based conducting air-
way models: supporting information

A. Calculating resistance in airway tree models

(a) Schematic of a single airway, «, con- (b) Schematic of a single bifurcation, i,
nected to nodes, i, j. connected to airways, «a, 3, 7.

Figure 1. Airway schematic diagrams

The conducting airway models are made up of a set of one-dimensional elements connected to
nodes. The nodes represent either the entrance to the trachea, bifurcations or the terminal ends
of the airway tree. A pressure, P; is defined at each node, i, where i = 1,..., Nyoges. Similarly,
a flow rate, @), is defined on each element, o, where a = 1,..., Nejes.

For each airway, «, as shown in Figure la, the pressure-flow relationship is governed by
P, — Pj = QaRa, (1)
where the resistance, R,, is a function of flow rate given by

Z(QR, i Z(Q) >1
R, if Z(Q) <1,

where
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c = 1.85, [ and d are the length and diameter of the airway, Re is the Reynolds number and R,
is the Poiseuille resistance. The Reynolds number is given by
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where p is the density of air at body temperature (1.15 Kg m?), u is the dynamic viscosity of
air at body temperature (1.92e-5 Pa s). The Poiseuille resistance is given by

128,
P =i (5)

Pressure boundary conditions are applied at each terminal node such that P, = P, for every
terminal node k.



At each bifurcation, i, as show in Figure 1b, flow rate is conserved such that

Qa = Q[i + Q'y- (6)
A flow rate boundary condition is applied at the trachea, such that for the tracheal element,
QO = Q’L’I’L

Equations 1 - 6 considered for each element and node form a non-linear system that can be solved
to calculate pressures and flow rates on the airway tree. The non-linear system can be written
in the form

AQ) { 9 } ~b, ()
where Q = [Q1,...,Qn,...]T, P=[P1,...,Pn,,,..]7, A is a block matrix of the form
A1(Q) A
[ Ay A ®)

where Aj; € RNetesXNetes = A oy € RNetesXNnoaes = A gy € RNnodes XNetes = A gy € RNnodes XNnodes gpd
b is a block vector of the form

b

ot )

Entries in Aq; and Ay are derived from equation (1) such that for each element « connected to
nodes ¢ and j, as shown in Figure 1a,

(A11)a,a(Qa) = —Ra(Qa), (A12)a,i = 1, (A12)a,; = —1. (10)

Entries in Ag; are derived from equation (6) such that for each bifurcation node, ¢, connected
to elements «, 3, 7, as shown in Figure 1b,

where by € RNetes and by € RNnodes

(A21)ia =1,  (Az)ig=—-1,  (Aa2)iy=—1. (11)
The flow rate boundary condition at the tracheal element, 0, gives
(A21)o,0 = 1, (b1)o = Qin. (12)
Pressure boundary conditions at each terminal node, k, gives
(A22)kk = 1, (b2) = Fo. (13)

All other matrix and vector entries are zero.

The full non-linear system can then be solved using a fixed point iteration of the form

Algorithm 1 Fixed point iteration to solve non-linear pressure and flow rate problem
k=0

Q=0

P’°=0

repeat
k=k+1

Solve A(QF1) { g: ~b

[Qk Pk}Tf[Qkil Pk‘—l]THOC
TTQF P71 <TOL

until !




where T'OL is the tolerance the solution is required to and a direct solver is applied to solve the
linear system [1].



Figure A. Complete patient-based conducting airway models. Each image shows a
patient-based model of the complete conducting airways. Each model is created using a CT scan
of a unique patient and reflects that patient$ airway structure.
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Figure B. Proportion of total airways resistance due to the generated distal airways.
Panels A-C show the proportion of resistance in the Poiseuille flow model in Healthy (A), GINA
1-2 (B) and GINA 3-5(C) patients. Panels D-F show the proportion of resistance at the 1.67
L/a flow rate in Healthy (D), GINA 1-2 (E) and GINA 3-5(f) patients.



CT Central Airways Complete Conducting Airways Published Measures

All Healthy GINA 1-2 GINA 3-5 All Healthy GINA 1-2 GINA 3-5 Experimental Model
0 30.59+1.70 | 30.26+1.55 | 30.53+1.88 | 30.85+1.80 | 42.904+0.10 | 42.89+0.10 | 42.85+0.09 | 42.9240.10 37[2];39,43[3] 50.31[4]
6 (Dp>4mm) 30.684+1.67 | 30.13+1.43 | 30.59+2.15 | 31.09£1.66 | 31.31+1.89 | 30.91+1.87 | 30.94+2.06 | 31.70+1.89 32[5] 33.71[4]
6 (4mm>D,>3mm) | 30.34+4.12 | 31.15£2.94 | 28.66+3.50 | 30.32+£4.96 | 37.22+3.89 | 38.49+£3.23 | 36.56+3.18 | 36.56+4.4532 30[5] 36.72[4]
6 (3mm>D,>2mm) | 24.69+18.07 | 22.39+15.27 | 30.87£19.31 | 24.34£20.08 | 39.92£2.05 | 39.86£1.19 | 39.38+£1.88 | 40.13+2.58 36[5] 45.19[4]
6 (2mm>D,>1mm) 38.78+1.00 | 38.92+0.75 | 38.20+1.34 | 38.86+1.04 43[5] 53.34[4]
1) 90.00+£0.00 | 90.004+0.00 | 90.0040.00 | 90.00£0.00 | 90.0040.00 | 90.00£0.00 | 90.00+0.00 | 90.0040.00 79[3], 90[6] 89.99[4]; 90[7]
Ominor 35.33+2.60 | 35.32+1.94 | 35.03+1.67 | 35.43+3.27 | 44.67+0.10 | 44.67+0.10 | 44.60+0.09 | 44.69+0.11 53.00[4]
Omajor 25.27+1.81 | 24.40+1.92 | 25.48+2.22 | 25.81+1.47 | 38.61+0.20 | 38.58+0.20 | 38.58+0.28 | 38.63+0.19 47.63[4]
L/D 3.96+0.42 3.704+0.18 3.94+0.33 | 4.1440.48% | 4.67+£0.47 | 4.5140.25 | 4.7340.51 4.754+0.56 3.09,3.14[3];2.8-3.25[8] | 2.92[4];3.0[7]
L/Dinor 4.45+0.51 4.15+0.31 4.4140.36 4.67+0.57# 4.73+0.47 4.58+0.25 4.80+0.52 4.82+0.56 2.96[9] 2.88[4]
L/Dajor 3.46+0.43 3.254+0.22 3.4040.40 3.62+0.49 4.514+0.45 | 4.374+0.24 | 4.56+0.50 4.6040.55 2.71[9] 2.96[4]
Dininor/Dmajor 0.82+0.02 0.82+0.01 0.82+0.01 0.814+0.02 0.97£0.00 | 0.97+0.00 | 0.97£0.00 0.97£0.00 0.82,0.74[3];0.86[8, 10] 0.81[4]
D/D, 0.70+0.03 0.71+0.01 0.68+0.05 0.71+0.03 0.82+0.00 | 0.82+0.00 | 0.82+0.00 0.82+0.00 0.83,0.78[3];0.79[8] 0.79[4]
Dinor /Dy 0.63+0.03 0.64+0.01 0.61+£0.04 0.63+0.03 0.81£0.00 | 0.814+0.00 | 0.81£0.00 0.81+£0.00 0.69[4]
Dinajor/ Dy 0.78+0.03 0.79+0.02 0.75+0.05 0.7910.04 0.85+0.00 | 0.854+0.00 | 0.8540.00 0.85+0.00 0.86[9] 0.88[4]
L/L, 1.57+0.22 1.524+0.16 1.574+0.04 1.6040.28 0.89+0.00 | 0.894+0.00 | 0.8940.00 0.89+0.00 0.94[11] 0.81[4]
L1/L2 0.484+0.04 0.504+0.03 0.48+0.06 0.474+0.04 0.68+£0.00 | 0.684+0.00 | 0.68+0.00 0.68+0.00 0.58[3];0.62[8, 10] 0.68[4]

Table A. Morphometric properties of the segmented central airways and complete conducting airway models Comparisons are shown with similar measures that
have been published in the literature. These are divided into experimental measures (such as those obtained via histology and airway tree casts) and measures extracted from other
lung models.
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