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Supplementary Methods

A model of Joule heating and bioheat transfer

To simulate the thermal impact of bronchial thermoplasty, we employ a 2D mathematical model

that couples electric current generated by the electrodes (with integrated temperature control feed-

back) and heat transfer in the airway wall and surrounding parenchymal tissue. Figure S1 illustrates

the relationship between the in vitro, in silico and in vivo methodologies used to assess the direct

acute impact of bronchial thermoplasty on airway wall composition.

Following established models of radiofrequency thermal ablation [S1–5], we use quasi-electrostatic

current conservation

∇ · (σ∇ϕ) = 0 , (1)

for electric potential ϕ, and the bioheat transfer equation for temperature T in the airway lumen, wall
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Figure S1: An overview of the approaches used in the study, in the context of acute and long-term

thermal effects.
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and parenchymal tissue:

c ρ
∂ T

∂ t
= ∇ · (κ∇T ) +Qjoule −Qdiss , (2)

where σ and κ are the electric and thermal conductivities respectively, c is the specific heat capacity

and ρ is the medium density (see Table S1); Qjoule = σ|ϕ|2 is the Joule heating source and Qdiss =

Qperf+Qevap is the heat dissipation due to blood perfusion and evaporative cooling. Perfusion cooling

is assumed to be the only volumetric sink in the airway wall:

Qwall
perf ≈ α qperf (T − T0) , (3)

where T0 = 37℃ is the reference body temperature, qperf = cbρbωb ∼ 104 − 105 W/(K·m3) is the

perfusion rate (ωb) times blood density (ρb) and specific heat capacity (cb) [S1], and α = 0.5 is the

wall perfusion factor that accounts for partial vascularisation. In parenchyma, we take Qpar
perf identical

to (3), with perfusion factor α set to 1.

The heat carried away with evaporation into alveolar space in the parenchyma can be approxi-

mately described (see eqn. (12) in the Appendix) by

Qpar
evap ≈

φa

1− φa

4π

3
ka∆H [Cs(T )− C(T0)] , (4)

where Cs(T ) is the saturated concentration of water vapour at given temperature, ∆H is the specific

heat (enthalpy) of vaporisation of water, φa is the parenchymal porosity, and ka ∼ 10−1 s−1 is the

mean vapour evacuation rate from an alveolus to trachea. ka is estimated by comparing the diffusive

and advective timescales for moisture transport in a typical pathway from an alveolus to trachea,

which consists of about 25 cm of conductive and 1 cm of diffusive portions [S6]. Saturated water

vapour concentration in air Cs (kg/m3) exhibits exponential dependence on temperature T (℃),

which is approximated (in the range of −50 to 100℃) by Cs(T ) ≈ m (T + 273)k1 10k3+k2/(T+273) for

m = 0.21668, k1 = −5.9283, k2 = −2937.4, k3 = 23.5518 [S7]. Reference material parameter values

are given in Tables S1 and S3. Similarly, the evaporation-aided cooling into the luminal space is

described by a flux across the luminal surface

κwall n · ∇T = Dv∆H n · ∇C ≈ 2Dv∆H [Cs(T )− η Cs(T0)]/R0 , (5)

where Dv is the diffusivity of water vapour, η = 0.95 is the relative humidity of the luminal airspace

and R0 is the inner airway wall radius; here we also assumed, following [S8], a parabolic profile of

vapour concentration in the lumen, with vapour concentration of Cs(T ) and η Cs(T0) on the luminal

surface and at the centre of an airway respectively.

The system of equations (1)–(2) is complemented by boundary conditions that set body temper-

ature (T = T0) and zero electric potential (ϕ = 0) at the outer parenchymal boundary, and ensure

continuity of temperature, electric potential, thermal flux and electric current at all the interfaces.

The electric potential at the electrode surface is given by ϕ|electrode = V (t) that obeys the electrode

voltage control equation
dV

dt
= ki (T1 − Te)− kp

dTe

dt
, V |t=0 = 0 , (6)

where Te is the temperature at the electrode inward-facing luminal surface and T1 is the target temper-

ature of 65℃; the integral ki = 20 V/(K·s) and proportional kp = 16 V/K reference control parameters
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electrode luminal air wall tissue parenchyma

Electrical conductivity (σ, S/m)a 106 10−16 − 10−15 0.4 0.15

Thermal conductivity (κ, W/(m ·K))b 16 3× 10−2 0.5 0.45

Specific heat capacity (c, J/(kg ·K))c 5× 102 103 3.5× 103 1.6× 103

Density (ρ, kg/m3)d 8× 103 1 103 2× 102

Thermal diffusivity (D = κ/(ρ c), m2/s) 4× 10−6 3× 10−5 1.4× 10−7 1.4× 10−6

Water vapour diffusivity in air (Dv, m2/s) 2.7× 10−5 [S8]

Latent heat of vaporisation (∆H, J/kg) 2.4× 106 [S8]

a from [S1, S11], b, c, d compiled from [S1, S8, S12, S13].

Table S1: Material properties of the lung (at ca. 37℃ and normal atmospheric pressure).

are chosen so that the target temperature is reached in about 2 seconds within specified maximum

power characteristics [S9].

As a reference model geometry we consider a concentric circular cross-section of an airway with

the luminal radius of R0 = 2.2 mm, airway wall thickness-to-radius ratio of h/R0 = 0.6 and outer

parenchymal radius of 50 mm. Each of the four electrodes has the dimensions of 0.13× 0.33 mm [S9,

S10].

In vitro heating of human primary ASM and epithelial cells and bronchial epithelial

cell-line

Primary ASM cells derived from ASM bundles isolated from bronchial biopsies and used from

passage 2−6, and primary epithelial cells derived from bronchial brushings were cultured as described

previously [S14]. The study was approved by the Leicestershire Research Ethics Committee (REC

08/H0406/189). Informed consent was obtained from all subjects. The immortalized human bronchial

epithelial cell-line (hBEC) was obtained from the LGC Standards cell bank (Middlesex, UK).

Prior to heating, primary ASM and epithelial cells and hBECs were grown to confluence in 24-

or 6-well plates. Media was heated to specified temperatures in Eppendorf tubes in a heat block

(Accublock™ Digital Dry Bath, Labnet International Inc., Edison, USA). Cell medium was aspirated

and replaced with heated medium for 10 seconds before being aspirated off, replaced with fresh medium

and returned to the 5% CO2 incubator at 37℃. To account for loss of heat from the media over the 10

second period, the mean temperature the cells were exposed to over 10 seconds, and the temperature

of the media at the end of the 10 second period were assessed in both 24- and 6-well plates (see

Table S4 below). This showed that the media heated to 65℃ had a mean temperature over the 10

seconds of 58− 59℃ in both the 24- and 6-well plates.

In order to eliminate possible artefacts in the heating response related to cell type, the survival

response of primary epithelial cells versus the transformed hBEC cell line following heating was com-

pared. We found acute thermal effects to be similar in both cultures (see Table S2), with the greatest

response to heating in both primary and transformed epithelial cells occurring with media heated

to 65℃ (Table S2); thus hBECs were used for further experimentation. The number of remaining
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Viable epithelial cells 24 h post-heating (% viability at day 0)

Temperature me-

dia heated to, ℃

hBEC cell line (n=7) p-value Primary cells (n=3) p-value

37 92 ± 4 − 97 ± 7 −

50 101 ± 6 0.7 96 ± 5 1

55 98 ± 6 0.9 92 ± 6 0.9

60 91 ± 6 1 77 ± 4 0.07

65 45 ± 7 ∗ 10−4 20 ± 4 ∗ 10−4

Table S2: Viability of primary epithelial cells versus hBEC cell line assessed with PrestoBlue. Data

are presented as mean ± SEM; ∗ indicates p < 0.001 vs. 37℃, using a one-way ANOVA with Dunnett’s

multiple comparisons test and p-value adjustment.

adherent viable primary ASM cells or hBECs at specified time points over a 2 week period was indi-

rectly determined by measuring cell metabolic activity using PrestoBlue® (Thermo Fisher Scientific,

Warrington, UK) according to the manufacturer’s instructions and confirmed at 24−48 hours, 1 week

and 2 weeks by cell counting in independent experiments.

In order to assess the survival status of the cells that remained adhered to the plates 24 h after heat-

ing, the percentage of the ASM or hBEC cell population undergoing apoptosis or necrosis post-heating

was determined by using the Alexa Fluor® 488 Annexin V / Dead Cell Apoptosis kit (Thermo Fisher

Scientific, Warrington, UK) according to the manufacturer’s instructions as described previously [S15].

Samples were analysed on a flow cytometer (FC 500; Beckman Coulter, High Wycombe, UK), using

Weasel™ software (Frank Battye, Melbourne, Australia). Fluorescence emission was collected at 530

nm (Annexin V) and > 575 nm (propidium iodide) and the percentage of the apoptotic and necrotic

cells derived respectively.

In vivo response to BT

Bronchial biopsies were obtained from 14 subjects before and after BT. All subjects had severe

asthma as defined by ATS/ERS guidelines, and underwent BT as part of their clinical care at one of

four UK specialist centres (Leicester, Glasgow, Southampton and Birmingham). Subjects underwent

clinical assessments whilst stable prior to BT and about six weeks after the final treatment. The

study was approved by the Leicestershire Research Ethics Committee (REC 13/EM/0068). Informed

written consent was obtained from all subjects.

BT was performed as per manufacturer’s guidelines over three staged treatment sessions in the

following order: right lower lobe (RLL); left lower lobe (LLL), and both right and left upper lobes

(RUL, LUL). The right middle lobe was not treated due to the risk of airway collapse and ‘right

middle lobe syndrome’ [23]. Biopsies (two to five) were obtained from the untreated RUL and then

the treated RLL segmental and subsegmental airways at the first and second BT sessions respectively.

It was recommended that each BT session be separated by 3− 4 weeks.

Biopsies were embedded in paraffin. Four micrometre sections were cut and stained with Haemato-
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xylin and Eosin or anti-α-smooth muscle actin (α-SMA, clone 1A4, Dako, UK). Biopsies were assessed

by a single observer (RJR) blinded to clinical characteristics, using ZEN 2012 (Carl Zeiss AG, Ger-

many). ASM content was determined as percentage of the total biopsy area. Epithelial integrity was

assessed by measuring the length of intact, damaged and denuded epithelium as a percentage of the

reticular basement membrane length. Myofibroblasts (isolated α-SMA positive stained cells in the

lamina propria that were neither located as part of the ASM-bundle nor as vascular smooth muscle

cells adjacent to vessels) were counted and expressed as cells per mm2 of lamina propria.

Statistical analysis

Data was analysed in GraphPad Prism® 7.0 (San Diego, California, USA) and R Project 3.2.4,

using parametric and non-parametric tests as indicated below. Confidence intervals for the medians

of cell counts were estimated using the bootstrap percentile method (R boot package). The following

tests for difference in medians were used: Kruskal–Wallis rank test with Dunns post-test for cell

viability assays, Wilcoxon paired test with Benjamini–Hochberg–Yekutieli post-hoc p-value adjustment

for direct and indirect cell counts. Assuming a mean± standard deviation ASMmass of 25± 15% [S16],

N = 14 subjects were required to observe an absolute reduction of 10% ASM mass using a one-

tailed paired test with 80% power at the significance level of 0.05. Features of baseline and follow-

up biopsies were compared using paired Wilcoxon signed-rank test. Pre-BT ASM mass, epithelial

integrity and myofibroblast numbers in the lamina propria and their change post-BT were compared

with change in Asthma Control Questionnaire-6 (ACQ6) and Asthma Quality of Life Questionnaire

(AQLQ) and between responder and non-responder groups (minimal important clinical difference 0.5;

responder defined as ≥ 1.0 improvement as substantial effects were previously observed with sham-

procedure [S17]. A p-value of < 0.05 was considered statistically significant.

Supplementary Results

In silico model sensitivity analysis

To assess relative contribution of parameters of the mathematical model, we performed local sen-

sitivity analysis [S18]. Table S3 reports relative sensitivity ∆f/f
∆p/p in model prediction f , resulting from

a moderate change in parameter value p. For example, a 10% change in electrical wall conductivity,

σ, that results in approximately 1% change in the average wall temperature, 〈T 〉, gives a relative

sensitivity of 〈T 〉 with respect to σ of about 0.1.

The analysis suggests relative insensitivity of the model to the material properties and heating

control parameters (except the target temperature, which is fixed to high precision). However, BT

heating efficiency (in terms of both 〈T 〉 and the fraction of the wall φ65 heated above 65℃) is shown

to be strongly dependent on the airway inner radius and wall thickness (Table S3).

We also further explore the radial distribution of the heat generated by the BT in an airway wall

(see Fig. 2 of the main text) by computing heated wall area fractions as a function of the averaging

distance from the airway lumen (Figure S2). In doing so we quantify the amount of energy delivered

to the inner portion to the wall (small distance from the lumen in Figure S2), compared to the thermal

energy averaged over the entire airway wall area (large distance from the lumen). Note that there is a
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Parameter Reference

value (p)

Relative

sensitivity of

mean temperature

〈T 〉(p)

Relative

sensitivity of

top-heated area

fraction φ65(p)

Geometric Luminal radius, mm 2.2 -0.33 -7.9∗

Outer wall radius, mm 3.52 -0.25 -7.2∗

Electrode breadth, mm 0.33 0.09 2.6∗

Electrode thickness, mm 0.13 0.04 1.2

Physiologic Wall electrical conductivity σ,

S/m

0.4 0.10 1.6

Parenchymal electric conduc-

tivity σ, S/m

0.15 -0.10 -1.4

Wall thermal conductivity κ,

W/(m·K)

0.5 0.10 0.9

Wall thermal inertia cρ,

J/(K·m3)

3.5× 106 -0.05 -0.5

Parenchymal thermal inertia

cρ, J/(K·m3)

3.8× 105 -0.03 -0.4

Reference body temperature

T0, ℃

37 0.11 1.2

Parenchymal porosity φa 0.8 -0.08 -1.0

Alveolar vapour evacuation

rate ka, s
−1

0.1 -0.01 -0.2

Perfusion cooling rate qperf,

W/(K·m3)

0.1 -0.01 -0.2

Control Time of heating t0, s 10 0.09 0.7

Target temperature T1, ℃ 65 0.87 65.2∗

Proportional feedback control

kp, V/K

16 -0.01 -0.1

Table S3: Local sensitivity analysis of model parameters (showing only the parameters with relative

sensitivity of 〈T 〉 of magnitude 0.01 and above). ∗ indicates parameters important for the simulated

thermal impact of BT.
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Figure S2: Radial-averaged fraction of airway wall heated to or above 65℃ as a function of the

distance from the lumen.

maximum in Figure S2, corresponding to the highest proportion of the hot spots, close to the luminal

surface but not at the surface itself due to evaporative cooling effects and ‘blanket’ heating between

the electrode and inner parenchyma (which is more resistant to electric current and, at the same time,

causes faster redistribution of the generated heat, owing to higher thermal diffusivity; see Table S1).

Validation of in silico model of in vitro cooling

To account for loss of heat from the media and to assess temperature variation over time during

the in vitro heating experiments (see Methods for more details), we performed controlled cooling

experiments for the range of temperatures used in in vitro cell heating. Table S4 shows the mean

temperature the cells were exposed over the 10 second period and the minimal temperature of the

media at the end of this period in both 24- and 6-well plates. We used the in vitro cooling dataset

to validate the mathematical model of bioheat transfer (2)–(5) modified to match the multi-well plate

geometry and material properties.

The cooling model is given by the heat transfer equation (2), with heat sources and sinks Q set

to zero. The axisymmetric model geometry (with coordinates (r,z); see Fig. S3A) is divided into the

domains of polystyrene plate walls (w), the liquid medium (m) and the air above the medium (a),

which are characterised by the material properties of Table S1, complemented by the polystyrene wall

and medium thermal conductivities κm = 0.6 and κw = 0.2 W/(m ·K); the wall and medium densities

ρw = 1.1× 103 and ρm = 103 kg/m3; and the wall and medium specific heat capacities cw = 2× 103

and cm = 4×103 J/(kg ·K) [S19]. According to the manufacturer’s specifications, Corning® Falcon®

and Costar® 6-well culture plates have the base radius of a single well of approximately a = 17.4 mm,

the height of about h = 18 mm and the base wall thickness of about d = 1.6 mm. Taking the volume

of 1.5 ml for the medium used in the in vitro tests, gives the medium layer depth of approximately

δ = 1.6 mm.

We require the continuity of concentration and fluxes at all internal interfaces and complement
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Figure S3: Comparison of in silico and in vitro models of heat transfer in a 6-well plate. (A) Tem-

perature distribution in the medium (m), plate wall (w) and air (a) at 5 seconds after the initial

medium temperature of 65℃. (B) Associated cooling curves predicted by the mathematical model (at

mid-depth z = δ/2, r = 0; dashed lines) and measured at varying positions in vitro (symbols).

24-well plate (0.5 ml medium; n=3) 6-well plate (1.5 ml medium; n=3)

Temperature me-

dia heated to, ℃

Temperature

after 10 s, ℃

Mean temperature

over 10 s, ℃

Temperature

after 10 s, ℃

Mean temperature

over 10 s, ℃

37 36.1 ± 0.6 36.4 ± 0.4 36.3 ± 0.1 36.8 ± 0.1

45 42.7 ± 0.1 43.4 ± 0.1 42.1 ± 0.4 43.5 ± 0.2

50 46.0 ± 0.2 47.3 ± 0.02 44.0 ± 1.6 46.5 ± 1.0

55 49.6 ± 0.3 51.2 ± 0.2 48.4 ± 0.3 51.0 ± 0.3

60 52.7 ± 0.1 55.0 ± 0.1 52.3 ± 0.9 55.6 ± 0.6

65 54.9 ± 0.3 58.0 ± 0.2 56.1 ± 0.2 59.3 ± 0.2

Table S4: Experimental measurements of mean and minimum temperatures of media in vitro over

the period of 10 seconds. Data are presented as mean ± SEM.

heat transfer by adding diffusion of the water vapour in the air above the medium

∂tC = Dv∇
2C (7)

and by balancing the direct and evaporation-mediated heat fluxes on the free surface (z = δ), coupled

with saturated vapour concentration Cs, given by

κm n · ∇T = κa n · ∇T + Dv∆H n · ∇C , C = Cs(T ) . (8)

Since the timescales for diffusion in the air, polystyrene wall and liquid medium for the given geometry

are of the same order of magnitude (∼ 10 s), the model cannot be reduced further without loss of

accuracy.
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Finally, we set room temperature outside the plate and initially inside the air layer (Ta|t=0 = 25℃),

assume zero moisture level at the upper boundary (C|z=h = 0) and the initial temperature of the plate

wall equal to the incubator temperature (Tw|t=0 = 37℃).

Figure S3(A) illustrates a heat map of the coupled moisture-heat diffusion model solved in COMSOL

Multiphysics® 5.3, 5 seconds after the start of the experiment. The distribution of temperatures

in the medium is fairly uniform for the 6-well plate, but is more heterogeneous for a smaller 24-

well plate (not shown) due to a thicker layer of the medium. The comparison of the numerically-

predicted transient cooling, fitted to the experimental data at 60 ℃ (via thermal properties of the plate

wall), demonstrates good agreement over a wide range of temperatures (Figure S3B and Table S4).

This approach therefore contributes to validating the heat-transfer component of the mathematical

thermoplasty model. Nonetheless, there remain experimental, physical and geometrical uncertainties

in the model parameters. The predictions of the mathematical model are thus intended to provide a

qualitative rather than quantitative insight into the impact of BT.

Appendix: Evaporative flux into alveolar space

Below we estimate the quasi-steady evaporation flux into a sphere with slow evacuation of vapour,

which is used to approximate the corresponding cooling term in the bioheat transfer equation (2).

Provided that the heat loss from evaporation into the alveolar space is limited by the vapour

evacuation timescale, we consider the steady state transport of moisture

Dv

r2
∂

∂ r

(

r2
∂ C

∂ r

)

− ε γ (C − C0) = 0 , 0 ≤ r < a (9a)

where ka = O(ε) ≡ ε γ is the evacuation rate, with γ = O(1), ε ≪ 1, with corresponding boundary

conditions

C|r=a = Cs(T ), |C|r→0 < ∞ (9b)

Expanding C into asymptotic series C ≈ C(0)+εC(1)+. . ., we find, at leading order, C(0) = A/r+B

for some constants A,B, which reduces to C(0) = Cs(T ) after applying the boundary constraints (9b).

The correction C(1) obeys

Dv

r2
d

dr

(

r2
dC(1)

dr

)

− ε γ (C(0) − C0) = 0 , (10)

and, by applying again the boundary conditions (9b) and using the concentration-independence of the

leading order solution, we can express the correction as C(1) = γ (Cs −C0) (r
2 − a2)/(6Dv), and thus

the evaporative flux jv at the alveolar surface can be approximated by

jv = Dv
∂ C

∂ r

∣

∣

∣

∣

r=a

≈ εDv
∂ C(1)

∂ r

∣

∣

∣

∣

∣

r=a

=
a ka
3

(Cs(T )− C0) . (11)

The volumetric heat loss density is thus given by multiplying (11) by relative volumetric density of

alveolar space φa

1−φa
, the latent heat of evaporation ∆H, surface area of a single alveolus 4πa2, the

total number of alveoli N ∼ L3/a3 and dividing by the lung volume L3:

Qevap =
φa

1− φa
(4π/a)∆H jv ≈

φa

1− φa

4π

3
ka∆H (Cs(T )− C0) . (12)
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