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Abstract

The lung is extremely sensitive to interstitial fluid balance, yet the role of pulmonary lymphatics in lung fluid
homeostasis and its interaction with cardiovascular pressures is poorly understood. In health, there is a fine
balance between fluid extravasated from the pulmonary capillaries into the interstitium and the return of fluid to
the circulation via the lymphatic vessels. This balance is maintained by an extremely interdependent system
governed by pressures in the fluids (air and blood) and tissue (interstitium), lung motion during breathing, and the
permeability of the tissues. Chronic elevation in left atrial pressure (LAP) due to left heart disease increases the
capillary blood pressure. The consequent fluid accumulation in the delicate lung tissue increases its weight,
decreases its compliance, and impairs gas exchange. This interdependent system is difficult, if not impossible, to
study experimentally. Computational modelling provides a unique perspective to analyse fluid movement in the
cardiopulmonary vasculature in health and disease. We have developed an initial in-silico model of pulmonary
lymphatic function using an anatomically-derived structure to represent ventilation and perfusion, and underlying
biophysical laws governing fluid transfer at the interstitium. This novel model was tested against increased LAP
and non-cardiogenic effects (increased permeability). The model returned physiologically reasonable values for
all applications, predicting pulmonary oedema when LAP reached 25 mmHg and with increased permeability.

Materials

Simulations performed on a regular desktop or laptop computer.

Troubleshooting
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Lymphatic Model

1 Estimation of interstitial hydrostatic pressure (Pj,;)

To represent this a sinusoidal function was used:

P, =Asin(B—C)+D

(1)

A, the amplitude, is set to the difference between the maximum and minimum elastic
recoil pressures for the acinus during a breath, as given by the ventilation model. This is
representative of changes in thoracic pressure and is unique to each acinar unit. The
change in period, B, is defined by the breathing frequency, where f, is the breathing

frequency in breaths per second. Multiplying B by time ¢t will provide the exact value of
Bon the sine wave at that particular moment in time.

B == Z?Ifb

(S2)

No horizontal shift is set, so Cis equal to 0. Adding a vertical shift, D, enables the
pressure to gradually fluctuate between -8 (P jns) and -1 mmHg (Pp,4 jng) for the given

amplitude. The vertical shift would be influenced by the interstitial saturation, and
therefore can be scaled as a function of interstitial volume (Vj,,) over interstitial capacity

(Cjng). Furthermore, interstitial compliance is non-linear, having been observed to have

low compliance at small volumes and high compliance at large volumes (1). An estimation
of how these observations might manifest into a formula is through a polynomial
function. To provide a unique relationship for each acinar unit the polynomial function is
determined from the acinar unit amplitude as well as the interstitial pressure limits

(Pmin,int @nd Pmax ind)-

N2 .
D= (Pmin,int - Pmax,int + A) (M) + (_2 (Pmin,int - anx,int + A)) (M) + (Pmin,mt o %)

Cint Cint

(S3)
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As interstitial volume approaches its maximal capacity the sinusoidal function (Equation
A4) moves up the y-axis, indicating greater pressures within the interstitium. Combined,
the overall equation for interstitial pressure becomes:

s -
Pi}lf =A Sin((ZHtfb) - 0) + (Pmin,int - Pmax,int + A) (th) g (_2 (Pmin,int - Pmax,int * A)) (M) +

Cint Cint.

A
(Pmin,int + E)

(S4)

This relationship is plotted in Figure Al.
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Figure S1: Plot of pressure versus time demonstrating the sinusoidal relationships for the
hydrostatic pressure in the interstitial space (Pint, Equation S4) and hydrostatic pressure
in the lymph space (Plymph, Equation S6).

2 Lymphatic hydraulic conductivity
Lymphatic hydraulic conductivity, L,ympn, is estimated using the following equation:

5 4 3 2
Vi Vi Vi Vi Vi
Ly = Loy @1 (22) + 2 (22) 4 s (222) 4ty (22) + ar (228 + et
Lymph cap Cint Cint Cint Cint Cint

(S5)
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Coefficients aq-gwere approximated using a trial and error method using a single,

representative acinar unit (selected from the middle of the right lung) to meet the

following conditions:
= Alveolar flooding occurs when left atrial pressure is 25 mmHg.

= An increase in interstitial saturation without flooding when left atrial pressure is 20

mmHg.

= Resting steady-state interstitial saturation is ~48%.
= A 50% increase or decrease in baseline saturation would return to resting steady-
state values.

This provided the coefficients displayed below in Table S1.

A B
Coefficient Value
al 846
o2 -2417
a3 2389
o4 -922
a5 126
a6 0

Table S1: Coefficients used for calculating lymphatic conductivity (Equation S5)

In reality, there is a baseline rate of conductivity that is only increased when interstitial
volume reaches the threshold at which anchoring filaments begin to open initial
lymphatic pores. Therefore, when interstitial saturation is 30% or less, Lpympp is held

constant at 6.5e"8 ml s'1mmHg'1, or 1.48 times more than capillary conductivity

(Figure S2).
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Figure S2: Relationship between interstitial saturation and hydraulic conductivity.

3 Estimation of lymphatic hydrostatic pressure
The hydrostatic pressure gradient of the lymphatics was approximated using the
following equation, similar to that described above in Equation S4:

2
_A . T Vint A
Phyd,.rymp.h — E sin ((Zﬂ'tfb) + E) + (Pmax,lym'ph - Pminjlymph - A) ( + Pmin,i'nt + E ’

Cint
(S6)

where interstitial volumes and capacities are assumed to represent the likely
saturation of the lymphatics in equilibrium, in the absence of anatomical information
of the initial lymphatics. The equation also includes the Cvalue from Equation A5 that
represents the horizontal offset, m/2, which is a quarter-cycle offset. The offset
enables the cyclical fluctuations in interstitial and initial lymphatic pressure to overlap,
simulating the transient pressure differences between the two compartments that are
hypothesised to exist (2-4). This relationship is plotted in Figure S1.

Perfusion Model

4 The perfusion module simulates pulmonary blood supply within the pulmonary
vasculature. The arterial tree is comprised of asymmetrically bifurcating elements that

represent the arterial vasculature, which supplies ~32,768 (2'9) vessels that feed the
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acinar units at the level of the terminal bronchioles in the airway tree. Within the acinar
unit model, these arterioles continue to bifurcate symmetrically through 9 generations of
capillaries, each connected across the alveoli to a corresponding venule creating a
ladder-like structure (5). Each capillary is treated as a ‘sheet’ that transverses multiple
alveoli, with each sheet having a specific model-calculated flow rate, blood pressure and
surface area, unique to the capillary generation of that acinar unit (6). These values are
dependent on the resistance of each unit's supplying arterial pathway, the amount of
expansion each unit undergoes with breathing, and the gravitational influence to
establish a hydrostatic pressure gradient (7) (Equation S7). Once the blood has flowed
through the capillaries, the venous network continues to transport the fluid out of the
lung using a venous tree that mirrors the structure of the arterial tree. A steady flow is
simulated, which can be altered by changing the boundary conditions (inlet
pressure/flow and the outlet pressure/flow).

AP = 22220 + pgcosoL

D%
(87)

where s blood viscosity, L is the vessel length, D is the vessel diameter, Qis the blood
flow rate, p is the density of blood in the vessel, g is gravitational acceleration 9.81 m/s
and 6 is the angle of the vessel with respect to gravitational direction. This equation,
alongside conservation of mass, is solved through the full network and provides values
of capillary hydrostatic pressure (Ppyq cap), capillary blood volume (V¢g4p) and the flow

rate (Qcgp) - to calculate blood transit time as tiransit=Vcap/Qcapused in the lymphatic

model.

In addition to altering capillary pressure, modifying boundary conditions also changes
the transit time of blood through a capillary bed and the capillary surface area. Whole

lung capillary surface area at total lung capacity (TLC) is estimated to be 73 m2(5, 8),
which can be divided by the number of acinar units to provide Sc,, the surface area

for an individual acinus at TLC (St ¢). However, if the alveolus is not fully inflated
Scap Needs to be scaled accordingly, based on lung compliance (C) and
transpulmonary pressure (Py,), as described by Clark et al. (5) (Equation S8).
Additionally, if alveolar air pressure (P,,) is greater than venous pressure (Pp,) parts

of the alveolar sheet can collapse - this is the so called 'zone 2' flow region. In this
zone of flow, the available capillary surface area (Scap, zone2) is reduced by the factor

protocols.io | https://dx.doi.org/10.17504/protocols.io.kxygx9zmwg8j/v1 November 21, 2022 7/10


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.kxygx9zmwg8j/v1

€3} protocols.io Partof SPRINGERNATURE

described in Equation S9 as defined by Fung and Yen (9) (Equation S9), which is
integrated with Equation S8 to provide the capillary surface area to be used within the
lymphatic model.

2/
Vv 3 _ 2
Scap = SticC ( ) = Spc(1 —0.8e Chp) /3

Vrrie

(S8)

where Fis the maximum fraction of alveolar area that can be collapsed and ois a
constant that determines the extent of capillary collapse for a change in Py,,.

Ventilation Model

5 Elastic recoil pressure was calculated for each acinus using a relationship derived by
Swan et al. (10), as shown in Eq. A4. Here, P, is approximated from a 3D strain energy

density relationship by assuming that each acinus expands isotropically. A is the isotopic
strain (Eq. 4) calculated from the current acinus volume (V) and its undeformed volume

(Vo).
p, = ii; (3a + b)(A2 — 1),

(810)

where y is equal to

%(3.:1 + bh)(A2 = 1)?

and A is the isotropic stretch from the undeformed reference volume (V), calculated as
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A=2V/v,.

Estimated strain energy density function valuesare &, 2500 Pa (11); a, 0.433 (12); b,
-0.611(12)). Maximum and minimum elastic recoil pressure values are used as a surrogate
of the change in pressure within the thoracic cavity within the lymphatics model (Figure

1).
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