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The human respiratory system
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The human respiratory system




The pulmonary airway system

23 generations on average in the human lung

Gen. 0 — 15, conduction

Gen. 16 — 23, respiration
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Scaling in the pulmonary airway system

Weibel & Gomez, Science (1962)
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- cylindrical tubes
- self-similarity: constant diameter ratio

D =D h" - Dichotomous and symmetric branching




Murray-Hess law

How to minimize the energy cost for a given flow rate?

( ) e=aV+R¢’ —aLD2+,B —

O:2aLD—4,B§¢2 ‘D%c@!!‘

At each bifurcation:

¢o:¢1+¢2:>D§:D13+D§

Energy cost of transport

h, = & = 2_% ~0.79
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Vessel cross-section

W.R.Hess, 1913 ; C.D. Murray, 1927; T.F. Sherman, 1981
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Previous work on the economy of the circulation is to be found in the articles by
W. R. Hess. (See especially, Pfluger’s Arch., 168, 1917 (439-490). In this paper he
deals with the compromise between resistance to flow and the volume of a vessel. He
develops equations (which can be derived from those given in the present paper), but,
failing to recognize the significance of his units, the dimensions of his constants, and
particularly the fact that economy is a question of work, he misses what seems to be
the essence of the problem. The fundamental equations given in the present paper
cannot be derived from those of Hess.)




The fractal dimension of a tree

h<0,5 D=1

h>0,5 Infinite length

It requires 1 parent branch + 2 sub-trees (scaled by h) to
recover the entire initial tree

1 D
2+1 branch = (Ej

In 2

2CENIO




The fractal dimension of the tracheobronchial tree
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The bronchial tree is space-filling!




Benoit Mandelbrot 1977



Poiseuille flow
(stationary, laminar)
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Dead space volume




Total airway resistance
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A highly constrained system

Large dead space volume

Large airway resistance

Large transit time

0.5



The optimal tree would correspond to h=21/3,
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Actual scaling in the tracheobronchial tree
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Surfactant delivery into the human lung

Non linear transport of fluids into the pulmonary airway system



Airway and alveolar liquid lining

Cultured human tracheobronchial Alveolar liquid lining and
airway epithelia surfactant system
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T-col-semipermeable supports Surfactant made in Type Il cells

Measurements of Airway Surface Liquid Height
{Volume) by Confocal Microscopy

Authors: Robert Tarran and Brian Button

Cystic Fibrosis/Pulmonary Research and Treatment Center, The University of
North Carolina at Chapel Hill, Chapel Hill, NC, USA

e-mail: robert tarran@med.unc.edu, brian _button@med.unc.edu



Surfactant effects on surface tension

e Alveolar Type Il cells produce surfactants ;’“ |

air

oo o OO/

e Surfactant molecules (DPPC) are in the liquid lining bulk and interface

Type Il Cell

Air Space

surface tension

surface concentration

eSurfactants at the interface reduce surface tension



Air-cycled vs. Saline-cycled Lung

Saline-cycling — removes air-liquid interface, no surface tension
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Air. less compliant, larger hysteresis

Saline: more compliant, smaller hysteresis

FIG. 5. Kurt von Neergaard (1887-1947). He made important
studies of lung elasticity and flow resistance with Wirz. Independ-
ently he published a classic paper on surface forces in the lung. Like
Wirz, von Neergaard spent only a relatively brief period in physi-
ology and devoted his later life to clinical practice at the Institute
of Physical Therapy in Zurich. (Courtesy of the National Library
of Medicine.)



Neonatal Respiratory Distress Syndrome

« Prematurely-born neonates have immature alveolar type Il cells :
» These type |l cells lack sufficient surfactant-producing capacity E?
« Abnormally high surface tension reduces compliance f
« Develop Respiratory Distress Syndrome (hyaline membrane dis.)

« ~ 1% of all birth ~ 40,000 cases annually in the US

Surfactant Replacement Therapy (SRT)

N .
= Mortality dropped from 4,997 deaths (1980) to 861 (2005) /\)

= SRT played a major role in this decrease of mortality

= Survivors have still high incidence of bronchopulmonary dysplasia (BPD)



Acute Respiratory Distress Syndrome (ARDS)

Normal Alveolus ] Injured Alveolus during the Acute Phase ]

Alvaolar air space \:} » Protein-rich edema fluid
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Acute Respiratory Distress Syndrome (ARDS)

Chest X-ray of ARDS patient

Normal

m Adults with Acute Respiratory Distress Syndrome have impaired
surfactant function from lung injury.

Direct: aspiration, pneumonia, toxic inhalants

Indirect: trauma, shock, sepsis

190,000 cases in US annually

~40% mortality or 75,000 deaths per year

SRT is not working in adults, studies have been discontinued



SRT in adults for ARDS

Gregory et al., Am J Respir Crit Care Med. 1997

Dose Volume: 2 ml/kg-4 ml/kg ~ 140/280 ml for 70 kg patient
Surfactant Concentration: 25 mg/m|

Molecular Dose: 50 mg/kg -100 mg/kg

Mortality: 18.8% SRT (n=43) vs 43.8% control (n=16)

Lewis et al., Am J Respir Crit Care Med. 1999

Dose Volume: 4 ml/kg (40 kg sheep)

Surfactant Concentration: 6.25 mg/ml, 25 mg/ml, 50 mg/ml

Molecular Dose: 25 mg/kg, 100 mg/kg, 200 mg/kg

Result: Improved oxygenation all concentrations, better for 25,50 mg/ml

Spragg et al., N Engl J Med. 2004

Dose Volume: 1ml/kg ~ 70 ml for 70 kg patient
Surfactant Concentration: 50 mg/ml

Molecular Dose: 50 mg/kg

Mortality: no effect (n=224 SRT, n=224 control)

Spragg et al., Am J Respir Crit Care Med. 2011
Dose Volume: 1ml/kg ~ 70 ml for 70 kg patient
Surfactant Concentration: 50 mg/ml

Molecular Dose: 50 mg/kg

Mortality: no effect (n=419 SRT, n=424 control)



Aim

To develop a 3D mathematical and numerical model
of the lung for predicting the final distribution of a
liquid bolus initially instilled into the trachea.
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Modeling SRT

Computing plug propagation in the entire pulmonary airway tree?

Number
Name of branches of tubes
— . | inbranch
Trachea ]5 1
Bronchi e O\
8 f’*é o A
- E |
2 BE_ B :
§ J [C _/j 8
§ Bronchioles f 16
Y .\ 32
b
Terminal bronchioles 6 x 104
|
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Respiratory E —
g bronchioles L l
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O {
E Alveolar ducts 5,
5 € (VY |
Alveolar sacs A,




Building a model of SRT

Geometrical model of the lung

Solve the fluid transport in the geometrical model

Delivery conditions

Density

Surfactant properties Viscosity
Surface tension

patient Position

Flow rate

Instillation
Volume




Geometrical model of the tracheobronchial tree

Simplified pulmonary airway system (3D)

Instillation :> Deliver
(surfactant) Y
Trachea :> Bronchioles

The entire airway system is described as
an assembly of straight tubes connected by bifurcations




Geometrical model of the tracheobronchial tree

Each airway is
parameterized by

Diameter

Length

All bifurcations are coplanar
and characterized by

Rotation angle

Branching angle

Drt 079

n

L=3D
¢=90°

6=60°



The geometrical model of the tracheobronchial tree

= Specific geometry of the proximal airways

min max

Small DSV, admissible transit time to acinar regions.

= Self-similar & asymmetric intermediate TB tree

ratio L/D

Small hydrodynamic resistance, airway size distribution.

= Terminal airway: diameter of the terminal bronchioles D= 0.5 mm

Generation Scaling ratio h for D Ratio L/D
h»,.ng_;c h?nin
1 0.87 0.69 3.07
2 0.80 0.67 1.75
3 0.83 0.67 1.43
4 0.86 0.74 1.85
5-23 0.87 0.67 3.00

y - i S
\/ Florens et al.
J. Appl. Physiol., 2011

Systematic branching asymmetry



Size distributions in the lung airways

References
= Teminal airways: 9<g<23 &<g>=15-16 12 (15 = 2-4)
= Acini: ~ 23000 (30000: 15000 — 61000)
" Dead Space Vol: 153 mL (150-170 mL)
B0O— f:’"
4 - — NIDEL *o
Zo00— M= — W 60 @ amm
Horsfield, ;.m- 40| Weibel, 1963
J Appl Physiol §a00— 2l
1971 2
0 0 : . : '“r.." ‘ i' ,.-‘v’.-.- -.-.I.‘; S | _ l :
’ O DIvIsIoN FROM TRACHEA @ 185 4567 880N RZBAE
Generation
il

15 20 25 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
DIVISION FROM TRACHEA Generation



Surfactant instillation — Lung Close-up

» The excised lung suspended and ventilated from tracheal cannula.
= A small diameter tube attached to a syringe was inserted into the cannula
(upper center of figure).

= A surfactant bolus was formed in the cannula by injecting 0.05 ml of surfactant
through the small diameter tube.

Experimental Conditions

* Excised Rat Lung
* Lung Suspended Vertically
* Normal Bolus Volume

Cassidy et al., J. Appl. Physiol. 2001. « Surfactant = Survanta
Anderson et al.,J. Appl. Physiol. 2004. « Ventilation Rate - 60 br/min

(Courtesy of Robert Molthen, Medical College
of Wisconsin, Milwaukee, WI)



Surfactant deposition on the airway walls

- h 0.523
—2Ca
o | =0.36(1-e")
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. . e Hal d Grotb
h alpern and Grotberg,
i L = Ca = U, J. Fluid Mech. (1992)
o Halpern, Jensen, Grotberg
J. Appl. Physiol. (1998)
Surfactant coating Surfactant coating
Dose : 5 ml, Flow rate : 1 mlis Dose : 5 ml, Flow rate : 50 mlfs
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Propagation of a plug in the tree

When the plug is instilled, it follows a succession of
propagations in straight tubes and splitting at bifurcations

Propagation into
a straight tube

The process can be decomposed into
two elementary steps:

Splitting at the
bifurcation




Splitting ratio

The splitting ratio is defined as the ratio of the volume of liquid

entering the upper daughter, V, , to the volume of liquid
entering the lower daughter, V,
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R 12
Y,
P 20 3 >
L =
1 1 a, — b
L8 pQ4Ly ,
Ty — Ty = —— — pgL, siny
5
1—r'ﬂﬁj—_]_—];—c—. > VZ, 8 pU,L,
Ty — Ty = EI:" s | pPgL. (5N :':::;:l[li]' s COS Elygln-.r.rj + E _
a2
. 2 2 . . - 8 p UL,
m:.—ﬂg=EP(U§—U{]+ng3(smEIH sin @ — cos Bygin —|—|3T
3

20

d

=




Reducing the complexity

Navier-Stokes equation + Mass conservation

pi—l‘:erUﬁU—yAUJr@P =f
div(i) =0

P-F :(P1_7Z'1)+(7T1_7[0)+(7[0 _71'2)"'(772 - Pa)

20 81Q, ) 81Q, ) ) ) 20
= + — pQgsin + — sin @, sin ¢ +cos &, sin L, ——
a —h 73814 £9 7L 7za;‘ ,og( 2 @ 2 7/) 2 a,
20 81Q, ) 81Q;, ) ) ) 20
= + — o0 Ssin +| —=— pg(sin 8, sin @ + cos &, sin L, ——
a —h 7za14 £9 7L 7za§' ,og( 32l Q 3 7/) 2 3
V, =m;L, :a(vl _Vc) Ve :”(alz_hz)l‘o V2 @

V, =il = (1-a)V, -V,) h/a, =0.36(1—e %) TV, 1-a




Critical value of Ca for plug splitting

in an asymmetric bifurcation

0.9
T e
- -
-
3|
. 1
Symmetric
0.08 0.1 012
Zheng et al., J Biomech Eng (2005, 2006)
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17 1-
—¢=15° —$=15°
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Rate equations in asymmetric branching
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SRT model

Geometrical model of the lung

Solve the fluid transport in the geometrical model

Delivery conditions

Density

Surfactant properties Viscosity
Surface tension

patient Position

Flow rate

Instillation
Volume




Parameters

Surface Tension

m From 30 to 50 dynes/cm
o =30 dynes/cm
Bernhard W, et al. Am. J. Respir. Crit. Care Med. , 2000

Viscosity
m pu=30cP
> Survanta (bovine)
> Infasurf (calf)
> Curosurf (porcine)
m u=3cP
> Exosurf (synthetic)

King et al Am. J. Physiol.-Lung Cell. Mol. Physiol., 2002
Lu et al BBA-Biomembranes, 2009



Absolute delivery (V)

Normalized delivery (V,)

Distribution of surfactant at the end of the tree

vu\\/u

1] SID 160 15ID 260
Bronchiole number

W last Generation

280

VVVU

L L L L
1] a0 100 150 200

Bronchiole number

Higher velocity

2

Vo: Initial volume of the plug
Vi: Volume reaching terminal airway i

V.
Efficiency = 100 x Z \7'

Histogram

1] 02 04 06 08 1 1.2 1.4 16 18 2

Normalized delivery

Higher homogeneity

Lower efficiency

0

: V.
V — |
30 mean(V,)
| Homogeneity =
YT SD (v, )

Fundamental dilemma



2 |lb Neonate

Airway geometry

Adult

Airway geometry

Welbel symmetric tree, branching angle
= 90° planar rotation angle =
90°,trachea diameter = 0.4 cm, terminal
bronchiole diameter = 0.05 cm — 511
branches, 256 leaves, 8 generations

Weibel symmetric tree, branching angle
= 90°, planar rotation angle = 90°,
trachea diameter = 2 cm, terminal
bronchiole diameter = 0.1 cm — 8191
branches, 4096 leaves, 12 generations

Surfactant properties: p=1 g/cc, o= 30 dynes/cm,

u= 30 cP (Infasurf, Survanta, Curosurf),
u=3 cP (Exosurf)



SRT 1 kg Neonate

Dose : 1 ml, Flow rate : 6 ml/s Dose : 1 ml, Flow rate : 6 ml/s
1% 1%
1cm| {— 0.75% 0.75%
& J ¥ %
o8 ¥ W b lo.s% 050
AL/ g .5% 10.5%
gi“ %xr‘ff&:%r' 8 -,
o 3 ol pr 4t
% e PR 0.25%
Hupd vl
0
(a) (b)
€,
g 3 2
t o
= S 18/
o o
N 5
s s 10
£ £
o £
2 s 5
.—
0 =l
0 50 100 150 200 250 1.5 2
Terminal branch number Normalized delivery
(c) (d)

1 kg neonate in LLD, viscosity u=30 cP, dose 1ml, flow rate 6 mil/sec. n=52.8% (a)
front view (b) top view of the 3D model with color coded amounts percentages in the
acini (c) normalized delivery plotted vs i=1 to 256 acini (d) histogram showing
1/SD=4.9.

MF, Tai, Grotberg, PNAS (2015)



SRT 70 kg Adult

Dose : 40 ml , Flow rate : 240 ml/s Dose : 40 ml , Flow rate : 240 ml/s
0.4% 0.4%
10cm
0.3% 0.3%
0.2% 0.2%
0.1% 0.1%
0 0
(a) (b)
20 4000
=
P S
$ 15 2 3000
D &
= 2
T (V]
f«_’ 10 s 2000
£ -
s 5 E 1000
= o
.—
0 0 : v
0 1000 2000 3000 4000 0 5 10 15 20
Terminal branch number Normalized delivery
(c) (d)

70 kg adult in LLD position, dose 40 ml, flow rate 240 ml/s, u=30 cP, n=13.0%, (a)
front view (b) top view (c) vs i=1 to 4096 (d) histogram showing 1/SD=0.41.

MF, Tai, Grotberg, PNAS (2015)



Same geometry, same surfactant, 3 different volumes

Dose: 2x35 ml (RLD+LLD), Flow rate: 240 ml/s

10.06 ml

10.04 ml

0.02 ml

Dose: 2x140 ml (RLD+LLD), Flow rate: 240 ml/s

Dose: 2x70 ml (RLD+LLD), Flow rate: 240 ml/s

10.06 ml

10.04 ml

0.02 ml

0.08 mi

10.04 mi

0.02 mi



SRT Model Efficiency and Homogeneity

Dependence on Flow Rate, Dose Volume, Lung Size

¥ dose volume LLD

5 dose volume RLD

100; Neonate lung 100; Adult lung

o B S Ve MG S s e s ) < 80 I
S SE 3 Kl T
Seor B @ CCc--..1: . 199 £ g0
> | .. "3 v. . 0 > 4
g S @ &
.g 40 4ml - .g 40; 70ml 4
E '5m| 450 E .;;g:: : " L : 12
w 20 ki 20 © 420 ml : 3 ...... . %9 l

% 2 4 % 100 200 300 400 °

Flow rate (ml/s) Flow rate (ml/s)
(a) (b)

MF, Tai, Grotberg, PNAS (2015)

1/SD



SRT in adults for ARDS

Gregory et al, Am J Respir Crit Care Med. 1997

Dose Volume: 2 ml/kg-4 ml/kg ~ 140/280 ml for 70 kg patient
Surfactant Concentration: 25 mg/m|

Molecular Dose: 50 mg/kg -100 mg/kg

Mortality: 18.8% SRT (n=43) vs 43.8% control (n=16)

Lewis et al, Am J Respir Crit Care Med. 1999

Dose Volume: 4 ml/kg (40 kg sheep)

Surfactant Concentration: 6.25 mg/ml, 25 mg/ml, 50 mg/ml

Molecular Dose: 25 mg/kg, 100 mg/kg, 200 mg/kg

Result: Improved oxygenation all concentrations, better for 25,50 mg/ml

Spragg et al, N Engl J Med. 2004

Dose Volume: 1 ml/kg ~ 70 ml for 70 kg patient
Surfactant Concentration: 50 mg/ml

Molecular Dose: 50 mg/kg

Mortality: no effect (n=224 SRT, n=224 control)

Spragg et al, Am J Respir Crit Care Med. 2011
Dose Volume: 1 ml/kg ~ 70 ml for 70 kg patient
Surfactant Concentration: 50 mg/ml

Molecular Dose: 50 mg/kg

Mortality: no effect (n=419 SRT, n=424 control)
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Efficiency index

80r
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SRT Model Efficiency and Homogeneity

Dependence on Flow Rate, Dose Volume, Lung Size

«2ml
3ml
-4 ml
+5ml

Y dose volume LLD
5 dose volume RLD

Neonate lung

1100

1/SD

150

2 4
Flow rate (ml/s)

(a)

140 ml/280 ml Gregory 1997 Success

70 ml Spragg 2004, 2011 Failure

100, _ Adult lung
« 80 1
Q -
B | T e e,
| 40
o 7
: —
.g 40- 70ml =
E R : 2
" 200 L G20 mi N KRR E S E L . 4

% 100 200 300 400 °
Flow rate (ml/s)
(b)

Flow rate decreases efficiency due to increasing R, “coating cost”
Flow rate mostly increases homogeneity due to increasing R toward unity
Neonatal homogeneity is an order of magnitude larger than adult

70 ml adult worst choice, local max, both n and 1/SD near zero from coating cost



Addressing the medical community

Doses: 2x35 ml (RLD+LLD) Doses: 2x105 ml (RLD+LLD)
Flow rates: 250 ml/s (R), 500 ml/s (L) Flow rates: 250 ml/s (R), 500 ml/s (L)

0.1 ml 0.1 ml
10.075 ml

10.075 ml

10.05 ml 10.05 ml

0.025 ml 0.025 ml

Grotberg et al., Am. J. Respir. Crit. Care Med. (2017)



Why this “failure” of SRT in adults?

“Exogenous surfactant replacement in ARDS - One day,
someday, or never?” Baudouin SV. N Engl J Med. 2004

> Surfactant biochemistry is not working
> The surfactant does not reach the acinus

> The underlying ARDS injury is still active



Equations modeling the flow motion

Navier-Stokes/Continuity Equations

La(zl:Jru-Vuj =V*u-Vp-Bosin(p)e

y
V-u=0
Dimensionless Parameters:
Laplace #: oh Bond #: 2 Capillary #:
H o ho
Dimensional Parameters:
u: fluid velocity p: fluid pressure ¢: roll angle
e,: vertical unit vector p: liquid density o surface tension
h: parent channel height u: liquid viscosity g: gravitational const

Q: gas flow rate

Assume Passive Gas Phase & La << 1 (Stokes Flow)



Parameter Ranges of Ca and Re
Neonates and Adults at airway generation n

u=0.25 poise, =30 dynes/cm . u=0.25poise, p=1g/cc
230 pU h

200 Re = L

7

0 3 10 13
- M
— Q=200 cc/s, d0=1.8 cm. adult — Q=200 cc/s, d0=1.8 cm. adult
----- Q=110 cc/s, d0=1.8 cm, adult 77 QFLI0 cofs, d0=1.8 om, adult
— — Q=11cos d0=0 4 cm_ neonate - szl cc's, d0=0.4 am. neonate
—-— Q=5 cols, d0=04 cm_ neonate —~— Q=5 cc/s, d0=0.4 cm, neonate

Ca, Re, similar order of magnitude for adults and neonates.



Parameter Range of Bo
Neonates and Adults at airway generation n

p=1g/cc, g=980 cm/s"2, 0=30 dynes/cm

—— di=1.8 cm. adult — — d0=0.4 cm. neonate

Order of magnitude difference between adults and neonates



Scaling in Nature

Surface tension, gravity effects, and velocity do not scale identically!




A fundamental misunderstanding?

Common concept in drug delivery assumes
a “well mixed compartment”

Double the concentration and halve the volume... should
result in the same clinical result

The neonate lung is well mixed, very high 1/SD
The adult lung is poorly mixed, low 1/SD

> The absolute volume is “critical”

> Fixed cost of airway coating

Physics and fluid mechanics send a new message



Surfactant delivery distribution in rabbit experiments

Measurement of surfactant distribution in living systems has been done in animal models by
instilling surfactant mixtures with radio-tagged molecules. The lung or lobe is then frozen
and sliced into many pieces, on the order of 50-200 depending on the study. The
radioactivity or microsphere count of each slice is divided by its weight, giving a measure of
the amount of surfactant delivered per unit weight. Then that value is divided by the average
value of all of the slices, so a relative delivery ratio is achieved. If the surfactant were
uniformly distributed, that ratio would be unity for all slices.

Distribution of instilled surfactant in rabbits per unit weight for

5 ml containing 200 mg surfactant 50 ml containing 50 mg surfactant

relatively heterogeneous distribution relatively homogeneous distribution.
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Surfactant delivery
Dose : 0.4 ml, Flow rate : 20 ml/s
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Surfactant coating
Dose : 0.4 ml, Flow rate : 20 ml/s




The future of SRT

Reliable animal models?

Rat lung

Virtual delivery

Dose: 1.125 (mL.kg™?)

0.005% 0.1%

0.00375% 0.075%

| 0.0025%
0.05%

0.00125%

0.01% ) 0.025%

(Simulations by A. Kazemi)



Playing with surfactant viscosity (Exosurf)

Case 2: Neonate LLD Head Down 30° p=3 cP

Surfactant delivery

Dose : 1 ml, Flow rate : 6 ml/s
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Acinar delivery histogram

Surfactant delivery
Dose : 1 ml, Flow rate : 6 ml/s

2%

Transverse View

n2x Casel, SD 6x Case 1

Very inhomogeneous.

No delivery right lung.
Exosurf discontinued.
Biochemistry or delivery?



Patient-Specific SRT
CT Scan and Image Processing

Trathea Traghea

Brongchlnt

/1 Sven Holcombe, 2015

(@) (b)

(a) 6 generation airway tree of a 67 y.o. female with normal lungs.
(b) same airway tree with equivalent tubes and angles which are
inputted to the SRT simulations.




Patient-specific SRT simulations

Dose : 40 ml, Flow rate : 240 ml/s Dose : 40 ml , Flow rate : 240 ml/s
0.3% 1%
0.225%

=0.75%

10.15% 10.5%

0.075% 0.25%

(a) (b)

Numerical simulation of surfactant delivery in an airway tree based on
(a) 67 y.o. female patient data with tracheal diameter 1.4 cm.

(b) Raabe data (1976) with tracheal diameter 2 cm and similar planar rotation angles from (a).



Conclusions and perspectives

First physico-mathematical model of SRT
Computes efficiency and homogeneity down to the individual airway.

Increasing Ca has two opposite effects: increases homogeneity, but
reduces efficiency.

Delivery in adults is facing simultaneous high values of the Bond number
(inhomogeneous splitting) and of the capillary number (airway coating)

Room for Biomedical engineering of SRT: to determine optimal
volumes, orientations, flow rates

Modify the physical properties of the surfactant (viscosity, density,
surface tension)

Animal models: Large animals (sheep, pig)

Future: patient specific delivery



