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ABSTRACT
Acute respiratory distress syndrome (ARDS) and infant respiratory distress syndrome
(IRDS) are pulmonary diseases with a mortality rate of ∼40% and 75,000 deaths annually
in the United States. Mechanical ventilation restores airway patency and gas transport but
leads to ventilator-induced lung injury. Surfactant replacement therapy alleviates these
effects in IRDS, but is ineffective due to surfactant delivery difficulties and deactivation
by vascular proteins leaking into the airspace in ARDS. Here, we demonstrated that
surfactant function can be substantially improved (up to 50%) in situ in an in vitro
pulmonary airway model using unconventional flows that incorporate a short-term
retraction of the air-liquid interface, leading to a net decrease in cellular damage. This
research may provide a starting point for developing novel ventilation waveforms to
improve surfactant function in edematous airways.
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1. INTRODUCTION
Acute respiratory distress syndrome (ARDS) and infant respiratory distress syndrome
(IRDS) are pulmonary diseases with mortality rates of approximately 40%, resulting in
75,000 deaths in the US annually [1]. Treatment involves the coupling of surfactant
replacement therapy and mechanical ventilation in order to restore pulmonary function.
Ventilation is a double-edged sword that can damage the sensitive tissues of the lung and
lead to ventilator induced lung injury (VILI), which can exacerbate the effects of ARDS
and IRDS.
The goal of our research is to analyze the relationship between airway reopening
events and surfactant physicochemical hydrodynamics in cases of VILI. In particular, we
will investigate how surfactant transport phenomenon affect the damaging mechanical
stresses caused by reopening the airways of the lung in order to identify novel reopening
waveforms that may decrease the severity of VILI. This work substantially extends prior
research in fluid mechanics, surfactant physicochemical hydrodynamics, and fluidstructure interactions in the pulmonary system.
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2. BACKGROUND
2.1. PULMONARY PHYSIOLOGY
The heavily branched architecture of the lung creates a highly complex and
dynamic structure that is ideal for gas transport. This system allows uptake of air from the
surrounding environment, through the constantly bifurcating and narrowing airways, and
into the alveoli. Air first enters the trachea, which branches into the two main bronchi
that enter the lungs. The bronchi continue to divide and turn into the bronchial tree,
which terminates in alveolar sacs. These clusters are made of alveoli tightly wrapped in
blood vessels, allowing gas exchange. Deoxygenated blood is pumped through the
pulmonary artery and into the lungs, where oxygen diffuses into the bloodstream in
exchange for carbon dioxide, which is moved out of the respiratory system during
exhalation.
The upper region of the lung provides a low resistance pathway that conducts gas
into the lower respiratory zones. The constant branching of the trachea down to the
terminal bronchioles results in 25+ airway generations. Each bifurcation results in two
daughter airways, and as the number of airways increases, the lung becomes more rigid
and narrow. This leads to an exponential increase in surface area that culminates in the
alveolar-capillary bed structure.
The conducting airways, which consist of the first 12-16 airway generations, are
responsible for warming and moistening inhaled air while removing hazardous particles.
Located in this region are goblet cells, which regulate mucus production, and ciliated
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epithelial cells, which beat in concert to transport mucus and trapped foreign particles
towards the mouth for expulsion from the lung.
The lung’s lower airways, considered to be generations 16-27, are a branching
series of smaller bronchioles that terminate in alveolar clusters (Figure 2.1), where gas
exchange occurs. The airways in this lower system are far more compliant than the more
rigid conducting region with walls composed of a single layer of epithelial cells. The
pulmonary epithelium of the terminal airways and alveoli is in direct opposition with the
capillary endothelial cell layer, enabling the efficient transport of gases between the lungs
and circulating blood.

Figure 2.1: Diagram of alveoli and the respiratory bronchioles [2].

Within this respiratory zone of the lung, there are two structurally and
functionally distinct classes of epithelial cells. Type I epithelial cells have a flat profile
and cover about 80-90% of the surface, while type II epithelial cells have a cuboidal
profile and are more prevalent in the alveoli. Type I cells form the majority of the barrier
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between the alveolar space and the microvasculature. Type II cells secrete and maintain
pulmonary surfactant.

2.2. PULMONARY MECHANICS
The lung airways are lined with a thin layer of fluid which creates interfacial
surface tension forces that are necessary for lung structure and function. These forces
determine the capacity of the lung to expand and contract. Abnormal, excessive surface
tensions that can arise in disease states lead to difficulties in breathing. The dependence
of lung inflation pressure on surface tension forces is demonstrated by the pressurevolume curves of Figure 2.2. Here, the typical healthy lung is designated as air-filled,
while fluid filled lung mechanics are provided for the sake of comparison. Two key
observations that can be made from these results are 1) the pressures required to inflate
the air-filled lung are much greater than those for the fluid-filled lung, and 2) that the
larger slope of the fluid-filled lung indicates a far more compliant environment.
The difference between these two curves is directly correlated with the presence
or absence of an air-liquid interface. Surface tension forces develop along the air-liquid
interface that extends throughout the liquid-coated airways and alveoli of the air-filled
lung. These forces significantly increase lung inflation pressures in comparison to the
saline-filled lung, where the absence of air (and thus an air-liquid interface) removes
surface tension effects from the inflation-deflation dynamics. The hysteresis behavior of
the air-filled lung designates the difference in surface tension forces during inflation and
deflation, which can be explained through investigation of surface-active compounds.

5

Figure 2.2: Schematic diagram of pressure-volume loops in saline-filled and normal airfilled lung [3]

2.3. PULMONARY SURFACTANT
Pulmonary surfactant, which contains proteins formed by type II airway epithelial
cells in the airways, is a critical surface-active compound that resides on the surface of
the lung’s lining fluid, reducing surface tension and thus decreasing the forces necessary
for inflation. Surfactant production begins during lung development in the prenatal infant,
typically 20 weeks before birth, as evidenced by the appearance of lamellar bodies in the
cytoplasm and the pulmonary epithelium. Within the cell, surfactant is synthesized in the
lamellar bodies before being secreted by exocytosis to the lining fluid. Once incorporated
into the lung’s lining fluid, surfactant has a half-life of roughly 10 hours. It can be broken
down by macrophages and reabsorbed into type II airway epithelial cells roughly 90% of
the time (while the other 10% is digested) [4].
Structurally, pulmonary surfactant molecules are composed of both hydrophilic
and hydrophobic regions. This promotes their passive adsorption to air-liquid interfaces:
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hydrophobic heads align with the fluid phase and hydrophobic tails extend into the air
[5]. Surfactant residing on this interface effectively separates air and liquid phases,
disrupting intermolecular forces and decreasing surface tension. As such, pulmonary
surfactant is responsible for lowering the energy of inflation in the air-filled lung to
physiological levels.
Dipalmitoylphospatidylcholine (DPPC), which constitutes 70% of the lipid
structure, is the most surface-active component of pulmonary surfactant. It is capable of
reducing interfacial surface tension to 25 dyn/cm, far less than the 72 dyn/cm that exists
in the absence of surfactant. This phospholipid is composed of two 16-carbon saturated
chains as well as a phosphate group with a quartenary amine group attached [6]. DPPC is
able to be compressed far more than a typical phospholipid, as the apolar tail is more
linear, allowing for unique compression characteristics that can lead to ultra-low surface
tensions. DPPC, however, contains very slow adsorption kinetics, which the rest of the
pulmonary surfactant structure makes up for [7, 8].
The remaining pulmonary structure is composed of surfactant associated proteins
(SP-) A, B, C and D. SP-A and D contain carbohydrate recognition domains that allow
such immune processes as the promotion of phagocytosis by macrophages on viruses and
invasive bacteria. SP-A is also important in the control of the production of surfactant
through a negative feedback mechanism [9-11]. These proteins have little impact on
surfactant adsorption and spreading.
SP-B and C have hydrophobic characteristics that significantly increase the rate of
surfactant transport to an interface. These proteins are incredibly important for healthy
pulmonary function. SP-B plays a role in transferring phospholipids to the air-liquid
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interface [12]. In fact, the absence of SP-B has been shown to cause widespread
respiratory failure in humans and animals [13]. SP-C is important in the mass transfer of
lipids from membranes to the interfacial surfactant monolayer [14]. Cases where a human
is born with disruption of SP-C can lead to interstitial pneumonitis and eventual death
[15].
In cases of surfactant replacement therapy, it is necessary to include both SP-B
and C in exogenous surfactant compounds to establish low surface tensions and restore
healthy lung function. These proteins also assist in increasing adsorption due to their
ability to reduce the temperature of DPPC’s phase transition. Typically DPPC has a phase
transition temperature from gel to liquid crystal at 41°C, which is higher than
temperatures which exist in the human body. Only the liquid phase can freely and quickly
move on the interface. The SP proteins lower this value below 37°C, significantly
improving interfacial adsorption and travel [16, 17].

2.4. MICROSCALE SURFACE TENSION FORCES
A simple model of the effect of surface tension forces and their importance in
alveolar mechanics is described in Figure 2.3. In a system devoid of surfactant (A), the
pressure P necessary to balance the surface tension  can be described using the
interfacial curvature  .

P 

2H 

(2.4.1)

Here, the value of H is calculated from the radii of curvature R1 and R2 of the alveoli in
Figure 2.3 as follows:
H

1 1
2 R1

1
R2

(2.4.2)
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Therefore, for a single spherical alveolus:
P

2
R

(2.4.3)

In Figure 2.3A, one alveolus is far smaller than the other. Based upon (2.4.3), the
pressure to inflate the smaller alveolus (small R) is far greater than that for the larger
alveolus (large R). In the absence of functional surfactant, pulmonary instability ensues
as smaller units collapse and larger units become over distended.

Figure 2.3: Pressures required to inflate alveoli in systems (A) without surfactant and (B)
with surfactant. Red arrows represent hypothetical pressure magnitudes, which are largest
in the smallest alveoli in (A).

Introduction of surfactant to the system (Figure 2.3B), which naturally establishes
ultra-low surface tensions during interfacial compression, mitigates this problem by
equalizing the pressure across the alveoli. Here the smaller alveolus will have a lower
surface tension than the larger due to increased surfactant molecular packing on the
interface (described in §2.5). Conversely, the larger surface area of the larger alveolus
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expands the surfactant molecules and thus increases surface tension. Typical surface
tensions of the lung range from <1 dyn/cm at the end of exhalation to 30 dyn/cm at the
end of inspiration [18] .

2.5. DYNAMIC SURFACE TENSION MODULATION
Once secreted into the airway lining fluid, surfactant is made up of an aqueous
protein hypophase and a phospholipid film (primarily DPPC) that forms tightly-packed
formations termed lamellar bodies [19]. Upon adsorption to the air-liquid interface,
lamellar bodies break apart, and surfactant spreads across the interface. Surfactant
molecules adsorbed to the air-liquid interface disrupt intermolecular forces and lower
surface tension. Typical respiration cycles result in constant cycling of the interface,
leading to surfactant adsorption with lung expansion and subsequent compaction then
desorption of surfactant molecules during expiration. Desorbed surfactant forms
multilayers and surfactant will then form into small structures in the bulk fluid which can
be reabsorbed into the airway epithelial cells and recycled [20].
The surface-active abilities of pulmonary surfactant allow dynamic modification
of interfacial surface tension. Studies by Krueger and Gaver [21] have demonstrated this
ability in experimental settings (Figure 2.4). Here, primary interactions between
surfactant and the air-liquid interface result in surface tension reduction from 72 dyn/cm
(characteristic of pure water) to levels as low as 25 dyn/cm (denoted in the figure by Γ∞,
the max surfactant concentration the can develop on a static interface). Compression of
this interface will lower the surface tension further to 5 dyn/cm (at Γmax, the max
surfactant concentration that develops during interfacial compression), after which
multilayers form. At this ultra-low surface tension, continued compression will result in
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Figure 2.4: Surface Tension vs. Area for a cyclically oscillated air-liquid interface of a
solution doped with pulmonary surfactant. Static adsorption leads to an equilibrium
surface tension of 22 dynes/cm and a surface concentration Γ∞. Reducing area
compresses the interface and enriches the surfactant concentration (Γmax), resulting in a
metastable ultra-low surface tension and multi-layer formation (II). Re-expansion of the
interface reduces the surfactant concentration (I) and increases the surface tension.
(Krueger and Gaver 2000).

constant surface tension while the over-crowded surfactant molecules fold into the
solution bulk, creating a subsurface layer. These multilayers serve as ready reservoirs of
surfactant during subsequent interfacial expansion. Namely, at ΓMLS in Figure 2.4 (i.e.,
multi-layer spreading interfacial concentrations) surfactant molecules located within
these previously-ejected subsurface populations will readily reabsorb to the interface
during bubble expansion (i.e., forward propagation in our model or during inhalation on
the scale of the whole lung) to re-initiate the decrease in surface tension that develops
during the respiratory cycle.
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The ~25 dyn/cm expansion drop (Energy in Figure 2.4), reflects surface tension
variation due to surfactant dynamics. The hysteresis loop represents physicochemical
interactions related to transport properties and rate of interfacial expansion/compression.
As an interface expands, the surfactant molecules spread apart (reducing  and increasing
). However, this reduction in  enhances surfactant adsorption to the primary layer.
Upon compression the primary layer is squeezed, which reduces the surface tension to a
very low (and metastable) state. During this compressive phase molecules from the
primary layer buckle to form a secondary layer and also reject surfactant to the bulk.
Upon re-expansion the secondary layer is hypothesized to re-incorporate into the primary
at point I on Figure 2.4.
It should be noted that these hysteresis qualities depend upon the rate of
expansion and compression. If cycling is very fast (faster than the adsorption rate) the
hysteresis area will decrease and the surfactant will behave in a nearly insoluble manner.
In contrast, if oscillation occurs very slowly, the surface tension will remain close to
equilibrium, and a constant surface tension state will exist. Clearly, then, the rate of
expansion/compression can strongly affect the interfacial dynamics and mechanical stress
balances. For this reason, we will explore those properties as they influence the biological
impact of airway reopening using oscillatory flow.

2.6. PULMONARY DISEASE AND SURFACTANT DEFICIENCY.
The lung’s delicate structure renders it practically susceptible to injury [22]. The
relationship between surfactant, the air-liquid interface, and pulmonary tissue can be
upset by pulmonary diseases such as acute respiratory distress syndrome (ARDS) and
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infant respiratory distress syndrome (IRDS). Maintaining these relationships is important
both on the macro-level, with air liquid interfacial dynamics governing global lung

Figure 2.5: Schematic diagram of pressure-volume loops in saline-filled and normal airfilled lung including a case of a lung with ARDS [23]

mechanics, and on the micro-level, with surface tension forces determining individual
airway and alveolar mechanics.
To better illustrate the altered lung mechanics of a patient with ARDS, Figure 2.5
includes the pressure-volume curve of an ARDS lung with the saline- and air-filled lung
curves of Figure 2.2. A hallmark of ARDS is deactivation by plasma proteins such as
albumin that have crossed into the lung with edema fluid during phases of acute
respiratory distress. Albumin interferes with the surface-tension reducing properties of
surfactant, thereby requiring much larger pressures to reach the volumes necessary for
breathing.
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Similar to this disease is IRDS, which is common in premature infants who are
born without fully developed surfactant systems. Here, insufficient surfactant increases
surface tension throughout the lung which a newborn is unable to overcome in order to
take its first breath [24]. This is described in Figure 2.3A, where surfactant deactivation
results in alveolar collapse. This is responsible for the pressure-volume curve of the
ARDS lung, as increased reopening pressures are required at smaller volumes.
2.6.1. Infant Respiratory Distress Syndrome
Prior to the first breathe of air, a newborn’s lung is filled with amniotic fluid. To
initiate breathing, an infant must generate an inflation pressure sufficient to expand the
tissue to bring more air into the system and displace the amniotic fluid. Premature infants
born before 25 weeks of gestation do not have a fully developed surfactant system, which
effectively elevates surface tension and enhances inflation pressures well beyond
physiologic levels [25]. Infants cannot independently generate enough force to overcome
the large surface tension forces, leading to mechanical and sufficient lung inflation with
subsequent re-collapse due to this increased workload. Airway closure thus leads to
severe hypoxia, lung injury, and death if not treated.
Clinical treatment revolves around mechanical ventilation. Unfortunately,
ventilation introduces large mechanical forces which damage the delicate airway
epithelium, leading to enhanced airway permeability to fluid from the microvasculature
[26]. Fluid leakage into the lung brings along proteins such as albumin which can adsorb
to the air-liquid interface and deactivate surfactant by blocking its typical surface active
properties [24]. Surfactant deactivation elevates reopening pressures, leading to a positive
feedback loop that causes prolonged lung damage. In a premature infant, these problems
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are exacerbated by an immature, insufficient surfactant system. It thus follows that the
principle goal of IRDS treatment is to reduce the forces caused by elevated surface
tensions through the introduction of a functional surfactant system by surfactant
replacement therapy (SRT).
Exogenous surfactant delivered to a premature infant can temporarily service as
its native surfactant system and significantly reduce the pressures necessary to achieve
inspiration at a far lower pressure when mechanical ventilation is applied. Methods for
enhancing the delivery and uptake of exogenous surfactant are still under investigation
[27, 28], as the current strategy of direct input of surfactant into the lung followed by
gravitational spreading does not effectively spread surfactant throughout the entire
pulmonary system, particularly to the lower airways and alveoli.
2.6.2. Acute respiratory distress syndrome
During ARDS, some initial insults (e.g. sepsis or smoke inhalation) damages the
epithelial cells that comprise the walls of the airway and alveoli, disrupting the barrier
between the alveoli and surround capillaries (normally very tight), allowing the influx of
liquid and proteins (i.e., pulmonary edema fluid) from the vasculature into the lungs. This
leads to severe hypoxia and necessitates mechanical ventilation. It also initiates a
dangerous negative feedback loop that if left unchecked, rapidly deteriorates to
respiratory failure or even multiple organ shutdown [29].
Airway permeability results from the breakdown of the alveolo-capillary
membrane. As previously mentioned, this membrane consists of type I and II pulmonary
epithelial cells as well as capillary endothelial cells. This barrier is broken down during
ARDS, resulting in a leakage of fluid into the system, surfactant deactivation and
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widespread pulmonary edema. Damage to type II cells during this process inhibits their
capacity to remove edema fluid from the alveolar space that is normally present in the
lung [2] as well as their ability to produce new surfactant molecules [30]. Type I and type
II cells that are injured beyond repair may lead to a fibrosis cascade and hyaline
membrane formation.
Pulmonary edema results in unventilated regions that can lead to severe hypoxia
and cellular death in a large number of patients. ARDS has an associated mortality rate of
40%. Recent developments in treatment of early course factors for ARDS and
improvements in care of critically ill patients have led to a decrease in mortality [31].
Advancements in mechanical ventilation treatment techniques have decreased lung injury
in recent times [32], and there has been limited impact of some drug-based therapies [33].
SRT has had limited to no effect due to the widespread edemic fluid [26]. Mortality for
ARDS remains very high, and development of better treatment methods and
understanding of the disease progression is necessary.
2.6.3. Ventilation induced lung injury (VILI)
Mechanical ventilation procedures are designed to assist in the normal breathing
functions of an individual. The original treatment for ARDS focused on restoring blood
oxygenation to healthy levels by recruiting unventilated regions. This paradigm used
larger mechanical ventilator tidal volumes (10-12 ml/kg, referring to volume of air
moved into or out of the lung) than normal breathing levels (5-7 ml/kg) [34], which was
shown to restore gas exchange but led to increased levels of lung injury (termed
volutrauma). In particular, over distension of the lung leads to widespread airway and
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alveolar epithelial cell deformation and injury, membrane disruption, and apoptosis and
increases airway and alveolar permeability.
Early descriptions of ARDS by Mead utilized a lung elasticity model for analysis
of mechanical properties [35]. Through this model they theorized that the forces acting on
lung parenchyma may be far higher than those applied to an airway, and suggested that
the pressure necessary to expand atelectactic lung regions measured at a transpulmonary
pressure of 30 cm H2O surrounded by a fully expanded lung would be roughly 140 cm
H2O. They therefore concluded that applying high transpulmonary pressures to a
heterogeneously expanded lung would lead to the development of pulmonary damage.
Animal studies were first able to show that mechanical ventilation could lead to
lung lesions. Rats ventilated with peak inspiratory pressures of 30 or 45 cm H2O were
found to develop pulmonary edema in a time span of 60 and 20 minutes, respectively
[36]. After the application of 10 cm H20 positive end-expiratory pressure (PEEP,
referring to the pressure in the lungs that exists at the end of expiration), the endinspiratory pressure remained constant, leading to a decrease in edema. The resultant
pulmonary edema was originally attributed to increased lung microvascular pressure due
to volutrauma and surfactant depletion [37-39].
Larger tidal volume and ventilation times have been shown to be tied to surfactant
deactivation via pulmonary edema [37, 40]. Increases in alveolar surface tension from
surfactant deactivation can lead to increased permeability in alveoli and increased
albumin flow [39]. This permeability escalation was studied in animal models, where the
researchers found that the equivalent-pore radius (a permeability measure), increased
from roughly 1 nm at 20 cm H2O inflating pressure to 5 nm at 40 cm H2O alveolar

17
pressure [41, 42]. It is worth noting that such permeability increases remained or even
increased after the removal of ventilation, suggesting that this form of epithelial injury
was not reversible. Similar work using electron microscopy studies showed that
permeability increases can be caused by widespread damage to airway epithelial cells,
dismantling the basement membrane structure and causing large gaps in the capillary
epithelium [37].
Microscale analysis has shown that pulmonary edema is initiated by a breakdown
of the alveolar-capillary barrier that normally separates the microvasculature and alveoli
epithelium. The reduction of vascular permeability and endothelial injury is critical in the
development and subsequent recovery from ARDS, and the degree of injury is a strong
indicator of eventual outcome [36, 43, 44]. However, a number of significant problems
arise with this breakdown of epithelial cell integrity. Injury to type II cells leads to a
disruption of normal fluid transport, thus decreasing the ability of the lung to remove
edemic fluid from the alveolar space. Furthermore, this injury reduces the ability of type
II cells to produce surfactant. If the injury to the alveoli is widespread and severe, fibrosis
may develop. Finally, barrier loss can lead to septic shock in patients who may already
have bacterial pneumonia [14, 39].

2.7. IMPROVEMENT OF TREATMENT STRATEGIES
The development of more protective ventilation strategies has focused on limiting
alveolar distension and increasing recruitment of closed alveoli by altering the delivered
tidal volume. Clinical trials have shown that a reduction in patient mortality (22%)
occurred tidal volume was decreased from 12 mL/kg to 6 mL/kg [32].
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While low volume ventilation reduces the damaging stresses associated with
volutrauma, it is instead associated with repeated airway and alveolar closer and
reopening which still may cause extensive lung damage, termed atelectrauma [45]. This
is confirmed in images of injured lungs where decruitment (i.e. unventilated regions of
the lung), and thus ventilation loss, occurs in the lower lobes.
As a consequence of their limited open lung space, patients suffering from ARDS
may experience lung over-distensions despite low volume ventilation. Based on this data,
it has been suggested that the increased weight of the lung to the edemic fluids leads to
small airway and alveoli collapse, and the reopening of these areas leads to lung injury
due to the asymmetrical stretch of opposing lung units during reopening [39]. It thus is
imperative that improved ventilator strategies be implemented
2.7.1. Positive End Expiratory Pressure (PEEP)
One approach that has been employed to reduce atelectrauma has been to
incorporate a small, positive end expiratory pressure (PEEP) on top of the ventilator
waveform [40, 46]. This involves maintaining the baseline airway pressure at a value
sufficiently high enough to prevent airway re-collapse in order to avoid the cycle of
continuous airway closure and reopening that occurs during mechanical ventilation. The
application of PEEP has been shown to decrease damage in low-inspiratory volume cases
by stabilizing terminal units when implementing the gentler reduced tidal volume
ventilator modality [47]. Indeed, this strategy has been shown to decrease the
development of pulmonary edema in comparison with a group of patients ventilator
without PEEP [37].
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Despite the obvious benefits of implementing PEEP during mechanical
ventilation, it is yet unclear that this strategy is actually associated with a reduction of
atelectrauma [48]. The largest problem for PEEP ventilation protocols arises from the
difficulty of figuring out the ideal patient-specific PEEP level for a patient due to
inherently unpredictable clinical manifestation of lung injury and associated nonuniform
collapse during ALI and ARDS [2]. Ideal PEEP levels may be a function of a patient’s
pressure-volume curve of a patient in clinical care, which if oftentimes abnormal, not to
mention impractical to measure in the clinical setting [49].
As shown in Figure 2.5, the pressure-volume curve from ARDS patients is
considerably different from the healthy pulmonary system (i.e., the air-filled lung of
Figure 2.5). In particular, the ARDS lung is characterized by increased recoil pressure
and reduced slope along the pressure-volume curve. Clinically, magnitude of the lower
inflection point (LIP) is considered to be the critical pressure for opening unventilated
lung regions, while that of the upper inflection point (UIP) is considered to be the
pressure where overdistension occurs. It thus follows that a mechanical ventilation
strategy utilizing a PEEP value above the LIP pressure may assist in decreasing
atelectrauma. Similarly, maintaining airway pressures below that UIP may decrease the
amount of volutrauma in the distressed pulmonary system.
These concepts are not always practical, however, due to the difficulty in
acquiring accurate pressure-volume curves that clearly designate these inflection points in
the clinical care setting. This is echoed in the ARDSNet trial, which demonstrated that
determining and implement a practical PEEP was unclear, and high PEEP values did not
affect patient mortality rate [2, 47, 50-52].
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2.8. FLUID DYNAMICS OF AIRWAY REOPENING
To understand the mechanisms responsible to airway epithelial cell injury during
reopening of the fluid-filled airways, it is necessary to analyze the fluid dynamics of
airway reopening combined with the role of pulmonary surfactant in the system.
Pulmonary airway reopening in edemic events can be modeled as the propagation of an
air-liquid interface as air enters an edematous lung segment and displaces the occluding
fluid. Figure 2.6 describes this process, wherein a non-uniform fluid mechanical stress
field is imposed on the epithelial cell lining of the airway walls [53, 54]. The stresses
associated with the reopening of fluid filled airways (i.e., “airway reopening”) include
tangential shear stresses, normal stresses, and the spatial and temporal gradients of these
stresses. These may cause significant cellular damage by rupturing the pulmonary
epithelial plasma membrane or disrupting cell-to-cell and/or cell-to-substrate adhesions
[55]. In addition, the hydrodynamic forces experience by these cells during an airway
reopening event may initiate mechanotransducation even, leading to increased
inflammatory responses and irregular surfactant secretion. [56].
The microscale reopening-associated fluid-structure interactions between the
airway lining fluid and airway wall determines the extent of cell damage that ultimately
influences the macroscale lung response to mechanical ventilation and clinical outcome
of ARDS treatment. As discussed in §2.4, the Law of Laplace (γ=ΔP * R/2, with
γ=surface tension, ΔP=pressure drop, R=radius), describes the surface-tension-induced
pressure drop across the interface, which can be very large due to the extremely small
radius of the a spherical interface. During ARDS, the dynamic recruitment and derecruitment of these smaller, delicate lung units can lead to surface tension induced
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Figure 2.6: Cycle of abnormal mechanical stresses imposed on the airways during a
reopening event. Reopening occurs by the propagation of a finger of air moving from left
to right, which displaces the liquid occlusion and secures free passage of air. The
reopening process imparts a dynamic wave of mechanical stresses upon the pulmonary
epithelial cells. Far downstream (right), cells are exposed primarily to a shear stress. Near
the bubble tip, a high resistance region exists which results in a traveling pressuregradient that damages the cell. After the bubble has passed, the cell is pushed outward by
the airway reopening pressure.

airway damage as well as higher than normal reopening pressures. Investigation of the
fluid mechanics in the system help describe the mechanism.
The study of airway reopening can be divided into: 1) macro-scale investigation
that focus on the pressure necessary to reopening airways (§2.8.1), 2) micro-scale in
investigations that analyze the effect of fluid stresses on the airway walls (§2.8.2) and
finally 3) the critical role of pulmonary surfactant in dynamically altering the reopening
stress field and mitigating the associated airway and alveolar damage (§2.8.3).
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2.8.1. Macro-scale
The critical pressure to open a collapsed airway (i.e. “yield pressure”) has been
determined to be roughly Pyield ∼ 8γ / R (γ = surface tension of the air-liquid interface, R
= radius) [57]. Bench top experiments have analyzed the mechanics of a single reopening
event by examining the influence of tethering (i.e., from the surrounding parenchymal
tissue throughout the lung). At low pleural pressures unstable fluttering events may
occur, while rapid reopening may lead to large elastic recoil forces from increased
parenchymal tethering. The stresses associated with parenchymal tethering can reduce the
pressure needed to inflate an airway, and thus cases such as emphysema with
significantly reduced parenchymal tethering are associated with abnormally high inflation
pressure. Computational fluid dynamic (CFD) simulations that analyze the fluid-structure
interactions associated with airway reopening describe a differing response based on lowvelocity or high-velocity reopening. Instabilities inherent to slow reopening render the
collapsed airway more difficult to reopen [58].
A pulmonary bronchiole in the healthy adult lung is characterized by a
Pyield ∼ 5 cmH2O. In ARDS cases, this Pyield ∼ 15–20 cmH2O, while in premature infants
it may increase to Pyield ∼ 50 cmH2O [49]. In each of these scenarios, the increased
pathologic-level surface tension forces and deficient surfactant system prevalent
throughout the lung drastically increase the pressure required for airway reopening and
may lead to over-distension of healthy regions, resulting in volutrauma. In order to better
treat these patients and minimize this acute yet long lasting damage, it is clear that
improved surfactant delivery methods must be developed.
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2.8.2. Micro-scale
To understand the mechanical stresses associated with airway reopening,
investigators have studied fluid-structure interactions between the airway wall and the
thin liquid film on the interior surface using computational fluid dynamics (CFD)
simulations. Regardless of the mechanism of initial airway closure – fluid occlusion or
compliant collapse – the reopening mechanical environment is determined in large part
by the mechanical stresses that develop along the air-liquid interface the delineates the
progressing finger of air, as depicted in Figure 2.6. Airway closure events may be from
fluid-occlusion or compliant collapse, and the diagram shown explains the fluid stresses
on an airway wall. These studies predict that cells far downstream of the air bubble
experience only a small shear stress, while cells near the bubble tip experience a
combination of shear and normal stresses, and cells in the reopened region are exposed
primarily to a normal stress (i.e. pressure). Most importantly, the cells near the bubble tip
experience significant spatial and temporal gradients in shear and normal stress that may
contribute to VILI.
Previous in vitro experimental analyses of the biological effects of airway
reopening have utilized a fluid-filled parallel plate flow chamber with pulmonary
epithelial cell-coated walls to model an occluded airway. Here, a semi-infinite bubble of
air was forced into the system at a constant velocity, displacing the surrounding occlusion
fluid. By assuming that the flow in these experiments is slow and viscous, inertial effects
were neglected, and bubble progression was described by a single dimensionless
parameter, termed the capillary number, Ca=μU/γ (U=velocity, μ=viscosity, γ=surface
tension). As such, the velocity of reopening and consequent mechanical stresses was
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found to be governed solely by the viscosity and surface tension in the model airway
[59]. The investigations described herein build upon the fundamental understanding of
reopening mechanics derived from this simple model by incorporating more
physiologically relevant characteristics, including 1) a cylindrical geometry, 2) dynamic
bubble progression and 3) pulmonary surfactant.
2.8.3. Surfactant transport/Marangoni effects
Previous experimental and computational investigations have shown that
surfactant transport in the airway reopening system is governed by fluid convecting
surfactant diffusion and interfacial sorption kinetics. This is summarized in Figure 2.7
where the surfactant concentration in the fluid, C(x,t), works with the subsurface bulk
concentrations Cs(s,t) (s is an interfacial coordinate) through bulk transport (convection
and diffusion). Along the interface, the interfacial concentration, Γ(s,t), convects and
diffuses while losing and gaining surfactant at the surface as a function of local
subsurface concentrations. The interfacial surface tension γ(s,t) is a function of Γ(s,t)
through the state equation γ(s,t) = f(Γ(s,t)) [4, 23].
The forward motion of a bubble is described in Figure 2.7. Here, convection of
surfactant is guided towards a stagnation point on the tip of the progressing bubble
(marked by + in Figure 2.7). Simultaneously, subsurface and adsorbed surfactant
molecules progress from diverging stagnation points located on the interface near the
airway wall (marked – in Figure 2.7). This results in non-uniform surfactant
concentrations along the surface of the reopening bubble. Therefore, interfacial expansion
or compression associated with reopening leads to dynamic surface tensions that differ
from equilibrium values. As a result, shear stresses that oppose the direction of
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microscale surfactant flow develop along the air-liquid interface. These stresses, termed
Marangoni stresses, rigidify the interface and increase the pressure drop, thereby
enhancing the damaging mechanical stresses near the reopening tip. [23, 60, 61].
A key mechanism for the surfactant hysteresis loop that is seen during the cycling
of air-liquid interfaces at high bulk concentrations is the kinetics of multilayer

Figure 2.7: Diagram of the reopening finger of air as it displaces fluid in a model edemic
airway. The microscale flow field and surfactant distribution surrounding the bubble tip
as it propagates through the system. Dashed lines with arrowheads represent fluid
streamlines that transport surfactant towards the bubble tip, and create non-uniform
surfactant distributions on the air–liquid interface. Surface-tension gradients on the air–
liquid interface create Marangoni stresses (M) that can redistribute surfactant from high
(+) to low (-) concentrations. Surfactant concentration in the fluid, C(x,t), works with the
subsurface bulk concentrations Cs(s,t) through bulk transport. The interfacial surface
tension γ(s,t) is a function of Γ(s,t) through the state equation γ(s,t) = f(Γ(s,t)) (Ghadiali
2008)
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development and reinsertion[21]. This process is heavily dependent on the constituent
proteins SP-B and SP-C. In addition, the molecular interaction between phospholipid and
protein formations in surfactant is important to interfacial dynamics. Our goal is to
develop improved mechanical ventilator strategies that incorporate these inherent
surfactant properties and reopening-associated physicochemical hydrodynamics to treat
patients with IRDS and ARDS [62].

2.9. EXPERIMENTAL EVIDENCE FOR EPITHELIAL CELL DAMAGE
Low volume ventilation and subsequent atelectrauma can cause severe damage to
the lung epithelium [45]. Fluid filled and collapsed systems undergo frequent expansion,
collapse and edemic events. Abnormal, excessive hydrodynamic stresses develop with
the progressing reopening bubble, threatening pulmonary epithelial integrity and
exacerbating airway and alveolar injury. These stresses may be reduced by SRT, but this
has only shown to be effective during IRDS, not ARDS, due to complicating factors such
as surfactant deactivation and interfacial Marangoni stresses. The present study aims to
develop improved ventilator modalities to optimize the protective effects of endogenous
and exogenously delivered pulmonary surfactant during mechanical ventilation.
It is difficult to determine the mechanism of damage during airway reopening in
whole lung models due to the complex spatial and temporal environment. In vivo animal
studies have demonstrated injury from cyclic airway reopening and closure, but bench
top experiments are necessary for a more refined investigation. In vitro cell cultures
provide a strong analytical tool for understanding the precise mechanical stimuli that
elicit deleterious pulmonary epithelial responses. These include the fluid mechanical
stresses analyzed in the present investigation and airway and alveolar stretch [29].
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The application of in vitro techniques to airway reopening provides a mean for
understanding the associated damaging mechanical stimulus as previously described
(Figure 2.6). The progressing air-liquid interface that reopens an occluded airway drives
fluid out of the system but creates significant spatial and temporal gradients in shear and
normal stress that may contribute to VILI. To determine the possible forces that lead to
cellular damage from mechanical ventilation, Bilek, et al., used the parallel-plate flow
chamber model [53]. Within this system, cultured rat pulmonary epithelial cells were
exposed to a steadily-progressing semi-infinite finger of air as it cleared the chamber of
edemic fluid (modeled by PBS). Of the two reopening velocities that were investigated, it
was found that the slower led to an increased level of cellular damage. Correlation of
these experimental results with computationally-derived stress-field predictions revealed
that the steep gradient in normal stress in the vicinity of the traveling bubble tip, and not
shear stress, was the primary cause of cell injury in that 2-phase (air-liquid) system.
Introduction of exogenous surfactant (Infasurf, ONY Inc.), similar to surfactant
replacement therapy significantly decrease epithelial damage by reducing reopening
bubble interfacial tension and associated damaging mechanical stimulus.
Further confirmation of these results was provided by Kay, et al., which
demonstrated that the increase in exposure time associated with slower velocities was not
a factor in cellular damage. This reinforced Bilek, et al.’s conclusion that normal stress
gradients are the most detrimental mechanical stimulus during airway reopening [63].
The computational fluid dynamic analysis associated with this study demonstrated that
membrane damage was greatest when the normal stress gradient-derived for-aft pressure
difference (ΔPcell ) across a cell was ∼ 300 dyn/cm2. Cell injury was significantly less
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pervasive when ΔPcell ∼ 120 dyn/cm2, and nearly eliminated when ΔPcell ∼ 80 dyn/cm2.
This ΔPcell – and the reopening normal stress gradient – is a critical determinant of
pulmonary epithelial integrity during airway reopening.
While these studies serve as a good first approximation of reopening mechanics
and associated pulmonary epithelial injury, the true surface geometry of a monolayer and
the varying cellular height leads to complex effects that heighten the magnitude of the
described stresses [64]. In adjustable height flow chambers, it has found that more
necrosis occurs in smaller diameter airways [65], particularly during slower reopening
events. It can therefore be assumed that the smaller regions of the lung are more
susceptible to injury during airway reopening.
Further work has been done to relate the percentage of cellular damage to the
corresponding magnitudes of maximum pressure gradient (dP/dx)max, shear stress (τs)max,
and shear stress gradient (dτs/dx)max in the reopening system. Cell damage was shown to
correlate strongly only with (dP/dx)max, although a weak correlation with (dτs/dx)max and
(τs)max does exist. This work lends support to the conclusion that the large pressure
gradients experienced by cells leads to plasma membrane rupture.
Investigations of the flow of liquid plugs through the pulmonary airways have
demonstrated similar mechanical effects on the pulmonary epitheliums. Here, multiple
plug rupture events have been tied to an increase in cell injury [66]. Interestingly, liquid
plug ruptures have only recently been attributed to the crackling sound that has been a
long-standing source of speculation in the lung research community. As such, it may be
possible to diagnose micro-scale liquid plug rupture induced pulmonary epithelial injury
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through the observation of lung crackling using a simple stethoscope in the clinical
setting.
The health of the epithelium during airway reopening events can also be measured
through cell adhesion. Kay, et al., were able to demonstrate that multiple bubble passes
can lead to epithelium damage through histological techniques [63]. Similarly, Yalcin, et
al., used fluorescent microscopy to quantitatively determine that multiple bubbles passes
would increase cellular detachment [65]. Huh, et al., indicate that bubble passage may
lead to strengthening of the cell monolayer via formation of tight junctions and
desmosomes. Therefore, a denser cell population may enhance the constituent cells
resistance to detaching during airway reopening [66].
It is important to consider epithelium attachment during disease states, since
bacterial infections associated with ARDS can result in cellular detachment. Mechanisms
of this injury include the loss of tight junction contacts as well as increased permeability
problems [55]. In one study, monolayers of different levels of confluence were exposed
to air-liquid interfacial flows, with less dense cell populations experiencing higher levels
of damage and cell detachment. Based on epithelial cell aspect ratios, these investigations
found that cells in less confluent systems may experience similar hydrodynamic stress
magnitudes to cells in denser layers, and that these differences in response to airway
reopening may be attributed to biophysical factors. [65]. Identifying the exact mechanism
is difficult due to the large morphological and structural properties that exist with
differences in confluence.
Possible physiological changes that can occur after a cell undergoes damage from
normal stress gradients include modifications of surfactant secretion, up-regulation of
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inflammatory pathways and alterations in protein and gene expression. Investigations
towards the response of lung cells to transmembrane pressure loads and constant fluid
shear stress have found an increased expression of genes that regulate lung fibrosis and
fibroblast proliferation, such as early growth response-1 and transforming growth factorβ1 [49]. Additionally, it was found that these biological responses were both pressureand time-dependent. It has also been found that human lung cells up-regulate a variety of
pro-fibrotic pathways in response to static transmembrane pressures [67, 68].

2.10. SURFACTANT PHYSICOCHEMICAL HYDRODYNAMICS AND
PULSATILE AIRWAY REOPENING
Pulmonary surfactant is produced by the lung’s alveolar type II cells. It is
composed of a mixture of lipids and proteins the together form a hydrophobic tail and
hydrophilic head: this structure enhances surfactant’s adsorption to air-liquid interfaces.
Its surface-active nature result in dynamic modification of the lung’s lining fluid surface
tension of the lining fluid in the lung, which is critical for proper pulmonary function.
Surfactant is deficient in disease states such as IRDS and ARDS, resulting in
elevated surface tension throughout the lung. This amplifies the magnitude of the
mechanical stresses during airway reopening, and contributes to VILI. Surfactant
replacement therapy (SRT) reduces the severity of IRDS through the exogenous delivery
of surfactant. Unfortunately, delivery of surfactant for the treatment of ARDS has not
been shown to be effective, likely due to delivery obstacles and competitive adsorption
by blood plasma components such as albumin and cholesterol that infiltrate the airspaces
with edema fluid [69].
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It is clear that interfacial stresses can significantly impact epithelial cell viability
in models of airway reopening. A possible way to reduce these stresses comes from the
relationship between surfactant and the flow fields surrounding a propagating bubble
meniscus. These flow-fields convect surfactant towards the air-liquid interface (Figure
2.7), causing alterations in interfacial boundary stresses and thus stresses the airway wall
[62], which may contribute to the decrease in mortality from SRT. It should be noted that
these studies focus upon a semi-infinite bubble propagating through a rigid tube, which
reduces the complex variables associated with a more compliant airway.
Studies focusing on surfactant adsorption to a progressing meniscus describe a
system of converging and diverging stagnations points along the bubble meniscus that
guide surfactant to adsorb at the tip of the forward-moving bubble and its furthest
downstream portion. This results in nonuniform surfactant distributions along the surface
of the reopening bubble, resulting in the development of shear stresses that rigidify the
interface by acting in opposition to the direction of the microscale flow, termed
Marangoni stresses. These non-equilibrium stresses increase the pressure drop and
exacerbate the damaging mechanical stresses acting on the cell layer.
To overcome the deleterious effects of Marangoni stresses, we aim to modify the
reopening bubble flow waveform to preferentially redistribute and build up surfactant
molecule reservoirs. Our goal is to take full advantage of surfactant’s positive effects and
minimize sub-optimal components of surfactant physicochemical hydrodynamics. To this
end, we have incorporated interfacial compression via bubble retraction (as occurs during
exhalation), which creates surfactant multilayers with an ultra-low metastable surface
tension into our reopening analysis. This mechanism is demonstrated by the surfactant
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surface-tension vs. area hysteresis loop shown in Figure 2.4 that occurs during purely
oscillatory volume cycling of a nearly spherical bubble.
We hypothesize that airway reopening under constant flow with a superimposed
flow-reversal may make optimal use of surfactant’s surface tension lowering capacity by
incorporating its compressive dynamics (as seen in Figure 2.4) and significantly reducing
the damaging stresses that may cause atelectrauma. Computational work by Smith [70]
and experimental work by Yamaguchi [71] and Pillert [72] demonstrate how surfactant
adsorbed to bubble meniscus may redistribute along the interface based on the direction
of flow to substantially alter the interfacial pressure drop. Since the pressure depends on
surface tension  (which is determined by local surfactant interfacial concentrations), and
interfacial curvature  (particularly along the bubble cap, where its value is greatest), we
hypothesized that redistributing surfactant by temporary reverse flows in our in vitro
airway reopening model will minimize epithelial damage.
Surfactant dynamics during airway reopening with intermittent flow reversal are
demonstrated in Figure 2.8. Here, both forward (panels 1 and 2) and reverse (panels 3
and 4) phases exist, leading to regions of surfactant redistribution sweeping across the
interface. This potentially has two primary benefits: 1) it may distribute surfactant more
uniformly across the tip of the bubble reducing the interfacial rigidication caused by
surfactant spatial gradients, and 2) it may create a multilayer that provides a reservoir of
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Figure 2.8: Velocity trajectory of the reopening finger of air as it propagates through the
system with a pulsatile forcing. The different stages of the flow are marked I-IV, with a
negative (retrograde) velocity occurring near the center of the tube length during stages II
and III. C) The microscale flow field and surfactant distribution surrounding the bubble
tip as it propagates through a tube during stages I-IV. Dashed lines with arrowheads
represent fluid streamlines that transport surfactant towards the bubble tip, and create
non-uniform surfactant distributions on the air–liquid interface during the pulsatile
trajectory described in B. Surface-tension gradients on the air–liquid interface create
Marangoni stresses (M) that can redistribute surfactant.

surfactant in the high resistance thin region near the wall, further minimizing surfactant
gradients and the associated Marangoni stress (m) and thus reduces the effect of
interfacial rigidication.
Our goal is to develop optimized repetitive pulsatile reopening waveforms to
enhance multilayer creation during flow reversal (stages 2 and 3) in order to establish
ultra-low surface tensions that persist with interfacial expansion during bubble
progression. Ultimately, we aimed to develop an airway reopening protocol that
minimize the detrimental normal stress gradients and associated epithelial injury along
the airway wall. We will verify this possibility by investigating biological reactions of the
pulmonary epithelium to our unique reopening waveform. While previous analyses have
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demonstrated the potential for pulsatile flow to reduce mechanical stresses associated
with atelectrauma, flow reversal has not been tested for reducing cell damage in
controlled biological studies. The goal of our study is therefore to investigate whether
bubble retraction, as would occur during pulsatile flow, may protect cell layers, which
could have important implications for the clinical treatment of ARDS and IRDS.
The potential for this is demonstrated by recent experimental study results
depicted in Figure 2.9 [71]. Fluorescent particles in a glycerol/Si-oil system fluid
occlusion were used to determine particle distribution during the forward and reverse
motion of a semi-infinite air bubble. These results indicate that pulsatile reopening may
lead to a spread of surfactant throughout the interface (hypothesized in Figure 2.8).
In order to quantify the transport dynamics associated with the protective effects
related to flow reversal, Smith, et al., computationally simulated this system [70 , 73]. In
Figure 2.10 they visualized the Lagrangian convective transport characteristics of fluid in
the neighborhood of the bubble tip using a finite-time Lyapunov exponent (FTLE) field.
This FTLE represents the maximum rate of fluid stretching in the neighborhood of a
point over a finite time interval [74, 75]. The maximal regions of the color map (shown in
red) describe Lagrangian coherent structures (LCS) that represent boundaries between
qualitatively different regions of flow. The LCS demarcate the boundary between the
regions of the fluid that become separated as the bubble progresses down an airway. Note
that this figure is a 2-D representation of a 3-D structure; therefore, the off-center LCS is
in fact a surface of revolution around the centerline axis.
Figure 2.10A shows the FTLE for forward steady flow with the LCS demarcated
by a solid red line extending from the diverging stagnation point (-) on the bubble. Two
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particle trajectories are shown on either side of the LCS. A particle originally located (or
‘seeded’) radially outside of the LCS (yellow) propagates upstream to the thin film, while
a neighboring particle seeded inside the LCS (red) advects downstream ahead of the
advancing bubble. So, in steady forward flow the residence time for surfactant in the
bubble tip region is small, though the converging stagnation point at the tip (+) may lead
to surfactant accumulation [71]. In contrast, during steady reverse bubble motion (Figure
2.10B) the LCS divides the domain at the centerline. Here the convection field will
separate particles that are initially seeded on opposite sides of the centerline, since the
flow will transport a particle initialized adjacent to the bubble tip (red) radially outward
along the interface towards the wall. So, this analysis confirms that a temporary flow
reversal will allow the surfactant that accumulated at the bubble tip to redistribute along
the interface, as shown in Figure 2.10C.
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Figure 2.9: Bubble tip images describing particle accumulation during forward and
reverse flow. White arrows indicate the direction of mean flow, with (a) representing
forward flow and (b) representing reverse flow. Particle accumulations on the converging
stagnation points are visible as bright white spots on the bubble tip. [76]

Figure 2.10C shows the FTLE and LCS for pulsatile flow similar to that of our
experiments. In this simulation, the trajectory of a single particle seeded inside the LCS
(red dot) is followed as the bubble propagates through phases I-IV of Figure 2.10C. The
combination of forward and reverse flows causes this particle to migrate into the thin film
and then reverse direction to migrate along the cap region into the downstream bulk. This
flow pattern significantly increases the residence time for surfactant adsorption to the
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Figure 2.10: Finite-time Lyapunov exponent (FTLE) field and particle pathlines for (A)
steady forward flow (stage 1 in Figure 2.8), (B) steady reverse flow, and (C) flow with
retrograde motion (stages 1-3 in Figure 2.8). The black dotted line, along with the white
outline of the bubble, in (C) represents a change in interfacial geometry during the flow
cycle. Maximal ridges in the FTLE field, shown in red, denote Lagrangian coherent
structures (LCS) that divide qualitatively different regions of the flow. Particles
initialized inside the LCS, shown in red, advect downstream while particles seeded
outside the LCS (yellow) are deposited in the residual film. Flow with retrograde motion
(C) demonstrates prolonged exposure of the particle to a large region of the air-liquid
interface, which would enhance surfactant transport to the high resistance region shown
in Figure 2.6.
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interface and will lead to surfactant accumulation, redistribution and potentially the
creation of multilayers, as schematically represented in Figure 2.10C. As such, this CFD
simulation provided further evidence for the physicochemical interactions that are the
basis of this study. For further analysis of Lagrangian transport properties in this system
we refer to Smith, et al. [77], which uses the FTLE method to analyze Lagrangian
transport properties and experimentally determined velocities in surfactant-doped
solutions.

2.11. SURFACTANT AND ALBUMIN COMPETITIVE ADSORPTION
The breakdown of the alveolo-capillary membrane during ARDS and consequent
flooding of the lungs with edema fluid allows the buildup of proteins such as albumin in
the airways and alveoli. Albumin is particular dangerous, because it deactivates
pulmonary surfactant, thereby increasing surface tensions and associated mechanical
stresses, enhancing epithelial injury during an already acutely critical situation [2].
Albumin, upon entrance to the lung airway, will competitively adsorb the air-liquid
interface (Figure 2.11).
Albumin has surface-tension reducing properties of its own, and yet it does not
reduce the air-liquid interface beyond 50 mN/m (compared to surfactant levels of 25
mN/m) due to its aqueous solubility [78]. Additionally, it does not form multilayers
during instances of decreasing surface area, unlike surfactant, which reaches near-zero
levels upon compression [69]. The low energy surfactant should always displace a higher
energy molecule such as albumin from the air-liquid interface, but this displacement is
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Figure 2.11: Air-liquid interface depicting albumin-inhibited adsorption. The red
albumin molecules adsorb to the air-liquid interface, blocking the blue surfactant
molecules from leaving the bulk (light blue area) due to the electrostatic energy barrier
caused by the albumin molecules

slow due to albumin’s negative charge [78]. This therefore prevents the negatively
charged surfactant aggregates from getting to the interface. We aim to see if our method
of pulsatile waveform reopening strategies may assist the adsorption of surfactant to the
interface despite albumin-based energy barriers.

2.12. CONCLUSION
Ventilator-induced lung injury (VILI) may result from either high lung volume
ventilation (volutrauma) or the repeated closure and reopening of fluid-filled or collapsed
airways (atelectrauma). Reduction in mortality occurs under ventilator strategies that
decrease tidal volume and peak airway pressure and maintain a positive end-expiratory
pressure (PEEP) have significantly reduce patient death. The reopening of obstructed
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airways, which is necessary for allowing gas transport to the alveoli, may cause cell
necrosis [23, 53, 63, 66, 79], increased paracellular permeability [43], and pulmonary
surfactant dysfunction that can have a long term consequence to pulmonary function [30].
Our goal is to determine methods to determine strategies that reduce the damaging
mechanical stresses that arise during airway reopening that can initiate or exacerbate lung
injury during ARDS and IRDS and contribute to VILI [57].
It is impossible to prevent airway closure and reopening during ventilation due to
the heterogeneous nature of a patient’s lung along with continued influx of fluid in cases
of edema. This system is further complicated by surfactant inactivation due to plasma
proteins such as albumin. This elevates the large pressure gradient that develops during
airway reopening, escalating the epithelial injury response and exacerbating ARDS. It
thus is imperative that new treatments for respiratory distress focus on reducing the
mechanical stresses that develop during meniscus propagating via enhanced surfactant
concentration and function on the interface.
To conclude, surface tension forces have a dramatic impact on lung health. These
forces are of even more importance during cases such as IRDS and ARDS where
surfactant deficiency leads to airway closure, necessitating damaging mechanical
ventilation techniques. Experimental and computational investigations which characterize
the fluid dynamics and structure interactions of semi-infinite bubble propagation in
edemic and collapsed airways indicate the normal stress gradient, directly related to these
surface tension forces, as the primary stress mechanism felt by airway epithelial cells.
Reduction of these stresses is necessary to maintain a healthy lung.
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2.13. INVESTIGATION SIGNIFICANCE AND RATIONALE
The goal of this research is to investigate pulmonary surfactant physicochemical
hydrodynamics in an effort to improve mechanical ventilation techniques. The motivation
for this work originates from studies which show that surfactant transport during
pulmonary airway reopening can be affected by pulsatile waveforms (19, 22), potentially
allowing reductions in the prevalence of acute respiratory distress syndrome (ARDS) and
respiratory distress syndrome (RDS).
2.13.1. Specific Aim 1: Establish a pulmonary airway reopening model that utilizes
human lung airway epithelial cells as a transducer of force.
Hypothesis: A pulmonary airway reopening model consisting of a confluent cell line
within a long cylindrical tube can be utilized as a biological model for mapping of
damaging stresses that occur during airway reopening.
We will develop a novel model of a pulmonary airway containing a confluent human
lung airway epithelial cell monolayer (HTB-174, ATCC, Manassas, VA) in order to
gauge the biological impact of airway reopening. The biological relevance of the model
will be verified by passing a semi-infinite bubble at pre-determined velocities and
waveforms and examining the cellular damage along the length of the tube. This in vitro
model will provide a tool for validating computational fluid mechanic models of airway
reopening (1, 9, 14).
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2.13.2. Specific Aim 2: Investigate the protective effect of pulsatile flow waveforms
on biological responses to airway reopening.
Hypothesis: Flow reversal imposed during airway reopening in the presence of
surfactant will decrease cell death in comparison to steady reopening. The protective
effects are due to surfactant physicochemical hydrodynamic interactions that reduce the
magnitude of deleterious mechanical stresses.
We will utilize our airway model in order to investigate the addition of pulsatile to an
airway reopening event, which may significantly modify flow-fields (22) and enhance
surfactant transport (19), reducing the damage to a cell monolayer caused by a
progressing meniscus through a rigid tube. We will investigate various concentrations of
surfactant (Infasurf, ONY Inc, Buffalo, NY). This study will extend to multiple cycles of
oscillation following the experiments of Pillert and Gaver (19). We will analyze various
reopening waveforms by altering the frequency and retraction velocity in order to
understand its effect on cellular damage/protection. In this way, cellular death will serve
as a stress transducer (see SA1).
2.13.3. Specific Aim 3: Study the biological impact of flow pulsatility on competitive
adsorption between surfactant and albumin during airway reopening.
Hypothesis: Addition of albumin to airway lining fluid will result in increased levels of
cell death due to competitive sorption interactions with pulmonary surfactant. Multiple
instances of flow reversal will increase the amount of surfactant accumulated on the
bubble tip, displacing albumin from the interface and decreasing cell damage along the
length of the system.
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Albumin infiltration into the airspaces during ARDS is known to deactivate surfactant
through competitive adsorption (2). We will investigate whether physicochemical
interactions associated with pulsatile flow can reduce the level of albumin adsorption
during airway reopening and increase surfactant along the contracting and expanding airliquid interface, using an analysis similar to SA2.

Overall Goal: These specific aims sequentially identify the magnitude of biological
response to interfacial stresses that arise from the progression of an air-liquid
interface through an in vitro pulmonary airway reopening model.
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3. DEVELOPMENT OF AN IN-VITRO PULMONARY AIRWAY
REOPENING MODEL
Specific Aim #1: Establish a pulmonary airway reopening model that utilizes human
lung airway epithelial cells as a transducer of force.

3.1. INTRODUCTION
Pulmonary airway reopening by mechanical ventilation results in ventilatorinduced lung injury (VILI), which can harm the delicate tissues of the lung. In this
section we investigate the damaging mechanical stresses that occur during the reopening
of occluded lung airways and expand upon previous work that utilized parallel plate flow
chambers [53, 55, 63, 65].
To begin, we developed an experimental model of a single airway using silicone
tubing with a more biomimetic, three-dimensional geometry than the planar models used
in prior investigations. Cells from the human lung airway epithelial cell line NCI H441
(HTB-174, ATCC, Manassas, VA) were cultured to confluence in this system to serve as
surrogates for the more complex population of epithelial cells that exist in vivo.
Pulmonary edema was modeled by flooding the tubes with an occlusion fluid, as
described below. This in vitro system thus enabled us to measure the biological impact of
airway reopening.
The initiation of mechanical ventilation to an atalectatic airway was modeled by
the introduction of air into our fluid occluded in vitro system. The reopening procedure
was precisely controlled using an actuator driven syringe pump. This enabled us to
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explore a range of airflow waveforms and systematically assess different strategies to
reduce reopening-induce atelectrauama.
In §3.2, we detail the development of our model airway. In §3.3 we investigate
airway reopening in surfactant free conditions. We initially study how the system
responds to steady flows that have been investigated previously [53, 63] and then expand
this work to include dynamic waveforms. In §3.4 we correlate these results with
computational investigations of the pressure gradient across the progressing air-liquid
interface, demonstrating a novel use for our biomimetic airways as a biological force
transducer. As such, the present in vitro model can serve as a tool for validating
computational fluid mechanic models of airway reopening by predicting the magnitude of
mechanical stress based on the cellular injury.

3.2. METHODS

3.2.1. Cell Culture
For this in vitro analysis, we used cells from the human lung airway epithelial cell
line NCI H441 (HTB-174, ATCC, Manassas, VA) to measure the biological impact of
airway reopening procedures. Similar cells have been shown to be powerful sensors of
air-liquid interfacial stresses. In addition, these pulmonary epithelial cells are more
appropriate than those of endothelial origin due to their ability to tolerate long term air
contact [80].
Initially, cells were sub-cultured in are grown on tissue culture flasks using
RPMI-1640 growth media with L-glutamine, 10% fetal bovine serum and 1% antibiotic-
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antimycotic solution (Invitrogen, Carlsbad, CA) under standard culture conditions
(humidified, 37°C, 5% CO2-95% air). Growth media is changed daily, and nearconfluence cultures are passed into new flasks in order to stimulate new growth and
expand the population. This process was repeated until generation 57-65, when cells were
then transferred to the experimental system as detailed below.
3.2.2. Cylindrical Model Design
Parallel plate flow chambers have been used in the past to model ventilation
procedures [53, 55, 63] and elucidate the damaging mechanisms associated with airway
reopening. While informative, the planar geometry of those studies does not sufficiently
describe the reopening mechanical in the cylindrical airways. We thus seek to improve on
those models by utilizing biomimetic tubes. Furthermore, the planar models were not
amenable to the investigation of dynamic waveforms because of interfacial instabilities
that do not exist in a cylindrical system.
Model airway design is focused upon the seeding of cells on a 20 cm long silicone
tube (BioRad, Hercules, CA) with a 1.6 mm inner diameter and 1.8 mm outer diameter
(Figure 3.1B). To begin, the tubes are autoclaved, coated with 0.15 mg/ml fibronectin
(Invitrogen, Carlsbad, CA) and incubated for 24 hours under standard culture conditions
(humidified, 37°C, 5% CO2-95% air). During that period, the tube was rotated 180° every
6 hours. Once the silicone tubes had been prepared, the subcultured H441 cells were
suspended in their tissue culture flasks using 0.25% Trypsin w/EDTA (Invitrogen,
Carlsbad, CA). This suspension was removed to a 15 ml conical tube and centrifuged at
130 rpm for 5 minutes. The supernatant was discarded, and the remaining cell pellet was
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re-suspended in RPMI-1640 media at 5 x 106 cells/ml. 200 µL of this suspended solution
was then gently pipetted into one end of a prepared silicone tubes, ejecting residual

Figure 3.1: A) During airway reopening, mechanical ventilation reopens collapsed
airways in the lung. B) Stresses acting on the airways during a reopening event.
Reopening occurs by the propagation of a finger of air moving from left to right, which
displaces the liquid occlusion and secures free passage of air. The reopening process
imparts a dynamic wave of mechanical stresses on pulmonary epithelial cells. Far
downstream (right), cells are exposed primarily to a shear stress. Near the bubble tip, a
high resistance region exists which results in a traveling pressure-gradient that damages
the cell. After the bubble has passed, the cell is pushed outward by the airway reopening
pressure. C) Experimental design, showing a computer controlled linear actuator that
applies an oscillatory waveform to induce pulsatile airway reopening with flow rate Q. D)
Human lung airway epithelial cells seeded inside of a tube proliferating over a 24 hour
period absent of any fluid flow using a brightfield view. Confluence is reached roughly
~24 hours after seeding. Live/Dead staining shows minimal cellular damage at
confluence and after handling prior to experimentation. ImageJ (National Institute of
Health, Bethesda, Md) combines the live and dead images, after which a single autoadjust of brightness/contrast is applied to the entire figure.
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fibronectin solution from the other. Throughout this process particular care was taken to
prevent the introduction of air bubbles to the system, as this would have confounded our
results. Six hours after initial seeding, tubes were rotated 180° to ensure even cellcoating, and six hours later, 200 µL of fresh media was pipetted into the culture. Cells
reached confluence 24 hours after this media replacement and were then ready for
experimentation.

3.2.3. Apparatus
Each reopening experiment was performed using an actuator-driven (LinMot,
Spreitenbach, CH) syringe pump to introduces air into the model airway (Figure 3.1C).
This was guided by LinMot talk r1.3.14 (LinMot, Spreitenbach, SZ), which sends the
signal to a controller that guides the oscillatory motion of the pump. The plunger of a 250
µL glass syringe was attached to this actuator, and its luer tip was connected by a
stopcock with 1/8" luer fitting (Cole-Parmer, Vernon Hills) to a 50 cm length of silicone
tubing. At the other end of this attachment is a 1/8" straight barbed connector to which
the 20 cm long silicone tubes coated with a fully-confluent H441 cell layer are attached
for experimentation. Finally, an additional 30 cm length of silicone tubing was attached
to the outlet of the biomimetic airway by another 1/8" straight barbed connector that
emptied into a waste beaker. To maintain the cells at physiologic temperatures, the 20 cm
biomimetic airway portion was submerged in a warm saline bath at 37°C.
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3.2.4. Reopening Scenario
To model pulmonary edema under surfactant-free conditions, the model airway
was filled with phosphate-buffered saline (37°C). We implemented either “slow” or
“fast” steady reopening by introducing air to the system at 2.5 mm/s and 25 mm/s,
respectively. These were chosen to replicate the velocities used in prior studies [53, 55,
66]. The addition of acceleration and deceleration along the length of the system was
implemented in subsequent studies to demonstrate the relationship between reopening
velocity and cellular damage. We use a sample size of 4 for all of these experiments. This
process will enable us to correlate the extent of cell injury with the magnitude of
damaging mechanical stresses, with the pulmonary epithelium serving as a mechanical
stress transducer.
3.2.5. Quantification of Cellular Injury
Once removed from the apparatus the entire length of tube, with attachments, was
connected to a constant-rate syringe pump (KD Scientific, New Hope, PA), to infuse a
staining solution at 25 mm/s. This solution contained 5 μM Hoechst (Invitrogen,
Carlsbad, CA), which stained the nuclei of all cells in the system, and 5 μM ethidium
homodimer-1 (EthD-1) (Invitrogen, Carlsbad, CA), which stained the nuclei of damaged
cells with ruptured plasma membrane, in PBS. 1.0 mg/ml pulmonary surfactant was also
incorporated in the solution to minimize the potentially damaging effects associated with
reintroducing liquid into the system during the staining procedure.
Each tube was placed onto the stage of a Nikon Eclipse TE2000-E inverted
epifluorescence microscope (Nikon, Melville, NY) 5 minutes after the initial staining
procedure. The cell layer was examined at 10x magnification using a red (ex: 510-
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560 nm) or blue (ex: 325-375 nm) emission filter with identical exposure times for each
type of image acquired. The bottom-most portion of the entire length of tubing was
imaged, resulting in 200 images per tube. Two images were taken from each portion to
separately capture fluorescence from the blue emission filters. Edge effects were
eliminated by disregarding the portion of the tubing 1 cm from each end where the
straight barbed connector protruded into the system. These images were captured and
stored using a microscope-mounted, cooled digital 12 bit CCD camera system (SensiCam
QE, COOKE Corporation, Romulus, MI) and IPLab imaging software (Becton
Dickinson, Franklin Lakes, NJ). Figure 3.1D describes our results.
The percentage of red-emitting cells (EthD-1) relative to the entire quantity of
blue-emitting cells (Hoechst) in each image was counted using a custom MATLAB
(Mathworks, Natick, MA). Automatic counting ensures the absence of viewer bias that
may arise during manual counting. Cross-section curvature of the tube caused around
40% of each image to be out of focus, so only the central 60% of the images was
quantified. Statistical analysis of the results was performed using a one-way ANOVA
with specific statistical differences between each experimental group identified using a
Tukey post-hoc test. Live/dead images are combined to form a single image using ImageJ
(National Institute of Health, Bethesda, Md), after which an auto-adjust of brightness was
performed for each image in order to maximize the contrast between the live and dead
cells; nevertheless, not all live cells are viewable through this process.

3.3. AIRWAY REOPENING IN SURFACTANT FREE CONDITIONS
Past investigations of parallel plate systems have demonstrated that decreasing
the velocity of reopening leads to an increase in cellular damage. To test this in our
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Figure 3.2: Experimental series (n=4) describing the quantity of cellular damage (η)
along A) Fast (velocity=25 mm/s) and B) Slow (velocity=2.5 mm/s) airway reopening
scenarios. Top panels correspond to the velocity trajectory in the experimental case.
Bottom panels correspond to the resulting cellular damage. Cellular damage is
normalized to the level of damage that occurs during A) Fast (velocity=25 mm/s)
reopening without surfactant. This is imaged in Figure 3.3.

Figure 3.3: Images that illustrate the distribution of cell damage with red-stained nuclei
along the tube for (A) slow (velocity=2.5 mm/s) and fast (velocity=25.0 mm/s) cases.
These figures, which correlate with an average, normalized injury parameter of η=2.7 and
η=1.1, respectively, are quantified in Figure 3.2. Each map combines 25 captured
images.
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system, we analyze the effect of two airway reopening velocities (Figure 3.2) that
analyzed in experiments by Bilek, et al.[53]. Our results correlate well with their data,
with ~32% of cells damaged during in the slow reopening cases, and only ~12% of cells
damaged in the fast reopening cases (significant difference at p<.01)
For the purpose of our analysis, cell damage was analyzed to the 12% level that
occurred on average with fast reopening in the absence of surfactant (Figure 3.2A).
Mapping of cell wounding along the entire length of this system is provided in Figure
3.3, which depicts damaged cells (red dots) following a single instance of a (A) slow
(velocity=2.5 mm/s) and (B) fast (velocity=25.0 mm/s) reopening.
Additional investigations of the system response to reopening velocity are
performed by dynamically change the velocity. Initially, we investigate deceleration
along the entire length of the tube from 25 mm/s to 5 mm/s as well as acceleration from 5
mm/s to 25 mm/s along the length of the tube, as follows:
Accelerating: V ( x)  0.2 x  5

(4.4)

Decelerating: V ( x)  0.2 x  5

(4.5)

These data are presented in Figure 3.4. While velocity directly relates to the level of cell
membrane rupture in this previous and previous reopening investigations, acceleration of
the reopening bubble had no influence on cell wounding. To further verify this
observation, we examined scenarios in which both acceleration and deceleration were
incorporated into a single waveform across the length of a tube. We use the equations
(4.4) and (4.5) for these experiments. The results, show in Figure 3.5, clearly
demonstrate that cellular damage is dependent velocity and not acceleration.
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Figure 3.4: Experimental series (n=4) describing the amount of scaled cellular damage
(η) corresponds A) Accelerating (velocity starts at 5 mm/s and end at 25 mm/s) and B)
Decelerating (velocity starts at 5 mm/s and end at 25 mm/s) airway reopening scenarios.
Top panels correspond to the velocity trajectory in the experimental case. Bottom panels
correspond to the resulting cellular damage. Cellular damage is normalized to the level of
damage that occurs during reopening without surfactant with velocity=25 mm/s (12%
cellular damage).
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Figure 3.5: Experimental series (n=4) describing the amount of scaled cellular damage
(η) along A) Accelerating->Decelerating and B) Decelerating->Accelerating airway
reopening scenarios. Top panel corresponds to the velocity trajectory in the experimental
case. Bottom panel corresponds to the resulting cellular damage. Cellular damage is
normalized to the level of damage that occurs during reopening without surfactant with
velocity=25 mm/s, or 12% cellular damage.
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Finally, we investigate the effect of pulsatile flows on this system. As mentioned
in §2.10, there is potential for pulsatile flows during mechanical ventilation to enhance
surfactant function during airway reopening. However, based upon the previous
data in this section, we can conclude that moving an interface over a cell layer multiple
times may increase the damaging stimulus. Research by other labs has concluded this as
well with the flow of multiple liquid plugs over a flat surface [66]. In the present study,
we programmed a unique reopening waveform into our actuator-based syringe pump
using the follow equation:


Q0 ,
t  t0

Q(t )  Q1  Q2 cos  2 f  t  t0   , t0  t  t1

Q3 ,
t  t1


(4.6)

where Q0 = Q3 = 5x10-2 cm3/s is the steady flow rate, Q1 = 2x10-2 cm3/s, Q2 = 3x10-2
cm3/s, f = 0.2 Hz, t0 = 0.84 s, t1 = 5 s.
Figure 3.6A illustrates the damage profile that exists in a single instance of flow
reversal. In this case, velocity reduction clearly increases damage (P < .01), consistent
with the normal stress gradient as the damaging stimulus; however, the most damaging
stimulus occurs during retrograde motion. Here, the normal stress gradient is increased
[70] and the bubble propagates three times across the cell layer, increasing damage
substantially η = 3.8. Figure 3.6B illustrates the damage profile that exists in a reopening
event with two regions of pulsatile flow in the absence of surfactant. We find that damage
peaks again ~ η = 3.8 during both instances of flow reversal, and subsides afterwards.
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Figure 3.6: Experimental series (n=4) describing the amount of scaled cellular damage
(η) along pulsatile flow with A) one and B) two instances of flow reversal. Top panels
correspond to the velocity trajectory in the experimental case. Bottom panels correspond
to the resulting cellular damage. Cellular damage is normalized to the level of damage
that occurs during reopening without surfactant with velocity=25 mm/s, or 12% cellular
damage. C) Images that illustrate cell damage distributions in A) are shown with
damaged cells (red) and total cells (blue) along the points in the tube demarcated by I, II
and III as defined by the waveform trajectory
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3.4. CONCLUSIONS
To investigate the specific mechanisms leading to airway damage during
atelectrauma, several studies have propagated a semi-infinite finger of air across a
confluent monolayer of pulmonary epithelial cells in a constant-height flow chamber [49,
53, 63], while other studies have investigated damage associated with the propagation or
rupture of liquid plugs [66]. Reopening with a semi-infinite finger of air induces an
increase in cellular membrane wounding with decreasing reopening velocity. By
correlating these experimental results with theoretical stress-field predictions, it is
possible to implicate the large normal stress gradient near the bubble tip as the
mechanical stimulus that causes cell damage.

Figure 3.7: Boundary element method model as formulated by Smith and Gaver [70]
which investigates a cylindrical tube of radius R containing a Newtonian fluid of
viscosity  and a constant surface tension  . Positions are fully defined by an axial
position z*, a radial position r* (r* = (r*, z*)), and an arc-length s*.

To estimate the magnitude of the mechanical stimuli applied to the pulmonary
epithelial cells in the experimental model, the bubble and flow chamber were modeled as
a semi-infinite bubble progressing within a cylindrical tube. In this model, a semi-infinite

58
finger of air progresses through a rigid, cylindrical tube with radius R containing a
Newtonian fluid of viscosity  and a constant surface tension  (Figure 3.7). The air
phase dynamics are not considered, and thus a reference pressure of P = 0 is maintained
in this region. The system is modeled using cylindrical coordinates and assumed to be
axisymmetric, with dimensions defined using an axial position z* and a radial position r*
(r* = (r*, z*)). Arc length is defined by s* along the interface, starting at the tip of the
bubble and moving through the boundary element method (BEM) and lubrication theory
(LUBE) regions. This method of solution is detailed in Smith and Gaver [70].
For this work, slow, viscous flow is assumed due to the low Reynolds number of
the flow conditions, resulting in negligible inertia. The dynamic response of the system is
determined by the Ca=μU/γ (where U=bubble velocity). This dimensionless parameter
describes the relation between viscous (μ) and surface tension forces (γ) in governing
reopening mechanics. Here, the Ca ≪ 1, and therefore surface tension viscosity. If a
constant surface tension is assumed, which is valid for surfactant-free conditions,
increases in velocity are equivalent to an increase in Ca. Note, however, that dynamic
surface tensions (such as those in the presence of surfactant) can lead to variations in Ca
that have both velocity and surface tension contributions.
Smith & Gaver as well as Halpern & Gaver analyzed this system using the
following methods [70, 81]. Under low Reynolds number conditions, the governing
equations are the Stokes equation and continuity:

P

2

u

(3.4.1)
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u

(3.4.2)

0

These equations are solved using the boundary element method with an interfacial stress
at the air-liquid interface of

 nˆ men

 nˆ men

(3.4.3)

Here, is the stress tensor for the occlusion fluid, nˆ men is the unit normal vector,
and

 is the 3-D interfacial curvature. Marangoni stresses due to surface tension

gradients on the interface are ignored due to the constant surface tension assumption. For
a given Ca, the system was simulated until a steady state was reached and the geometry
and stress field of the interface could be found. From this the geometry and stress field
was determined. Comparisons of the relationship between (dP/dx)max and Ca are detailed
in Figure 3.8.
Prior studies have shown a correlation of damage with the pressure gradient, and
here we follow that analysis to relate the pressure gradient to cell cellular damage in
order to identify a quantitative stress-stimulus response for our experiments.
Computational simulations performed by this lab group have found find that the
relationship between Ca and (dP/dx)max at low Ca is approximately:

( P / x)max
( / R 2 )

0.396* Ca

0.29

(3.4.4)
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Figure 3.8: Graph of maximum pressure gradient as a function of capillary number,
developed from computation analysis [53, 59, 82]. Circles represent computational data,
and the green line is a regression fitting of that data. The magnitude of Ca relevant to this
experiment (2 x 10-3) is assumed to follow the trend of the linear fit (green line) that is
provided (performed by Jason Ryans).

Comparisons of these data allow a correlation between cellular damage and
pressure gradient. We can utilize the cellular damage vs. velocity data in the experiments
performed in this chapter to calculate the pressure gradient that is imparted during
reopening in the H441 cells by relating the pressure gradient to Ca. The connection
between cellular damage and capillary number is provided in Figure 3.9.
These data in conjunction with the link between Ca and (dP/dx)max from (3.4.4)
provide a measure of the relationship between damage and (dP/dx)max (Figure 3.10). We
can utilize this as the calibration curve for epithelial cells, enabling to treat them as
pressure-gradient transducers in our reopening system with =0.064 N/m and R=0.8 mm.
In the comparisons between cellular damage and pressure gradient, we see a possible
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maximum damage of 35% as the pressure gradient increases, while their appears to be a
critical stress level of 4.21 x 105 N/m3 at no cellular damage.
In Figure 3.9, it is difficult to differentiate the stimulus magnitude from duration,
since a slower velocity implies that the cell layer may experience the pressure gradient
for a longer time period, therefore increasing damage. Kay, et al. [63], provided further
insight into the relationship between pressure gradient and cellular damage by modifying
the stress magnitude under constant velocity (and thus constant duration) conditions.
Since reopening mechanics are governed by a single dimensionless parameter (Ca), these
investigators were able to examine the effects of different mechanical stress for a given
velocity (and duration) by modifying the viscosity of the occlusion fluid. They found the
exposure time to be inversely related to the pressure gradient magnitude, and therefore
cellular damage does in fact correlate with pressure gradient.
The work detailed in this chapter investigates cylindrical tube models of the lung
airway. We have demonstrated that the damage in these models correlates with similar
results from previous parallel plate flow chamber investigations, with decreasing
reopening velocity leading to increasing damage. This reinforces the conclusion that the
pressure gradient imparted by the progressing meniscus on the pulmonary epithelium is
the primary damaging stimulus [53, 63]. Furthermore, through dynamic reopening flows
with brief increasing and decreasing velocities, we have developed a relationship between
cellular damage and flow velocity. Finally, we have shown that without surfactant a
retracting bubble can substantially increase the damage to the airway epithelium. This
experimental platform gives us a tool to measure the damage of a progressing air-liquid

62
interface in airway reopening scenarios, and will be utilized for the studies in SA2 and
SA3.

Figure 3.9: Graph of capillary number versus percent of cells damaged in decelerating
and accelerating velocities (Figure 3.4)

Figure 3.10: Graph of pressure gradient versus percent of cells damaged in experiments
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4. ENHANCEMENT OF PULMONARY SURFACTANT FUNCTION
USING PULSATILE FLOWS
Specific Aim #2: Investigate the protective effect of pulsatile flow waveforms on
biological responses to airway reopening.

4.1. INTRODUCTION
Neonates with infant respiratory distress syndrome (IRDS) have underdeveloped
pulmonary systems that are not yet capable of producing a sufficient quality or quantity
of pulmonary surfactant. This results in difficulties in breathing that affects 40,000
infants each year [83]. The effects of surfactant insufficiency are discussed in §2.6.
Treatment involves the use of surfactant replacement therapy (SRT) along with
mechanical ventilation, yet IRDS still accounts for 20% of infant deaths per year. To
improve upon this outcome, it may be possible to incorporate a short-term retraction of
innate surfactant the air-liquid interface in order to take advantage of physicochemical
hydrodynamic processes to improve surfactant micro-scale transport and mobility §2.10
[70, 72].
In this chapter we utilize the model developed in SA1 in order to investigate the
surfactant transport in steady and pulsatile flows. We incorporate surfactant into the
occlusion fluid that is cleared by the progressing semi-infinite air bubble, and quantify
the mechanical stresses the event imparts on the confluent pulmonary epithelial cell layer.
In §4.3, we examine steady flows in the presence of surfactant as a baseline for
comparison. In §4.4 we investigate the effect of a single instance of flow reversal,
hypothesized to recruit surfactant onto the progressing bubble meniscus, and the potential
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for this process to reduce cellular damage during reopening. In §4.5 we expand our
investigation of flow reversal to add a second reversal event, and test two variables that
impact the waveform trajectory, the retraction velocity and frequency. In §4.6 we isolate
the best scenarios from §4.5 and analyze the response after many instances of flow
reversal. Finally, in §4.7 we investigate two extreme reopening waveforms, 0 retraction
velocity and high frequency, that are important for analysis of the effectiveness of flow
retraction.

4.2. METHODS
As described in SA1, we established a pulmonary airway reopening model with a
lumen lined with human lung airway epithelial cells cultured to confluence. This model
provides a method for measuring the biological impact of a variety of flow regimes.
Edema may be modeled by filling the system with the desired occlusion fluid, and this
preparation causes little to no damage to the airway prior to experimentation as seen in
§3.2 . We add the pulmonary surfactant Infasurf (ONY Inc., Buffalo, NY) to recreate a
scenario of a premature infant’s lung after surfactant replacement therapy. The design of
this experiment was provided in §3.2.4. Flows are introduced to the system by a custom
actuator-based (LinMot, Spreitenbach, SZ) syringe pump. This serves as a mechanical
ventilator to precisely translate the desired waveform of into airflow for our in vitro
system, allowing evaluation of possible strategies that may reduce damage to the lung
during reopening.
After we “reopen” the airway by pushing the fluid occlusion out of our model
airway, a staining procedure is introduced to the tubing at 25 mm/s. This solution
contains 5 μM Hoechst (Invitrogen, Carlsbad, CA), which stains the nuclei of all cells in
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the system blue, and 5 μM ethidium homodimer-1 (EthD-1) (Invitrogen, Carlsbad, CA),
which stains the nuclei of cells with plasma membrane damage red, in PBS. It is
important to include 1.0 mg/ml pulmonary surfactant to minimize the potentially
damaging effects of reintroducing liquid into the system during the staining procedure.
We take fluorescent images of the tube along its entire length using a Nikon Eclipse
TE2000-E inverted epifluorescence microscope (Nikon, Melville, NY). The percentage
of red-emitting cells (EthD-1 stain) relative to the entire quantity of blue-emitting cells
(Hoechst stain) in each image is counted using a custom MATLAB routine (Mathworks,
Natick, MA).
In the following sections, data will be presented in the same manner as SA1.
These plots contain a figure which provides the reopening velocity trajectory (velocity vs.
position) with cellular damage profiles aligned below the trajectory. Damage is presented
as the relative degree of cellular damage (η) along the length of a tube, which is
normalized to the average level of damage that occurs during steady flow in surfactantfree conditions (12% cellular damage).

4.3. STEADY FLOWS
Clinical mechanical ventilation strategies utilize low frequency (12 breaths per
minute) ventilation techniques to drive air into and out of the lung [84]. To model this in
the system we developed in SA1, we investigate reopening velocity of 12.4 mm/s. We
choose this value in order to represent velocities seen in the airway generations 12-15, as
have past studies [53]. We utilize Infasurf (ONY Inc, Buffalo, NY) at a concentration of
1.0 mg/ml in phosphate-buffered saline including 0.1 mg/ml CaCl2and MgSO4 (PBS) as
our occlusion fluid. Since SRT is delivered at 35 mg/ml, this represents a premature
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infant with surfactant incompletely delivered to the airways prior to mechanical
ventilation. In addition, surfactant is administered through the trachea during SRT and
becomes increasingly dilute as it travels down the respiratory tract.
Figure 4.1 represents the results from these experiments. Compared to the
surfactant free flows studies of SA1, we find that that there is a significant decrease in
damage throughout the system (from η=1.0 to η=0.32). This observation is consistent
with past studies using a 2-D parallel plate flow chamber [53, 63].

Figure 4.1: Plot of the relative degree of cellular damage (η) along the length of a tube,
normalized to the damage that occurs during steady flow in surfactant-free conditions
(12% cellular damage). The top figure provides the velocity trajectory (blue line), with
damage profile aligned below the trajectory for 1.0 mg/ml Infasurf. Each data point
represents the average cellular damage over a 2.5 mm length, and the standard error (n =
4).
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4.4. SINGLE OSCILLATIONS
We begin our investigation of pulsatile flows using a reopening waveform that is
programmed to our custom actuator-based syringe pump using the follow equation:


Q0 ,
t  t0

Q(t )  Q1  Q2 cos  2 f  t  t0   , t0  t  t1

Q3 ,
t  t1


where Q0 = Q3 = 5x10-2 cm3/s, Q1 = 2x10-2 cm3/s, Q2 = 3x10-2 cm3/s, f = 0.2 Hz, t0 = 0.84
s, t1 = 5 s.
We thus are examining a regime characterized by an initially nearly constant velocity,
followed by a segment with reverse flow halfway along the tube, and a final nearly
constant velocity area in the post-retrograde region. This data is presented as velocity vs.
position or cellular damage (Figure 4.2), we approximate the meniscus tip velocity as

U(t) Q(t)/(R2 ). This approximation neglects the minor effects of cell height (~ 5  m
) and residual film thickness (less than 20m ) [64], as estimated by the classical work of
Bretherton [85]. Since the bubble displaces nearly all of the fluid in the tube, this velocity
approximation has an error of less than 5%. The average velocity in the segment is

U 12.4mm/s , similar to the velocity during steady flow. It should be noted that
reopening velocities in the lung are likely to deviate substantially from airflow velocities
due to complex interfacial instabilities [86] that may result in avalanche-like reopening
scenarios [87 ].

(4.7)
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To begin, we reference the damage profile that exists in the surfactant-free case
analyzed in SA1 (Figure 4.2A). Here, velocity reduction clearly increases damage (P <
.01), consistent with the normal stress gradient as the damaging mechanical stimulus [53,
63] with the cell wounding occurring in the area of retrograde motion (Figure 4.2A and
B). In this region (demarcated by bold vertical lines), the normal stress gradient is
increased [70] and the bubble propagates three times across the cell layer, increasing
damage substantially η = 2.5 (P < .01).
When only a slight concentration of surfactant is incorporated (0.1 mg/ml), the
damage profile is changed substantially (Figure 4.2B). In this case wounding is reduced
by 70% to η = 0.3 in the forward phase. Furthermore, bubble retraction no longer causes
a substantial increase in damage – instead the level of damage is held nearly constant (η =
0.3). This is a reduction in damage of 88% from the peak damage in the surfactant free
case. Since a constant surface tension interface would result in an increase in damage
during retraction (see above), this outcome demonstrates that retrograde motion does not
maintain a constant surface tension, and results in a decrease in surface tension. This
occurs due to interfacial compression that increases surfactant surface concentrations, and
a modified flow field that recruits surfactant to the bubble tip region [62 ] as shown
schematically in §2.10. This reduces the surface tension and protects the cell layer from
the extraordinarily large normal stress gradients that would exist during the retrograde
stages in a constant surface tension system.
Strikingly, while the 1.0 mg/ml surfactant group demonstrates equivalent
protection as the 0.1 mg/ml during the forward steady flow phase (1), it also affords
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Figure 4.2: Plots of the relative degree of cellular damage (η) along the length of a tube,
normalized to the damage that occurs during steady flow in surfactant-free conditions
(12% cellular damage). The top left figure provides the velocity trajectory, with damage
profiles aligned below the trajectory for A) Surfactant-free; B) 0.1 mg/ml Infasurf; and C)
1.0 mg/ml Infasurf. Each data point, 80 in total per graph, represents the average cellular
damage and the standard error (n = 8). The notation 1 denotes the change from steady
flow to deceleration, 2 corresponds to the retrograde flow region (highlighted in pink),
and 3 corresponds to return to steady forward flow. 5 way linear regressions were
computed for the 4 experimental groups using the regression analysis system in
Sigmaplot 11 (Systat Software, San Jose, C A). Images that illustrate cell damage
distributions are shown to the right of each map with damaged cells (red) and total cells
(blue) along the points in the tube demarcated by 1, 2 and 3 as defined by the waveform
trajectory. ImageJ (National Institute of Health, Bethesda, Md) combines the live and
dead images, after which a single auto-adjust of brightness/contrast is applied to the
entire figure. Scale bar equals 100 µm.
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extraordinary protection during the retrograde flow stages (P < .01), as seen in Figure
4.2C. This results in a reduction to η = 0.15 from a level of η = 0.3 in the steady flow
region, indicating that retrograde flow further protects the epithelial layer and reduces the
damage by 50% in comparison to steady flow with surfactant (and by 94% from the
surfactant free retrograde flow case). Most importantly, we also observe that the
‘protective’ effect of the retrograde motion leads to a decrease in damage that extends
approximately 1.5 cm past the region of reverse flow. While full multilayers are likely to
develop after multiple cycles, the extended region of protection indicates that a reservoir
of surfactant may be developed through the initiation of a multilayer formation that could
exist on the interface in the high resistance region during the retrograde motion.
To quantify the change in damage before and after retrograde motion (phases I
and III, respectively), we graphed the average cellular damage vs. velocity in Figure 4.3.
Since repeated cycling was not explored, these are not precisely hysteresis loops;
however, the relative difference between damage during phase 1 and phase 3 curves
provides insight into the protection afforded by flow reversal (phase 2). We investigate
this trend by calculating the difference in the area under each phase. A positive area
represents a case where cell damage is reduced after retrograde motion, as seen in Figure
4.4A & B, and thus we conclude that retrograde motion is effective in decreasing cell
damage.
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Figure 4.3: Cellular damage vs. velocity utilizing the death before (blue) and after (red)
retrograde motion. A) 0.1 mg/ml Infasurf and B) 1.0 mg/ml Infasurf. The area values are
the difference in the area under the curves, with Area > 0 corresponding to a decrease in
cellular damage as a result of retrograde flow (p<.01),
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4.5. ANALYSIS OF PROTECTIVE EFFECTS USING TWO OSCILLATIONS
With the knowledge of the protective capabilities of a single pulsatile reopening
event, we extend these studies to two oscillations. We aim to investigate how large of a
protective effect these flows may have and seek to identify the length we can extend this
protection through a system. To create optimal waveforms, we adjusted the frequency
and retraction velocity of our reopening waveform from §4.4. For this investigation, we
only utilized surfactant concentrations at 1.0 mg/ml.
The retraction velocities and frequencies chosen herein will be focused on the
protective distance that occurs after a waveform. Figure 4.4 is an extension of the
waveform initially used in §4.4. In that diagram, a single oscillation yielded 20 mm of
decreased cellular damage (from ~ 3.0% to ~1.5%, p<.01) after the first oscillation loop
is finished.

Figure 4.4: Waveform trajectory of the reopening event, the air bubble moves through
the occluded system in a pulsatile manner. Velocity vs. position graph provides the
behavior of the bubble tip along the distance of the system, with areas of flow reversal
(velocity < 0). Yellow line marks the point where decrease in damage from a single
reopening event (as described in Figure 4.2) would be expected to end.
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Figure 4.5: Depiction of maximum retraction velocity for experimentation with a
waveform frequency of 0.2 Hz. Maximum retraction velocity increases from left (2.5
mm/s) to right (10 mm/s), as seen in the region of flow reversal (light blue bars), where
velocity drops below 0.
This corresponds to a frequency of 0.2 Hz. By increasing the frequency, we can decrease
the distance between the first and second oscillation, and attempt to position the second
oscillation near this 20 cm region. This was accomplished using frequencies of 0.5 Hz,
0.65 Hz and 1.0 Hz, which correspond to the second pulse starting after, during and
before this region of protection, respectively. Furthermore, we will increase and decrease
the retraction velocity of the waveform in order to change the retraction velocity to values
of 2.5, 5.0 and 10.0 mm/s to test the importance of this velocity component on reducing
damaging mechanical stresses (Figure 4.5). This work will be performed with two
instances of flow reversal surrounded by periods of steady flow, and then the best cases
will be extended outward to longer lengths. In summary, this strategy is designed to
systematically investigate the protective abilities of pulsatile flow relative to steady flows
during airway reopening.
Figure 4.6 and Figure 4.7 describe experiments where a set of frequencies (0.2
and 0.5 in Figure 4.6 and 0.65 and 1.0 Hz in Figure 4.7) were tested against a set of

74

Figure 4.6: Experiments (n=4) describing the amount of scaled cellular damage (η)
during a variety of airway reopening scenarios. Columns represent flow retraction
frequencies 0.2 Hz and 0.5 Hz after a 20 mm period of steady flow. Rows represent
increasing maximum retraction velocity. Red dotted line corresponds to the average
damage seen during steady flows (12.4 mm/s) in the presence of surfactant, or η=0.32,
and thus values below this level are considered to be an improvement. Vertical blue lines
assist the eye in coordinating the velocity trajectories (top panel) with the cellular damage
in the region of pulsatile flow (bottom panel). Standard error bars performed by
Sigmaplot provide statistical analysis.
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Figure 4.7: Experiments (n=4) describing the amount of scaled cellular damage (η)
during a variety of airway reopening scenarios. Columns represent flow retraction
frequencies 0.65 Hz and 1.0 Hz after a 20 mm period of steady flow. Rows represent
increasing maximum retraction velocity. Red dotted line corresponds to the average
damage seen during steady flows (12.4 mm/s) in the presence of surfactant, or η=0.32,
and thus values below this level are considered to be an improvement. Vertical blue lines
assist the eye in coordinating the velocity trajectories (top panel) with the cellular damage
in the region of pulsatile flow (bottom panel). Standard error bars performed by
Sigmaplot provide statistical analysis.
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retraction velocities (represented by maximum retraction velocities of 2.5, 5.0 and 10.0
mm/s). Each graph is composed of two panels with a common x-axis that describes the
position along the channel in millimeters. The panels are separated by a thick black line,
with the top half describing the trajectory of the reopening waveform that is applied to
the model airways, and the bottom portraying the associated damage profile. As in
previous analysis, damage is normalized to the value that results from fast, steady flow in
surfactant-free conditions (12% cellular damage). The red dashed line in the bottom
panel, marking η=0.32, represents the average cellular death observed in steady flows
(i.e. with no flow reversal) in the presence of surfactant. Pulsatile flows where the
cellular damage drops below this level represents scenarios that are beneficial for
reducing cell wounding during airway reopening. Frequency/retraction velocity plots
allow us to measure the ability of pulsatile flows to extend surfactant protection down the
length of the experimental airway.
These
data
are
further
analyzed
in
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Figure 4.8. This table provides measurements of the average protection, which we define
as the distance from the location where cellular damage is initially reduced below the
damage from steady flow after the beginning of deceleration (at 20 mm), to the location
where the damage once again reaches a value equal to or greater than the steady flow
value (p<.01). These data demonstrate that protection can be extended to 75 mm after the
initial flow reversal with both lower frequency and lower maximum retraction velocity
values, while frequencies greater than 0.5 Hz afford minimal or no additional protection
(P < .01). There is a striking difference in the two lower frequencies (Figure 4.6) versus
the two higher ones (Figure 4.7), which suggests that there is an ideal range of
frequencies for minimizing
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Figure 4.8: Length of protection (mm) is described as the average distance that cellular
damage remains below η=0.32 (red dotted line in Figure 4.6 and Figure 4.7) after the
beginning of deceleration (at 20 mm). This distance begins at the onset of retrograde
motion in all cases (at 20 mm) and remains below this value in the majority of cases.
Increasing frequencies correlates to decreasing protective length. X-axis details the
frequency, with the columns representing 2.5 mm/s (blue), 5.0 mm/s (red) and 10.0 mm/s
(green).

cell wounding in this system. Analysis of retraction velocity indicates that this variable
does not have as much of an effective (p<.01) effect on protection length. We note that
the retraction velocity of 5.0 mm/s with frequencies of 0.65 Hz and 1.0 Hz (Figure 4.7)
are the worst performing cases.
We further analyze the amount of cellular protection by utilizing a method similar
to that which was described in Figure 4.3. Here we calculate the amount of damaged
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Figure 4.9: Number of cells (x 108) that are protected by oscillatory flow. These values
are determined by taking the difference in area under the data for cellular death during
steady flow (red line) and during oscillatory flow for each case, and subtracting the
difference. X-axis details the frequency, with the columns representing 2.5 mm/s (blue),
5.0 mm/s (red) and 10.0 mm/s (green).

cells for each trial by taking the area under the associated curve. We subtract this value
from the amount of cells damaged during steady flow in order to quantify the reduction in
cellular damage afforded by pulsatile flow. These results are reported in Figure 4.9. A
positive area represents a post-retrograde reduction in cell damage. There is clearly an
increase amount of protection in all cases (p<.01); however, this protection is the highest
at 0.2 Hz and 0.5 Hz in Figure 4.6, with the relative decrease in cell wounding increasing
3.25 fold between 0.65 and 1.0 Hz (3.25 x 107) and 0.2 and 0.5 Hz in Figure 4.7 (p<.01).

4.6. MULTIPLE OSCILLATIONS
In section 4.5, we identified the 4 protective modalities. are 0.2 Hz and 0.5 Hz with a
maximum retraction velocity of 2.5 mm/s and 5.0 mm/s. Each of these scenarios was able
to both extend the region of cell protection down the length of our system as well as
decrease overall cellular damage. In this section, we build upon these scenarios by
studying the cell injury response to increased oscillations using a longer length of tube
(15 cm). These results are shown in Figure 4.10.
Figure 4.10A reiterates the result from steady flow for the sake of comparison.
Figure 4.10B-E demonstrate the multiple oscillation waveforms and corresponding cell
wounding profiles. Cases C & E represent f=0.5 Hz waveforms that each contain a
significant decrease (up to 33%) in damage along the length of the system, with final
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values of η=.23 and .21, respectively. In comparison, cases B & D (f=0.2 Hz)
demonstrate modestly reduced protection, with final values of η=.26 each, roughly a 22%
decrease versus the steady flow case. This indicates that the 0.5 Hz frequency range may
be slightly superior to 0.2 Hz range for mitigating reopening induced cell integrity.
Figure 4.11 supports this analysis, as the number of cells protected at 0.5 Hz (average
1.73 x 108) is higher than 0.25 Hz (average 1.39 x 108). In all of the multiple retractions
cases, there is improvement in cellular protection over the dual oscillation scenarios. We
argue, therefore, that pulsatile ventilation techniques should implement frequencies of
0.2≤ f ≤0.5 Hz and reversal flow rates that correspond to 2.5≤ Umin ≤5.0 mm/s in our
model airway.

81

Figure 4.10: Experimental series (n=4) describing the amount of cellular damage (η)
along the 4 optimal airway reopening scenarios profiled in Figure 3. A) Control scenario
of a steady flows (12.4 mm/s) reopening event, with an average cellular damage of
η=0.33. B-E) Series of cases describing how pulsatile airway ventilation leads to
increasing protection of the airway epithelial cells vs. steady flows. Higher frequencies
(f=0.5 Hz) correlate with increasing protection vs. steady flow case. Before the onset of
retraction, there is a 2 cm length of steady flow to standardize this data with that of single
and double oscillations. Red dotted line corresponds to the average damage seen during
steady flows (25 mm/s) in the presence of surfactant, or η=0.32, and thus values below
this level are considered to be an improvement. Standard error bars performed by
Sigmaplot provide statistical analysis.
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Figure 4.11: Number of cells (108) that are protected by flows with multiple oscillations.
These values are determined by taking the difference in area under the data for cellular
death during steady flow (red line) and during oscillatory flow for each case, and
subtracting the difference. X-axis details the frequency.

4.7. FURTHER STUDIES
We have investigated other flows to further elucidate the phenomena observed. First, we
explored the case where the bubble ceases forward motion without retraction. In this
study, shown in Figure 4.12A, the oscillation equals 0.2 Hz. We find that these
experiments do not demonstrate a statistically significant damage reduction (average
η=0.305) in comparison to steady flows (average η=0.32). This shows that retraction is an
essential aspect to airway protection, possibly due to the formation of multilayers that
drastically reduce the surface tension of the progressing bubble meniscus.
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Figure 4.12: Experimental series (n=4) describing the amount of cellular damage (η)
along the 2 airway reopening scenarios. Red dotted line provides amount of cellular
damage during steady flow (η=0.32). A) Velocity reduction with no flow reversal,
demonstrating that flow reversal is necessary to increase protection or else damage is
equal to steady flow. B) Flow reversal in a case of a frequency of 4.0 Hz, far larger than
any seen in the experiment. Higher frequencies are worse than the steady flow control
average cellular damage of η=0.37.

Next, we explored very high frequency oscillation. Figure 4.12B diagrams a
frequency of 4.0 Hz applied to our ventilation waveform (retraction velocity 5.0 mm/s).
In this example, we find that these experiments (average η=0.37) are more damaging than
that observed in steady flow, showing that there is indeed a frequency-dependent
response to the system.
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4.8. CONCLUSIONS
In summary, IRDS is a severe form of acute lung injury, with significant mortality
rates. The lungs, initially filled with amniotic fluid must be reopened [88], and thus is
associated with traumatic stresses that damage pulmonary epithelium [53]. The present
study investigates surfactant physicochemical hydrodynamic interactions that may protect
the lung from physical insult during the inflation of atalectatic airways.
We observed that flow reversal in the presence of endogenous surfactant can
substantially reduce the deleterious mechanical stresses associated with a semi-infinite
bubble propagating through a tube lined with a confluent monolayer of human lung
airway epithelial cells; whereas in surfactant-free situations the damage is substantially
increased. We also found that cell protection may persist beyond the retrograde portion of
the waveform, demonstrating the possible existence of an enriched surface-associated
phase that may serve as a reservoir to propagate surfactant further into the airway.
We show that these interactions can mobilize very small quantities of endogenous
surfactant to significantly increase concentrations at the bubble interface. While these
studies did not investigate asymmetric waveform properties (as studied by Pillert [72]),
we nevertheless demonstrate that retrograde flow can be effective for decreasing
reopening stress, as evidenced by the substantial reduction in airway damage observed in
these airways. This reduction may result from dynamic surfactant multilayer interactions
due to temporary interfacial compression.
Analysis of the work in Figure 4.10 and Figure 4.12 has indicated that lower
frequencies (0.2≤ f ≤0.5 Hz) of pulsatile flow results in increased cellular protection
(p<.01) over higher values (0.65≤ f ≤4.0 Hz). This may be attributed to the dynamic
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surface tension modulation that is described in Figure 2.4 (§2.5). Here, the expansion and
contraction of the interface results in spreading and compression of surfactant molecules,
respectively. During expansion, the rate of interfacial creation is far larger than the rate of
surfactant adsorption, leading to an increase in surface tension as the interfacial
concentration decreases as surfactant is spread out. Increasing the frequency this cycle
will raise the velocity of area expansion and collapse, resulting in an even larger
difference in the rate of expansion versus surfactant adsorption. This increases the
interfacial surface tension, as the molecules spread faster and the concentration decreases.
In our work, the higher frequencies are more damaging to the cellular layer, indicating
that the bubble cap at these higher frequencies may have higher surface tensions due to
the rate of area expansion being higher than the adsorption of surfactant onto the surface.
The present study therefore suggests an approach akin to ‘endogenous surfactant
therapy,’ a term coined by Suki [56]. Their research suggests that surfactant secretion can
be significantly enhanced through the use of variable ventilation rates. They hypothesize
that variable rate ventilation induces stochastic resonance that increases the flux of
surfactant from alveolar type II cells, thereby increasing the concentration of surfactant in
the lining fluid and leading to a reduction of atelectrauma.
Instead we propose that flow reversal may provide a means for ‘endogenous
surfactant delivery.’ Here the dynamic flow-field takes advantage of native surfactant to
target delivery specifically to regions of the lung where airway recruitment is occurring.
This provides a reservoir of surfactant to areas that are difficult to reach with exogenous
surfactant that are at high risk for damage. The use of exogenous surfactant delivery may
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reduce the need for exogenous surfactant delivery, which is a difficult, expensive, and
inefficient process [89].
While surfactant has long been recognized as fundamental to defining the
macroscale properties of the lung, our study demonstrates a microscale protective
mechanism that relates to surfactant function that has heretofore not been recognized.
Flow reversal uses this protective mechanism to reduce the damage that might otherwise
occur during the propagation of an air-liquid interface through an edemic airway.
Exhalation will result in long durations of reverse flow and the potential for reclosure of segments of the lung. The present work and that of Fujioka [90] and Smith
[70] shows that long segments of backward flow creates regions with very high
mechanical stresses near the wall. Surfactant transport may ameliorate this effect, but it is
also likely that short pulsations of forward flow during exhalation could be helpful in this
scenario as well.
We acknowledge that this study is highly idealized because it involves the
investigation of an inflexible airway without bifurcations. Since the protection extends
beyond the reverse flow region, it is likely that a pulsatile flow could be used to extend
the region of protection. The development of strategies that implement ventilation
management in heterogeneous branching airways will be a major challenge, as it will
require the opening of a network of airways while preventing over-inflation of patent
airways and alveoli. Nevertheless, it is our hope that these observations may contribute to
the design of novel treatments for ARDS and IRDS that could reduce the severity of
ventilator-induced lung injury.
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5. EFFECT OF PULSATILE FLOWS ON THE COMPETITIVE
ADSORPTION BETWEEN SURFACTANT AND ALBUMIN
Specific Aim #3: Study the biological impact of flow pulsatility on competitive
adsorption between surfactant and albumin during airway reopening.

5.1. INTRODUCTION
Albumin infiltration into the lung during acute respiratory distress syndrome
(ARDS) is known to deactivate surfactant through competitive adsorption [78], resulting
in surfactant replacement therapy (SRT) treatments ineffective. Patients in respiratory
distress must therefore be placed on mechanical ventilators without the added protection
of exogenous pulmonary surfactant. This may lead to ventilator-induced lung injury
(VILI) and the exacerbation of acute respiratory distress syndrome (ARDS). In this
chapter we investigate whether physicochemical interactions associated with pulsatile
flow affect the rate of competitive adsorption of albumin; thereby altering the primary
surfactant concentration along the progressing air-liquid interface during airway
reopening. It so, this could provide an insight into protective ventilation maneuvers that
could improve the outcome of patients with ARDS.
Although albumin has innate surface-active properties not reduce the surface
tension of an air-liquid interface beyond 50 mN/m (compared to surfactant levels of 25
mN/m) due to its aqueous solubility [78]. Additionally, it does not form multilayers
during instances of decreasing surface area, unlike surfactant, which are key for
establishing near-zero surface tension levels upon compression [69]. From an energistic
standpoint, the low energy surfactant should always displace a higher energy molecule
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such as albumin from the air-liquid interface; however, this displacement is slow due to
albumin’s negative charge [78]. This therefore prevents the negatively charged
pulmonary surfactant aggregates from getting to the interface. This is evident in the work
of Yamaguchi, et al. [91], which describes the long time period for equilibrium surface
tension to be reach in experiments with albumin and surfactant (Figure 5.1).

Figure 5.1: Measurements of the time to reach equilibrium surface tension on a static
interface. The mixture of albumin and Infasurf substantially slowed down adsorption
rates [91].
Warriner, et al., have further described the competitive adsorption between
surfactant and albumin [69]. They found that the high surface pressure of albumin
prevents surfactant monolayers from spreading on air-liquid interfaces. In particular, the
surface pressure of albumin is higher than the respreading pressure of collapsed
surfactant multilayers, hindering the ability of surfactant to respread during surface
expansion. This results in an overall increase in lung surface tension, which may be
harmful during ARDS. This surface tension only increases when the concentration of
albumin increases. These findings suggest that reopening events with the inclusion of
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albumin will be characterized by higher surface tensions and damaging pressure
gradients. In this chapter we aim to determine whether pulsatile waveform reopening
strategies may assist the preferential adsorption of surfactant to the interface despite
albumin-based energy barriers.

5.2. METHODS
The experimental design for this work is detailed in SA1 and SA2. We utilize the
in vitro pulmonary airway model that was designed and investigated in SA1, which
provided a model for the investigation of the reopening of lung occluded lung airways. In
SA2, we investigated flow reversal in the presence of pulmonary surfactant during these
reopening scenarios, and concluded that pulsatile flows can reduce the deleterious
mechanical stresses associated with the progressing bubble meniscus.
Here we investigate the competitive adsorption between surfactant and albumin
during airway reopening by adding albumin to the occlusion fluid of the system. We do
this by adding 5 mg/ml of albumin (Invitrogen, Carlsbad, CA) to the pulmonary
surfactant Infasurf (ONY Inc, Buffalo, NY) at a concentration of 1.0 mg/ml in phosphatebuffered saline including 0.1 mg/ml CaCl2and MgSO4 (PBS) as our occlusion fluid. This
is a sufficient concentration ratio to affect the surface tension reducing properties of
pulmonary surfactant as seen in Figure 5.1 [78, 91]. Similar to the analysis in SA2, we
investigate a series of waveforms that may improve current mechanical ventilation
techniques.
In §5.3, we examine steady flows in the presence of albumin and surfactant as a
baseline for comparison to pulsatile scenarios. In §5.4 we investigate the effect of a single
instance of flow reversal. In §5.5 we expand our investigation of flow reversal to add a
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second reversal event, and test two variables that impact the waveform trajectory: 1) the
retraction velocity and 2) the frequency. In §5.6 we isolate the best scenarios from §5.5
and analyze the response after multiple instances of flow reversal. Finally, in §5.7 we
investigate two extreme reopening waveforms, zero retraction velocity and high
frequency oscillation. These help to identify the importance of flow retraction for
reduction of cellular damage.

5.3. STEADY FLOWS
As described in SA1, we developed an experimental platform that can be utilized
to investigate airway reopening. Clinical mechanical ventilation strategies utilize low
frequency (12 breaths per minute) ventilation techniques which drive air into and out of
the lung [84]. To model this in the system we developed in SA1, we investigate a steady
reopening velocity of 12.4 mm/s. The results from this work are shown in Figure 5.2.
Compared to steady flows in the presence of surfactant (SA2), we find that that there is a
more than 2-fold increase in damage throughout the system (from η=.31 to η=0.72). This
may be attributed to the deactivation of surfactant on the progressing bubble meniscus,
which leads to an increased interfacial surface tension. However, in comparison to
surfactant-free flows, there is still a large drop in overall damage (from η=1.0 to η=0.72).
This indicates that even with albumin competitive adsorption, the presence of surfactant
will still reduce the damage that may occur during airway reopening.
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Figure 5.2: Analysis of albumin/surfactant relationship during steady flow. Plot of the
relative degree of cellular damage (η) along the length of a tube, normalized to the
damage that occurs during steady flow in surfactant-free conditions (12% cellular
damage). Average η=.72, marked by the dotted red line. Damage is noticeably higher
than steady flow in the presence of 1 mg/ml surfactant. The top figure provides the
velocity trajectory (blue line), with damage profile aligned below. Each data point
represents the average cellular damage over a 3 mm length, and the standard error (n = 4).
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5.4. SINGLE OSCILLATIONS
As found in SA2, there exists potential for pulsatile flows to substantially reduce
the damage that occurs during airway reopening when surfactant is present in the lining
fluid. Surfactant-free conditions, on the other hand, lead to increased damage in the
presence of flow reversal. In this section, we investigate the scenario of flow reversal in
the presence of surfactant and albumin (i.e. partially deactivated surfactant conditions).
We begin by analyzing a single oscillation. Figure 5.3 establishes the relationship
between (A) SA1 (surfactant free flows), (B&C) SA2 (surfactant flows) and (D) SA3
(surfactant-compromised flows).
Figure 5.3D portrays the results of a single oscillation in the presence of 1/0
mg/ml surfactant and 5.0 mg/ml albumin. Comparisons of this figure w/ Figure 5.3 B&C
(reopening in the presence of surfactant @ 0.1 mg/ml and 1.0 mg/ml, respectively)
demonstrates that surfactant is rendered less effective (i.e. deactivated) by albumin with
damage increasing to η = 0.7-0.8 in the upstream forward phase from η = 0.3 without
albumin Figure 5.3 B&C (p<.01). This shows that albumin-based deactivation increases
the surface tension to nearly that of the surfactant-free case (η = 1.0). We find that this
range is consistent with the results shown in Figure 5.2, where steady flow resulted in an
average cellular damage level of η = 0.7-0.8 (p<.01). Interestingly, although the
reopening velocity for Figure 5.2 (12.4 mm/s) is half that of Figure 5.3 (25 mm/s), the
magnitude of cellular damage remains the same. This indicates that while albumin does
diminish the surface-tension lowering effects of pulmonary surfactant to some extent, this
surfactant deactivation is not complete (p<.01). These results are consistent with past
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Figure 5.3: Plots of the relative degree of cellular damage (η) along the length of a tube,
normalized to the damage that occurs during steady flow in surfactant-free conditions
(12% cellular damage). The top left figure provides the velocity trajectory, with damage
profiles aligned below the trajectory for A) Surfactant-free; B) 0.1 mg/ml Infasurf; C) 1.0
mg/ml Infasurf, and D) 1.0 mg/ml Infasurf with 5.0 mg/ml albumin. The notation 1
denotes the change from steady flow to deceleration, 2 corresponds to the retrograde flow
region (highlighted in pink), and 3 corresponds to return to steady forward flow. 5 way
linear regressions were computed for the 4 experimental groups using the regression
analysis system in Sigmaplot. Images that illustrate cell damage distributions are shown
to the right of each map with damaged cells (red) and total cells (blue) along the points in
the tube demarcated by 1, 2 and 3 as defined by the waveform trajectory. Scale bar equals
100 µm.
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airway reopening studies that find that cellular damage does not increase with decreasing
velocity if surfactant is present in the occlusion fluid [53].
Upon bubble retraction in the surfactant-albumin occlusion fluid (D), we find that
cellular damage decreases below the levels achieved during steady flow. This
demonstrates that albumin does not completely reverse the protective effects of
pulmonary surfactant (recall that  is large than 3.0 in the absence of surfactant). It also
reinforces our previous conclusions that flow retraction during airway reopening takes
optimal advantage of surfactant physicochemical hydrodynamics to enhance epithelial
protection during airway reopening. Flow indicates the presence of protective surfaceassociated molecules at the air-liquid interface when albumin is introduced, even though
competitive adsorption has deactivated much of the surfactant function.
After retrograde motion, the damage is substantially reduced (η = 0.7). This 23%
reduction of damage relative to the damage before retrograde motion is significant (P <
.05), and indicates an increase in surfactant function that persists for an extended length
(>3.5 cm) as the bubble progresses down the tube. This indicates that retrograde flow
either promotes pulmonary surfactant to incorporate onto the interface or excludes
albumin from the surface, which would diminish its competitive adsorption on the
forward stroke. We postulate these altered surfactant-albumin interfacial dynamics results
from the soluto-capillary-induced Marangoni stresses described in §2.8.3 [92].
To quantify the change in damage before and after retrograde motion (phases 1
and 3, respectively), we graphed the average cellular damage vs. velocity in Figure 5.4.
The relative difference between damage during phase 1 and phase 3 curves provides
insight into the protection afforded by flow reversal (phase 2), and lend insight into the
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potential level of protection that may develop during cases of multiple oscillation. We
calculate the difference in the area under each phase, and note that a positive area
represents a case where cell damage is reduced after retrograde motion. This analysis
shows that 5.0 mg/ml albumin and 1.0 mg/ml surfactant (Figure 5.4) results in an area =
+1.251 normalized death*mm/s. Since this value is larger than surfactant cases in SA2,
with a max area of 0.305 normalized death*mm/s, these data show the enhanced
performance of pulsatile flows in reactivating surfactant despite albumin disruption. We
therefore proceeded by analyzing these protective effects following the same
frequency/velocity retraction protocols of SA2.

Figure 5.4: Cellular damage vs. velocity utilizing the death before (blue) and after (red)
retrograde motion for 1.0 mg/ml Infasurf + 5.0 mg/ml albumin. The area values are the
difference in the area under the curves, with Area > 0 corresponding to a decrease in
cellular damage as a result of retrograde flow.
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5.5. ANALYSIS OF PROTECTIVE EFFECTS USING DUAL OSCILLATIONS
Here we follow the strategy that we utilized in SA2, in order to identify a
frequency/retraction velocity range over which pulsatile flow is the most potent. Figure
5.5 and Figure 5.6 describe experiments where a set of frequencies (0.2, 0.5, 0.65 and 1.0
Hz) were tested at a set of different amplitudes (represented by maximum retraction
velocities of 2.5, 5.0 and 10.0 mm/s).
Our data presented in graphs composed of two panels that share a similar x-axis
that represents the position in the tube (with length represented in millimeters). These
panels are separated by a thick black line. The top panel describes the trajectory of the
reopening waveform that is applied to the model airways, and the bottom panel describes
the associated damage profile. The red dotted line across the graphs of cellular damage
each represents the average cellular damage observed during steady flow in the presence
of albumin and surfactant (η=0.72). Pulsatile flows where the cellular damage drops
below η=0.72 demonstrate regions of protection.
Figure 5.5 and Figure 5.6 show that, in comparison to data from surfactant based
flows (Figure 4.6 and Figure 4.7), the amount of cellular damage is overall far larger
(p<.01), ranging from η=0.55 to η=0.91 during the steady flow phases that proceed
pulsatile flow (with values from η=.12 to η=0.35). During pulsatile flow, η reduces to a
value of 0.40, nearly the same value of steady flow in the presence of surfactant (η=0.32).
This result demonstrates that pulsatile flow may enhance surfactant function even in the
presence of albumin. However, albumin does continue to deactivate surfactant in all
cases, since cellular damage is never reduced to levels as those without albumin (p<.01).
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These data are analyzed in Figure 5.7. This figure quantifies measurements of the
average protection length, which we define as the distance from the location where
cellular damage is initially reduced below the observed damage from steady flow, to the
location where the damage once again reaches a value equal or above the steady value.
These data demonstrate that protection can be extended to 89 mm after the initial flow
reversal, similar to the maximum extension possible in case with surfactant but without
albumin (length=88 mm) as described in Figure 4.8. However, the ability to extend the
initial damage reduction further along the tube is only present for short and medium
retraction velocities. It was not observed at the highest retraction velocity (10 mm/s). We
speculate that this velocity does not provide sufficient time to overcome the energy
barrier necessary to reject albumin from the interface. This indicates that it is more
advantageous to utilize slower retraction velocities during airway reopening when
albumin is abundant, such as disease states like ARDS (p<.01).
We further analyzed the data shown in Figure 5.5 and Figure 5.6 to quantify the
total amount of cellular protection (Figure 5.8). Here we calculate the number of
damaged cells for each trial by taking the area under the associated curve. We subtract
this value from the number of cells damaged during steady flow in order to quantify the
reduction in cellular damage afforded by pulsatile flow. A positive area represents a case
where cell damage is reduced by flow pulsatility.
These data show that all rates of retraction exhibit a protective effect. This is true
for a retraction velocity of 10 mm/s despite the fact that the range of protection was
shown to be very short (p<.01) (Figure 5.4). Even more striking is the scale of that
protection, which ranges from 1.73 x 108 (f=1.0 Hz, retraction velocity=10.0 mm/s) to
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Figure 5.5: Experiments (n=4) describing the amount of scaled cellular damage (η)
during a variety of airway reopening scenarios. Columns represent flow retraction
frequencies 0.2 Hz and 0.5 Hz after a 20 mm period of steady flow. Rows represent
increasing maximum retraction velocity. Red dotted line corresponds to the average
damage seen during steady flows (12.4 mm/s) in the presence of surfactant, or η=0.72,
and thus values below this level are considered to be an improvement. Vertical blue lines
assist the eye in coordinating the velocity trajectories (top panel) with the cellular damage
in the region of pulsatile flow (bottom panel). Standard error bars performed by
Sigmaplot provide statistical analysis.
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Figure 5.6: Experiments (n=4) describing the amount of scaled cellular damage (η)
during a variety of airway reopening scenarios. Columns represent flow retraction
frequencies 0.65 Hz and 1.0 Hz after a 20 mm period of steady flow. Rows represent
increasing maximum retraction velocity. Red dotted line corresponds to the average
damage seen during steady flows (12.4 mm/s) in the presence of surfactant, or η=0.72,
and thus values below this level are considered to be an improvement. Vertical blue lines
assist the eye in coordinating the velocity trajectories (top panel) with the cellular damage
in the region of pulsatile flow (bottom panel). Standard error bars performed by
Sigmaplot provide statistical analysis.
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Figure 5.7: Length of protection (mm) is described as the average distance that cellular
damage remains below η=0.72 (red dotted line in Figure 5.6) after the beginning of
deceleration (at 20 mm). This distance begins at the onset of retrograde motion in all
cases (at 20 mm) and remains below this value in the majority of cases (p<.01).
Increasing frequencies correlates to decreasing protective length. X-axis details the
frequency, with the columns representing 2.5 mm/s (blue), 5.0 mm/s (red) and 10.0 mm/s
(green).
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Figure 5.8: Number of cells (x 108) that are protected by oscillatory flow. These values
are determined by taking the difference in area under the data for cellular death during
steady flow (red line) and during oscillatory flow for each case, and subtracting the
difference.
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2.90 x 108 cells (f=0.5 Hz, retraction velocity=5.0 mm/s). In comparison, the number of
cells protected during retraction with surfactant without albumin was 3.25 x 107 to 1.11 x
108 (as described in SA2) (p<.01).
These data indicate that surfactant is being reactivated during cases of pulsatile
flow, leading to a decrease in interfacial surface tension and thus an overall decrease in
cellular damage (p<.01). This protection is lowest with a retraction velocity of 10 mm/s
and frequencies of 0.65 and 1.0 Hz (Figure 5.6). However, we find that this protection is
still similar to the protection afforded in cases without albumin deactivation (SA2), where
the higher frequencies and retraction velocities are less protective (p<.01).
We note that the most promising range for frequency and retraction velocity are
the same found in cases with surfactant but without albumin (SA2). The protection is
greatest at frequencies of 0.2 Hz and 0.5 Hz with a maximum retraction velocity of 2.5
mm/s and 5.0 mm/s (Figure 5.5). These scenarios contain large amounts of protected
cells while showing the most potential for extending the protective effect similar to the
scenarios described in SA2.

5.6. MULTIPLE OSCILLATIONS
We now analyze the impact of multiple oscillations of the four airway reopening
regimes that demonstrated the greatest potential for minimizing epithelial injury in the
previous dual-oscillation study. To carry out this investigation, we increased the length of
the tubing by 15 cm. In addition, before the onset of retraction, there is a 20 mm length of
steady flow to standardize this data with that of single and double oscillations.
Figure 5.9 presents the results of this series of investigations. Figure 5.9A
demonstrates a control case at the average flow rate seen in this system (roughly 12.5
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mm/s) with 1.0 mg/ml surfactant + 5.0 mg/ml albumin, resulting in an average cellular
death of η=0.72. The light blue line in each graph of average cell death vs. position
represents a linear fit of the data, therefore describing the trend of pulsatile reopening
enhanced epithelial damage along the system. Figure 5.9B-E demonstrate multiple
oscillation cases explored in the present analysis and corresponding damage trends. Cases
B & C represent slow retraction velocity scenarios (2.5 mm/s) that each contain a
significant decrease (~25%) in damage along the length of the system, with initial to final
values of η=.67 to .51 and η=.59 to .47, respectively. D, which is characterized by a faster
retraction velocity (5.0 mm/s) and f=0.2 Hz, shares a similar trend, but with significantly
less pronounced reduction in start to finish wounding of 18% (p<.01). Figure 5.9E,
however, demonstrated no general trend in the damage, with initial to final values of
η=.63 to .62. Nonetheless, this damage level remains significantly lower than those of
steady flow value of η=.72 (p<.01).
Figure 5.10 adds to this analysis, as there is an overall increase in the number of
protected cells compared to Figure 5.8. Multiple oscillations a frequencies of 0.2 Hz as
well as the most rapid scenario of 0.5 Hz and 2.5 mm/s retraction velocity exhibited no
signficant difference in cellular damage (p<.01), while the damage at 0.5 Hz and 5.0
mm/s retraction velocity was identical to that of the dual oscillation case.

.

This analysis indicates that 2.5 mm/s retraction velocity may be more beneficial

than 5 mm/s, since both epithelial protection and the protection length undergo the
greatest increases (relative to non-oscillatory flow), even with albumin deactivation in
effect (p<.01). We argue, therefore, that pulsatile ventilation techniques use the flow rate
that correspond to 2.5≤ Umin ≤5.0 mm/s and frequencies of 0.2≤ f ≤0.5 Hz.
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Figure 5.9: Experimental series (n=4) describing the amount of cellular damage (η) along
the 4 optimal airway reopening scenarios profiled in Figure 3. A) Control scenario of a
steady flows (12.4 mm/s) reopening event, with an average cellular damage of η=0.33. BD) Series of cases describing how pulsatile airway ventilation leads to increasing
protection of the airway epithelial cells vs. steady flows. Higher frequencies (f=0.5 Hz)
correlate with increasing protection vs. steady flow case. Red dotted line corresponds to
the average damage seen during steady flows (25 mm/s), or η=0.72, and thus values
below this level are considered to be an improvement. Standard error bars provide
measures of experimental variability. Linear regression fits (light blue line) help
demonstrate trends in the data.
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Figure 5.10: Number of cells (x 108) that are protected by flows with multiple
oscillations. These values are determined by taking the difference in area under the data
for cellular death during steady flow (red line) and during oscillatory flow for each case,
and subtracting the difference. X-axis details the frequency, where we find that the lower
frequency has a higher amount of cellular protection (p<.01).
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5.7. FURTHER STUDIES
To further analyze this system and isolate the effect of retrograde flow in the absence of
retraction, an airway reopening scenario that periodically slows the bubble to a
momentum halt without any flow reversal before restoring forward bubble motion (f=0.2
Hz, retraction velocity=0.0 mm/s). Figure 5.11A diagrams a series of experiments (n=4)
that reduce the velocity to zero and then accelerate the interface again. We find that these
experiments (average η=0.77) are more damaging than steady flows (η=0.72), although
statistical analysis show this result is not significant. Figure 5.11B demonstrates the
results of a reopening waveform with f= 4.0 Hz and a retraction velocity of 5.0 mm/s.
This investigation is used to probe our system for a protective region at very high
frequencies. We discovered that this high frequency, fast retraction velocity scenarios
enhanced damage was far worse than steady flows (p<.01). As such, it is possible that
very high frequencies of oscillation may expose the lower airways to damaging stresses
from mechanical ventilation.
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Figure 5.11: Experimental series (n=4) describing the amount of cellular damage (η)
along the 2 airway reopening scenarios. Red dotted line provides amount of cellular
damage during steady flow (η=0.72).A) Velocity reduction with no flow reversal,
demonstrating that flow reversal is necessary to increase protection of else values
correspond with steady flow cases. B) Flow reversal in a case of a frequency of 4.0 Hz,
far larger than any seen in the experiment.
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5.8. LIMITATIONS
While this analysis provides a number of key insights into the cell=level
pulmonary response to airway reopening, our model incorporates a number of
assumptions that limit its application to the lung. For instance, our measurements occur
roughly 5 minutes after the reopening insult, which leaves open the possibility that the
actual vs. reported count of wounded cells may be an underestimate if membrane
repairing events had already taken effect before the damage stain was introduced [93].
Another disadvantage derives from the need to re-introduce an air-liquid interface in
order to perform the staining procedure, though this procedure is identical for all
scenarios. We were careful to remain consistent in our technique for all scenarios, so any
error associated with this effort would not be reflected in our calculation of relative
damage. Also of note, complete detachment of wounded cells occurred after a prolonged
post-reopening period (3-5 hours)

5.9. CONCLUSIONS
The work in this chapter describes the extent of injury that may be seen during
mechanical ventilation. While the presence of surfactant during airway reopening has
been shown to significantly reduce the damage during reopening procedures (SA2) under
steady reopening conditions, the presence of albumin can negate this improvement and
bring damage to almost surfactant-free levels. However, this surfactant deactivation is
partially mitigated when pulsatile flow is implemented, indicating that pulsatile
waveforms can be beneficial during mechanical ventilation of patients with pulmonary
edema for minimizing ventilator induced lung injury.
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The exact dynamics between surfactant and albumin on the interface are not
possible to deduce with the experimental system implemented in this study. Nonetheless,
our results extend the current scope of knowledge on the interactive effects of pulmonary
surfactant and albumin in the pulmonary system. Pulmonary surfactant typically reduces
the air-liquid interface of the lung to small levels during expiration, minimizing the work
necessary for inhalation. However, lavage fluid from patients with ARDS shows
substantially reduced surfactant activity. In particular, the speed at which surfactant from
lavage fluid adsorbs to an air-liquid interface is reduced. Furthermore, the minimum
surface tension is increased [94]. Zasadzinski, et al., hypothesize that reversing this
deactivation will likely require restoration of the rate of surfactant adsorption to normal
levels. Efforts to administer large volumes of surfactant by bronchoscope, followed by
the removal of 50% of this volume, have been attempted in order to rid the lung of serum
and reduce surfactant deactivation [95]. However, ARDS symptoms remained, and thus
other methods to reduce surfactant deactivation are necessary.
The potential for pulsatile flows to reactivate surfactant is evident in this chapter.
In all cases, flow reversal resulted in an overall decrease in cellular damage, with
maximum decreases of 28% versus steady flows. This suggests that the pulsatile
propagation of the bubble creates unique streamlines in the occlusion fluid that
preferentially direct surfactant to the propagating air-liquid interface and/or promote
albumin dissociation [76]. This mechanism may additionally create multilayers of
surfactant on the interface that has been shown to substantially reduce the dynamic
surface tension and further reduce damaging mechanical stresses [53, 55, 63, 64].
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Figure 5.12: Surface Tension vs. Area for a cyclically oscillated air-liquid interface of a
solution doped with 1.0 mg/ml Surfactant (Black) and 1.0 mg/ml Albumin with 5.0
mg/ml Surfactant (Red). Static adsorption leads to an equilibrium surface tension of 22
dyne/cm.
Figure 5.12 (§2.5) provides further insight into the observations in this chapter.
This surface tension-area plot contains a hysteresis loop which describes the dynamic
modulation of surface tension at the air-liquid interface. Here, the expansion and
contraction of the surface area results in spreading and compression of surfactant at the
interface, respectively. During expansion, the rate of interfacial creation is far larger than
the rate of surfactant adsorption, leading to an increase in surface tension as the
interfacial concentration decreases as surfactant is spread out. Addition of albumin to
surfactant raises the overall level of surface tension, while the difference in the maximum
and minimum surface tension values is smaller. Furthermore, the hysteresis area is far
smaller. Also, no ultra-low surface tensions are observed, indicating that a multilayer is
not forming. This observation is consistent with the lack of a negative slope region in the
expansion phase. This may be due to the mobility of albumin, which results in a more
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gradual desorption during the compression phase. More rapid expansion and contraction
of this interface results in less time this gradual desorption, and thus higher frequencies
would result in higher surface tension during the contraction phase. This is evident in our
work, where we find that that lower frequencies (0.2≤ f ≤0.5 Hz ) of pulsatile flow results
in increased cellular protection (p<.01) over higher values (0.65≤ f ≤4.0 Hz).
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6. DISCUSSION
6.1. SUMMARY
This dissertation describes experimental techniques and analyses to investigate
the pulsatile pulmonary airway reopening in a cylindrical model of the human lung. The
experimental platform allows analysis of the damaging stresses that are imparted on the
lung epithelium by mechanical ventilation techniques in cases of infant respiratory
distress syndrome (IRDS) and acute respiratory distress syndrome (ARDS). Surfactant
insufficiency and deactivation which occur in cases of ARDS and IRDS are explored. We
have detailed the theoretical formulation of this study based on previous experimental
and computational studies of airway reopening, upon which we devised our central
hypothesis that the addition of flow reversal to the progression of a semi-infinite bubble
will affect the dynamic flow patterns in the occlusion liquid during pulsatile flows to
enhance surfactant transport and function.
We initially developed an in vitro model of airway reopening that replicates the
cylindrical geometry of an open airway. This model, which includes pulmonary epithelial
cells cultured throughout the interior lumen, provided a mechanism for measuring the
biological response of the epithelial cell layer to airway reopening events. The
progression of a semi-infinite bubble through this system causes damage to the cell
population, demonstrating that fluid occlusion and subsequent reopening of the
pulmonary airway is a determining factor in the progression of lung disease.
Previous studies of the reopening of fluid-occluded airways have shown that the
principal mechanism of damage is the large pressure gradient across the tip of the
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propagating semi-infinite reopening bubble [53, 63]. This conclusion was based upon the
findings that cell damage increases as the bubble tip velocity is decreasing, and this
biological response is independent of the duration of the reopening event [63].
Preliminary studies in the present reopening system were consistent with these findings.
Namely under steady flow during surfactant free conditions, cellular damage in our
cylindrical model airway increased from 12% to 32% when the reopening velocity was
decreased 10-fold from 2.5 mm/s to 25 mm/s.
Our research built on these original studies by investigating dynamic flows,
including deceleration, acceleration, and flow reversal. In case of deceleration from high
to low velocities, we found that the amount of cellular damage directly related to the
velocity of the bubble tip passing over it. This observation was confirmed by our
investigations of acceleration from low to high velocities. In fact, the quantity of
damaged cells was the same at a given reopening bubble velocity regardless of the
velocity immediately before or after the bubble front had passed over a given region of
our in-vitro model. Because we know the relationship between reopening velocity and
mechanical stress in the airway model, our in vitro cylindrical system can be used as a
unique and powerful tool to predict mechanical stress by measuring the quantity of
wounded cells. As such, the pulmonary epithelium may be treated as a pressure gradient
transducer here and in future investigations.
In a series of investigations of flow reversal, we find that there is a significant
increase in damage (up to 40%) during the regions of retrograde motion, which was
consistent with predictions by previous computation model. With single or double
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instances of flow reversal in our system we observed similar levels of cellular damage in
and around the area of retrograde motion.
Addition of the pulmonary surfactant Infasurf to our model led to a decrease in
cellular damage similar to that in parallel plate models [53, 63]. Our studies demonstrate
that the overall cellular damage is less than a third of that during surfactant-free trials
under steady flow conditions. We attribute this to surfactant physicochemical
hydrodynamics wherein surfactant molecules preferentially adsorb to the reopening
bubble’s surface, dynamically lowering surface tension and the associated damaging
mechanical stimulus.
Our next step was to explore the hypothesis that the transport and efficacy of
dilute concentrations of surfactant may be substantially improved through the use of
novel waveforms. This may promote microscale flow-fields that will induce
physicochemical interactions leading to surfactant enrichment at the air-liquid interface.
Benchtop studies by Pillert have studied the potential of multiple cycles of this type of
flow and confirmed their ability to reduce the average reopening pressure [72]. We
contribute to this work in our models to investigate the biological effects.
As demonstrated in Specific Aim 2, pulsatile airway reopening scenarios in our
system afford increased protection over steady flows. In experiments with a single
oscillation imposed on an otherwise steady bubble velocity, we observed that a reduction
in damage due to flow retraction (up to 50%, P<.01), and this protective effect extended
as far as 20 mm beyond the region of flow reversal. Addition of a second flow oscillation
further increased these desired effect of reduced damage and enhanced protection length.
Analysis of the range of frequencies and retraction velocities in this system revealed that
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optimal scenarios lie in a frequency range of 0.2≤ f ≤0.5 Hz and a retraction velocity of
2.5≤ Umin ≤5.0 mm/s. Increasing the number of oscillations resulted in additional
reduction of all damage across the entire length.
In Specific Aim 3, we find similar trends in cases of surfactant deactivation due to
high levels of albumin in our edema models, similar to what may occur during ARDS.
The overall amount of cellular damage in these cases were significantly higher than those
seen in SA2 (p<.01), but less than that of SA1 (p<.01). The addition of pulsatile flows to
systems with surfactant deactivation led to a decrease in overall damage from η=.7-.8 to
levels of up to η=.3-.5 cellular damage. Pulsatile reopening indicates the ability to
reactivate surfactant function, and potentially reduce cellular damage to levels near that
of cases without surfactant. It is interesting to note that the range of frequencies and
waveform retraction velocities that were indicated as most protective in SA2 hold true for
SA3.

6.2. CLINICAL RELEVANCE
There is an abundance of conflicting data in the literature relation to
recommended setting to minimize injury during instances of respiratory distress.
Clinically, have been shown that the finer details of the ventilator settings are not as
crucial as close attention to the basic principles of ventilating patients with respiratory
disease: employ low tidal volumes and respiratory rate, prolong expiratory time, shorten
inspiratory time, and monitor for the development of dynamic hyperinflation [2].
Ventilators are frequently set to a few basic parameters, such as a tidal volume of 6–8
ml/kg, respiratory rate of 11–14 breaths/min and PEEP at 0–5 cmH2O [34]. One of the
strategies behind using these settings is to obtain a pH at or above 7.2. If this cannot be
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maintained, then the patient must be evaluated for causes of decreased respiratory system
compliance (i.e. pneumothorax, misplaced endotracheal tube, pulmonary edema, etc.)
beyond the development of dynamic hyperinflation [96].
Improvements on mechanical ventilation techniques may currently be at a
standstill. Initially, mechanical ventilators were utilized as iron lungs, which utilized a
negative external pressure to patients with respiratory disease in order to assist in
breathing. By 1960, ventilation techniques began to incorporate positive pressure
approaches in IRDS and ARDS, which eliminated the need for an iron lung. However,
prolonged exposure resulted in mortality as high as 90% in cases of ARDS due to
ventilator induced lung injury (VILI).
In the 1970s, it was found that large ventilation pressures lead to widespread
edema throughout the lung, giving cause to find an ideal pressure range. During the 70s
and 80s, reduction of end-inspiratory plateau pressure as well as the addition of a positive
end-expiratory pressure (PEEP) further reduced lung injury, reducing mortality to
roughly 50 to 60% [37, 97]. Around this time, surfactant replacement therapy began to be
practice for cases of IRDS, but this was not found to be applicable to cases or ARDS due
to widespread surfactant deactivation.
Advancement during the 90’s until today has focused on low volume ventilation.
The strategy marked a large change in the approach to treating ARDS that reduced the
overall mortality to roughly 40% [52]. These findings were attributed to a large body of
research that marked overdistension of the lung at higher volumes as the principal cause
of damage (volutrauma), with constant reopening and closing of the airways at low
pressures as an additional damaging mechanism (atelectrauma). There has been little to
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no improvement on clinical ventilation techniques since that time, and the mortality
during ARDS remains high (40%), while the mortality seen during IRDS is still
unacceptable, as it is the 4th leading cause of premature infant death.
To understand the systems response, it is necessary to consider the lung as a
dynamic network of bifurcating and collapsing airways with a focus on the intricate
nature of airway reopening. Studies that investigate variable ventilation techniques have
found that it is possible to improve gas exchange in animal models of acute lung injury
[56]. Through random variations in tidal volume and rate of breathing, it is possible to
improve arterial oxygen tension during mechanical ventilation. This work was tested in a
series of animal models that were given different ventilation protocols. The first group
was given 30 minutes of typical ventilation techniques, and then given variable
ventilation patterns for the next 30 minute interval. During this time, the delivered tidal
volume was varied between 10-60% of the mean while also adjusting the frequency in
order to maintain constant ventilation. The other experimental group was given typical
ventilation techniques for a 3 hour period. The first group was found to have significantly
improved lung function. In particular, there was a decrease in lung elastance and increase
in blood oxygenation.
The work presented in this dissertation seeks to establish whether pulsatile airway
reopening is a viable improvement over current clinical mechanical protocols. These
methods take advantage of surfactant physicochemical hydrodynamics in order to take
utilize endogenous surfactant to dynamically alter the mechanical environment of the
pulmonary epithelium with the intent of reducing the normal stress gradient that has been
identified as a primary damaging mechanism during airway reopening. We are able to
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demonstrate that these waveforms can decrease the overall biological impact of airway
reopening in models of IRDS and ARDS, and thus are viable approaches for the
reduction of VILI.
Synchronizing our findings with other unique ventilation strategies may be
beneficial. Variable stretch patterns during dynamic ventilation techniques have been
shown to enhance the release and production of pulmonary surfactant [56]. Our work
suggests that endogenous surfactant may be pushed further down the lung airways to
regions that have surfactant deficiency or inactivation. Thus, incorporating variable
stretch into our pulsatile waveform strategy – thereby, essentially, marrying the
associated increase in the endogenous surfactant concentration with our optimized
reopening stress environment – could prove tremendously beneficial for reducing overall
lung damage.
Finally, in order to implement our proposed reopening velocity waveforms
during mechanical ventilators, it will be necessary to consider the whole lungs rather than
an isolated airway. Typical breathing occurs at roughly 0.2 Hz, which is in the ideal
frequency range (0.2-0.5 Hz) that our studies suggest which pulsatile airway reopening
should be implemented during pulsatile airway reopening. Intra-breath flow reversal can
be incorporated into typical breathing cycles by a slight decrease in lung volume. Of
course, it will be important to conduct experiments in animal models in order to
maximize the efficacy of these techniques.

6.3. LIMITATIONS
We acknowledge that this study is highly idealized, as it involves the
investigation of one relatively inflexible airway. Further model development will be
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necessary in order to extend our results to develop ventilation management in the
heterogeneous, compliant branching airways of the lung. Nevertheless, these observations
lend valuable insight into the impact of altered surfactant physicochemical
hydrodynamics on pulmonary epithelial viability that may contribute to the design of
novel treatments for ARDS and IRDS that could reduce the severity of ventilator-induced
lung injury.
In our investigations, the pulmonary epithelium was examined for plasma
membrane rupture several minutes after the original reopening insult. As a consequence,
we may have failed to account for any cells that experience wounding and subsequent
repair, which can occur in a matter of second. Our analysis may thus have been
underreported the level of acute cell damage resulting from the passage of a bubble in our
system.. Additionally, the introduction of the air-liquid interface during our post
reopening staining procedure may increase cell damage; however, this insult will be
uniform across all samples. We note that during quantification of cell injury, there will be
insignificant cell detachment.

6.4. FUTURE INVESTIGATIONS
The model investigated herein is of a single rigid airway with no bifurcations.
Producing models to simulate these variables would improve our understanding of the
physicochemical influence of pulsatile airway reopening. Microfluidic lab-on-a-chip
techniques could be utilized to improve these processes. We detail some of these
experiments in this section.
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6.4.1. Microfluidic Techniques
The development of future airway models necessitates designs which are closer to
that of the size and complexity of the lung airway. There are a variety of small-scale,
microfabricated artificial sections of lungs that could be designed in order to accurately
model and biologically investigate acute lung injury.
6.4.1.1

Airway Collapse
Recently, researchers have modeled airway reopening by utilizing a lab-on-a-chip

design that adds the ability to cyclically stretch a small portion of the device in order to
mimic an alveolus’ expansion and contraction. This work utilized lung cells cultured
inside of a microscale lung model with a surface capable of area expansion, therefore
allowing simultaneous investigation of how the lung responds to the stimulus of a
progressing bubble meniscus as well as cyclic stretch [98]. The researchers find that the
surface tension forces of the progressing air liquid interface cause significant cellular
damage. However, the addition of cyclic stretch escalates this damage, suggesting that
area expansion is an additional avenue of research to be considered. Consistent with our
results, they find that the oscillatory flow of an air-liquid interface of the cell layer leads
to increases in damage. Furthermore, that damage is significantly decreased by the
addition of pulmonary surfactant.
Future investigations of pulsatile pulmonary airway reopening should incorporate
techniques that allow for the collapse and expansion of airways, using flexible surfaces
the can be functionalized for cell growth. This will enable the investigation of a more
physiologically accurate representation of airway collapse and expansion that the one
described in this dissertation, especially in regions with low volumes of lining fluid.
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Computational studies that compare rigid and collapsible airway models show significant
differences in the magnitudes and overall profiles of resulting mechanical stress
experienced [99]. Pulmonary airway models could also be utilized to study variable
ventilation and its effect on reopening procedures.
6.4.1.2

Bifurcations
Fabrication techniques that allow the creation of cylindrical microchannels can be

utilized to study airway reopening. These designs would allow interior lumen diameters
far smaller than those investigated in this study (1.6 mm). To further mimic the lung
anatomy, microfluidic systems should be designed to include bifurcating airways in order
to investigate the role of the associated geometry in surfactant transport and bubble
meniscus propagation.
6.4.1.3

Cell mechanical properties
Work by Jacob, et al. [55] describes the effect of airway reopening processes on

the structure of pulmonary cells. By utilizing a parallel-plate flow chamber, they
investigated membrane rupture, paracellular permeability, and the tight junction proteins
zonula occludens-1 and claudin-4. They found that decreasing the progressing meniscus
velocity lead to severe disruption of the tight junction proteins, as well as large increases
in paracellular permeability. That work utilized the same cell line that was investigated in
this dissertation, human lung airway epithelial cell line NCI H441 (HTB-174, ATCC,
Manassas, VA).
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To expand on this work, other cell lines need to be utilized in order to better
understand cellular mechanics. The NCI H441 cell type is an adenocarcinoma line, but a
more accurate representation of lung physiology could be assessed using primary cells.
6.4.1.4

Cell Types
Further improvements on the model should be performed by utilizing co-cultures

of cells. For instance, a variety of microfluidic channels with more than one cell type
have been designed to mimic the liver, bone marrow, and tumors [100-103]. The lung
contains multiple cells lines that work together to maintain typical function but may have
very different responses to airway reopening procedures. For example: Type I epithelial
cells have a flat profile and cover about 80-90% of the surface, while type II epithelial
cells have a cuboidal profile and are more prevalent in the alveoli. Type I cells form the
majority of the barrier between the alveolar space and the microvasculature while type II
cells secrete and maintain pulmonary surfactant. Combining these two lines may yield
very interesting results that demonstrate the interactions between different cell lines.
6.4.1.5

Animal Models
The models described in this paper are in vitro systems designed to investigate

controlled, microscale airway reopening systems. These experiments enable the analysis
of flow field, bubble shape, and mechanical stress profiles with regards to the biological
impact of airway reopening on the pulmonary epithelium. Our studies were thus intended
to mimic specific characteristics of the pulmonary anatomy. While these are important
for developing an understanding of fundamental physical and physiological interactions,
it is imperative that the extent of our analysis of ventilation techniques to animal models
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in order to further understand interactions with more complex anatomical features [40,
41, 56, 104-106]. Animal models can help close the gap between human anatomy and
benchtop experiments, and translate the present analysis from cell culture to the human
system.
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7. APPENDIX
The code provided herein allows design of waveforms for the linear actuator utilized for
the experiments in this work. The code is run in MATLAB (Mathworks, Natick, MA),
and outputs a file called “waveform.xls” which is loaded into the LinMot talk r1.3.14
(LinMot, Spreitenbach, SZ) software package. Upon initiation of the program, the user
goes to the control menu and loads waveform.xls, after which point a start prompt will be
shown, allowing initiation. Stop and reset functions are possible on that interface as well.

7.1. TABLE OF VARIABLES
Variable

Function

Units

StepSecond

Number of data points per second

MeanFlowVelocity

Average waveform velocity

mm/s

Frequency

Frequency of oscillation during pulsatile flow period

Hz

DesiredSteady

Steady flow velocity before and after pulsatility

mm/s

FlowOscillation

Amplitude of Oscillation

mm

SteadyFlowDistance

Distance that steady flow travels before pulsatility

mm

TubeLength

Length of the model airway

mm

CapillaryDiameter

Diameter of the capillary

µm

SyringeMean

Syringe Capacity

mm3

NumberOscillations

Number of oscillations during pulsatile flow

125

7.2. CODE
clear all;clc;clf;
StepSecond=32; %mm/s 5 here
MeanFlowVelocity=25; %mm/s 5 here
Frequency=.65;
DesiredSteady=12.5 ;
FlowOscillation=18.5;
SteadyFlowDistance=1;
TubeLength=500;
CapillaryDiameter=1600; %micronsg
SyringeMean=250; %syringe capacity
NumberOscillations=2;
x=1;
%This loop calculates the values for the initial steady flow regime, before the onset of
oscillation
for i=1:2000;
if i==1;
g(i)=0;
else
g(i)=g(i-1)+1/(StepSecond*Frequency);
Q(i)=MeanFlowVelocity+FlowOscillation*Frequency*pi*cos(2*pi*Frequency*g(i));
q= max(Q)/DesiredSteady;
end
end
OscillationCounter=-1;
%This loop calculates the values for the oscillatory period, It will return the flow to
steady flow after the number of oscillations set in NumberOscillations has been reached
for i=1:2000;
if i==1;
Time(i)=0;
Distance(i)=0;
Velocity(i)=max(Q);
ActuatorFinal(i)=0;
end
if i==2;
Time(i)=Time(i-1)+1/(StepSecond*Frequency);
Distance(i)=MeanFlowVelocity*Time(i)+.5*FlowOscillation*sin(2*pi*Frequency*
Time(i-1)) ;
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Velocity(i)=MeanFlowVelocity+FlowOscillation*Frequency*pi*cos(2*pi*Frequency*Ti
me(i-1));
end
if (i>=3 && i<=SteadyFlowDistance)
Time(i)=Time(i-1)+1/(StepSecond*Frequency);
Velocity(i)=Velocity(i-1);
Distance(i)=Velocity(i)*Time(i)/q ;
end
if i>SteadyFlowDistance && OscillationCounter<NumberOscillations;
Time(i)=Time(i-1)+1/(StepSecond*Frequency);
Distance(i)=MeanFlowVelocity*Time(i)+.5*FlowOscillation*sin(2*pi*Frequency*
Time(i-SteadyFlowDistance) );

Velocity(i)=MeanFlowVelocity+FlowOscillation*Frequency*pi*cos(2*pi*Frequency*Ti
me(i-SteadyFlowDistance));
if Velocity(i)==max(Q)
OscillationCounter=OscillationCounter+1;
end
end
if i>SteadyFlowDistance && OscillationCounter==NumberOscillations
Time(i)=Time(i-1)+1/(StepSecond*Frequency);
Velocity(i)=Velocity(i-1);
Distance(i)=MeanFlowVelocity*Time(i);
end

Act(i)=Distance(i)*(CapillaryDiameter*.001/(2*sqrt(SyringeMean/(60*pi))))^2/.01953;
gg(i)=

Distance(i)/Time(i);

if Distance(i)/10>TubeLength*q
break
end
end
Velocity=Velocity/q;
Distance=Distance/q;
Time=Time;
Act=Act/q;
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subplot(2,1,1),
plot(Distance/10,Velocity);
grid on;
xlabel('Distance (cm)')
ylabel('Velocity (mm/s)')
axis([0 10 -5 20])
subplot(2,1,2),plot(Time,Velocity);
grid on;
xlabel('Time (seconds)')
ylabel('Velocity (mm/s)')
axis([0 3 -10 40])
A=Act';

for i=1:length(A)
r(i+18,1)=A(i);
end
xlswrite('waveform.xls', A, 3, 'A5')
hold on
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