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Abstract

Purpose
This thesis evaluated regional heterogeneity of pulmonary mechanical values within models of
lung injury. To this end four separate studies were completed. I evaluated regional expiratory time
constant (τE) heterogeneity and tissue strain (ε) in a lung model using functional respiratory
imaging (FRI) (Study 1, Chapter 2), and developed an in vivo porcine model of lung injury (Study
2, Chapter 3). This model was used to assess changes in τE due to manipulations of respiratory
gas density (Study 3, Chapter 4) and mechanical ventilation parameters (Study 4, Chapter 5).

Methods
Study 1: Using computerized tomography (CT) images we generated 3-dimensional lung models.
These were used calculated global and regional values for resistance, elastance, ε and τE under
three different airway pressure conditions.
Study 2: Experimental lung injury was induced in 11female Yorkshire X pigs. Necropsy, light
and electron microscopy of lung was performed.
Study 3: I utilized a multi-compartment model to describe the effects of changes in tidal volume
(VT) and positive end-expiratory pressure (PEEP) on lung emptying during passive deflation
before and after experimental lung injury in 6 adult female Yorkshire X pigs. Expiratory time
constants (τE) were determined by partitioning the expiratory flow-volume (V̇V) curve into
multiple discrete segments.
Study 4: Tracheal pressure and flow were measured in 7 pigs before and after experimental lung
injury. Gas density was altered by using helium-oxygen (He), sulfur hexafluoride-oxygen (SF6)
and nitrogen-oxygen (N2) gas.
ii

Conclusions
Functional respiratory imaging demonstrates regional variation in both ε and τE. These findings
raise questions about the use of whole lung measures of ε and τE to guide clinical management of
lung injury (Study 1). I developed a stable model of lung injury using SPA that replicates the light
and electron microscopic findings seen in human ARDS (Study 2). A pragmatic strategy using
changes in the pattern of expiration described by a multi-compartment model of τE reveals that
alterations in and gas density (Study 3) as well as PEEP and VT (Study 4) change expiratory
pulmonary mechanics. These observations lay the groundwork for future clinical studies in lung
injured patients.
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Chapter 1: Introduction

Overview
The acute respiratory distress syndrome (ARDS) is a lethal lung injury caused by
inflammation. Mechanical ventilation is a lifesaving intervention in patients with ARDS, but
may itself lead to new injury. This may be, in part, due to regional differences in distending
pressures and tissue strain within the injured lung itself. Bedside assessment of regional
pulmonary mechanics has to date been elusive. In this thesis I outline a novel method of
functional respiratory imaging (FRI) in the bedside assessment of regional strain in ARDS by
linking regional strain to abnormalities in the flow-volume curve of passive expiration. I
demonstrate this in an ex-vivo cadaveric pig lung model using high resolution 3D computerized
tomography image registration (Chapter 2). Chapter 3 outlines the development of a novel
porcine model of ARDS that we used to explore the effects of variations in respiratory gas
density (Chapter 4) and mechanical ventilation parameters (Chapter 5) on the pattern of the
expired flow-volume curve.

Definition and Epidemiology of ARDS
The acute respiratory distress syndrome (ARDS) is a lethal and morbid acute injury to
the lungs characterized by severe hypoxic respiratory failure and alterations in pulmonary
mechanics (154). First defined in 1967(10) and updated in 1994 (22) and 2012 (162), ARDS is
currently defined as: severe hypoxia (PaO2/FiO2 ratio less than 300) within 1 week of a known
clinical insult, new or worsening hypoxia not due to left heart failure, with bilateral
opacifications on chest X-ray (Table 1.1 and Figure 1.1). The most frequently cited precipitating
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events for ARDS are sepsis, pneumonia, aspiration, trauma, pancreatitis and blood transfusions
(84, 96).

Acute Respiratory Distress Syndrome
Timing

Within 1 week of known clinical insult or new/ worsening respiratory
symptoms

Imaging

Bilateral opacities – not fully explained by effusions, lung collapse or nodules

Edema

Not fully explained by cardiac failure of fluid overload

Oxygenation

Mild

Moderate

Severe

200 < PaO2/ FiO2 ≤ 300

200 < PaO2/FiO2 ≤ 300

PaO2/ FiO2 ≤ 100

(with PEEP ≥ 5)

(with PEEP ≥ 5)

(with PEEP ≥ 5)

Table 1.1 The Berlin criteria for the diagnosis of ARDS
Source (162)

While there is significant geographic variation in ARDS incidence (26), a widely cited
study placed the incidence of ARDS at 78.9 cases per 100 000 person/years (130). Some
controversy exists with respect to rates of, and temporal changes in, ARDS related mortality.
Retrospective observational studies and randomized controlled trials performed at single centres
suggest that mortality had decreased to 22-25% by 2005 (53, 182). A recent trial of prone
position ventilation reported mortality of 16% in the interventional group (79). However, many
of these trials may have excluded patients with significant co-morbidities that might have
increased mortality. Indeed, it appears that there is a difference in the mortality results found in
observational versus interventional trials. The largest systematic review performed to date
suggests that there has been little improvement in ARDS mortality in the last decade, with an
overall pooled mortality rate of 44.3% (153).
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Figure 1.1 Anteroposterior chest x-ray (left panel) and CT scans—apex, hilum, and base—
(right panels) in ARDS from sepsis
The chest x-ray shows diffuse ground glass opacification, sparing the right upper lung. The CT
scans show inhomogeneous disease and both the craniocaudal and sternovertebral gradients.
Reprinted with permission of the American Thoracic Society. Copyright © 2016 American
Thoracic Society. From Gattinoni, et al. (60) The American Journal of Respiratory and Critical
Care Medicine is an official journal of the American Thoracic Society.

The management of ARDS invariably involves aggressive supportive measures,
including: i) a search for, and treatment of, the underlying cause, ii) supplemental oxygen, and
iii) mechanical ventilatory support.

Pathophysiology of ARDS
Whether the inciting cause of ARDS is infectious or non-infectious, intra- or extrapulmonary, the end results are: i) significantly increased permeability across the alveolar
endothelial-epithelial barrier, ii) diffuse alveolar damage characterized by inflammatory
infiltrates, thickened alveolar septae, and deposition of hyaline membranes, and iii) evidence of
pulmonary physiological dysfunction such as impaired gas exchange and decreased lung
compliance (103, 128). Both endothelial and epithelial injury appear necessary for the syndrome
to develop (12, 125, 203).
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Endothelial Injury
While the inciting trigger for ARDS varies among patients, a common pathogenic
cascade occurs, involving both the lung endothelium/microvasculature and the alveolar
epithelium. Abnormalities of inflammation, with disordered accumulation of activated
neutrophils and platelets within alveoli, inappropriate activation of the coagulation cascade and
impaired alveolar endothelial/epithelial barrier function are seen in all cases (126). Binding of
products of cell injury or bacterial/viral products to toll-like receptors at the endothelial/epithelial
barrier is a powerful driver of inflammation (142). Injury to lung endothelium by activated
neutrophils appears to be a central mechanistic cause of alveolar barrier disruption and has been
widely documented (44, 55, 56, 201, 214). After the inciting event in ARDS, activated
neutrophils migrate and adhere to lung microvasculature, where they release a wide variety of
procoagulant molecules and inflammatory mediators (including cytokines, free oxygen radicals
and proteases) which increase endothelial permeability (126). Inflammatory mediators, whether
from lung or distant sites of inflammation may act directly on lung microvascular endothelium,
causing the release chemokines and cell surface molecules responsible for neutrophil
chemotaxis, rolling and adhesion. This in turn causes further endothelial injury and neutrophil
aggregation (23, 176, 204, 215).

Epithelial Injury
Despite advances in the understanding and treatment of ARDS, the mechanisms that
cause alveolar epithelial injury are not well understood. During migration across the capillaryalveolar barrier into alveoli, neutrophils initially adhere to the basolateral epithelial surface, a
process facilitated by β2-adherins (211, 214). Normally, neutrophils will then migrate across the
epithelial layer assisted by CD47 signalling and reseal their paracellular route through the
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epithelial layer after migration (112, 185). This repair of the intercellular junctions after
migration is essential to maintain the integrity of the epithelial layer and prevents alveolar fluid
accumulation. In ARDS, due to the large numbers of activated neutrophils migrating across the
epithelial layer, this does not occur. The release of cytotoxins during neutrophil migration across
the epithelial layer causes apoptosis and necrosis of alveolar type I and II cells and disruption of
epithelial tight junctions. Loss of epithelial integrity causes a progressive influx of protein-rich
fluid into the alveoli, impairs physiologic transepithelial fluid transport, and inhibits the
reabsorption of alveolar edema (122, 125, 200).

Surfactant Abnormalities
Pulmonary surfactant is a highly surface-active molecule found in the fluid layer that
covers alveoli. In normal physiology, surfactant’s principal functions are to prevent alveolar
collapse at low lung volumes and to preserve bronchiolar patency. In addition to these
mechanical roles, surfactant has a significant immunological role in preventing infection, as well
as in the presentation of pathogens to host defense mechanisms (75). Biochemically, pulmonary
surfactant is composed of approximately 90% lipid and 10% protein. Interaction between these
constituents account for surfactant’s primary biophysical role – that of lowering the surface tension at the
air-water interface from the 73 mN.m-1 expected at a pure plasma-air interface to approximately 0±1
mN.m-1 with compression during expiration (7).
The role of surface tension (T), and therefore of surfactant, may be usefully understood by
considering the law of Laplace, which expresses the relationship between transmural pressure (ΔP)
across the wall of a sphere (such as an idealized alveolus) and it’s radius (r):
ΔP = 2T/r
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While surfactant decreases alveolar surface tension through all phases on the inflationdeflation cycle, it possesses the unique ability to alter surface tension in inverse proportion to an
alveolus’ radius. That is, it has a greater effect on lowering surface tension when an alveolus is
closer to end-expiration (smaller radius) than when it is near end-inspiration (larger radius). The
surface tension of the alveolar air—fluid interface effects several key physiologic and biophysical
features of ventilation. First, surface tension provides a force opposing lung inflation by increasing
elastance (144). Therefore, high alveolar surface tensions will increase lung elastance, and therefore
the work of breathing (and energy spent) required for lung inflation. By lowering ST, surfactant
decreases the negative pleural pressures required to inflate alveoli. An implication of this
phenomenon is that, without surfactant, recurrent alveolar collapse might occur at end-expiration,
potentially causing ventilation-perfusion (V/Q) mismatching, shunt and hypoxia (7). Second, the
law of Laplace implies that, in the absence of surfactant, gas would flow from smaller alveoli (with
higher intra-alveolar pressures) to larger alveoli (with lower pressures) if they are connected. Thus,
small alveoli will tend to collapse and large alveoli will tend to over-inflate (see Figure 1.2) – a
situation that would lead to alveolar collapse and V/Q mismatch (193, 196). Surfactant prevents this
instability by decreasing surface tension in small alveoli more than it does in large alveoli, thereby
equalizing their intra-alveolar pressures. Finally, in addition to a critical role in alveoli, surfactant
appears to stabilize bronchioli, and surfactant deficiency or dysfunction may promote closure of
small airways (52, 111, 175). The presence of pathologic surface-active and water soluble agents
in the alveoli due to loss of epithelial barrier integrity contributes to the inactivation of surfactant
(80, 140, 170). Surfactant depletion and inactivation decrease alveolar stability, exacerbating or
precipitating the alveolar collapse, lung atelectasis and hypoxia seen in ARDS.
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Figure 1.2 Stylized representation of the effects of the Law of Laplace on two connected
alveoli of different sizes and similar surface tension
The pressure in a sphere (PR or Pr) in a bubble is equal to 4 times the surface tension (T) divided by
the radius (R or r). As applied to the grape-like alveolus, where only the inner wall has a liquid
surface exposed to gas, the formula is P=2T/r. In this situation, Pr is greater than PR as r is less than
R, implying that gas will flow from the smaller to the larger alveolus. Used with permission from
reference (157).
Measurement of Lung Volumes
In contrast to ambulatory patients, measurements of lung volumes such as forced
expiratory volume in one second (FEV1), forced vital capacity (FVC) and total lung capacity
(TLC) are rarely measured in mechanically ventilated patients due to altered level of
consciousness, acute illness, or signiﬁcant hypoxia. One exception is the measurement of
functional residual capacity (FRC). Potential methods for the measurement of FRC in
mechanically ventilated patients now include plethysmography, computerized tomography, inert
gas dilution and tracer gas wash-in/wash-out (90). We prefer a simpliﬁed method that provides
clinically useful results and that has shown excellent reproducibility and agreement with CT scan
based measurements (145).
In this technique, an impermeable syringe is prepared with a carefully measured volume
of a calibrated oxygen–helium mixture. The syringe is attached to the endotracheal tube which
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was tightly clamped at end expiration. The endotracheal tube is unclamped and several tidal
breaths are inﬂated (allowing helium equilibration between the bag and the patient’s respiratory
system). Gas is then sampled and analyzed in a mass spectrometer for helium concentration.
Calculation of the FRC can then occur thus:
C1×V1=C2×(V1+FRC)
where C1 = initial (known) helium concentration in bag, C2 = ﬁnal (measured) helium
concentration and V1 = initial volume of gas in the bag. Therefore:
FRC = V1×(C1-C2)/C2
While technically and conceptually straightforward, this technique has the theoretical
disadvantage of allowing alveolar derecruitment during the clamping of the endotracheal tube,
and care must be exercised to prevent depressurization of the respiratory system in patients on
signiﬁcant amounts of positive pressure ventilation.

Measurement of Static Pulmonary Mechanics
In the absence of gas flow, the static mechanical properties of the respiratory system may
be measured. In mechanically ventilated patients unable to make respiratory efforts (whether due to
disease, sedation or chemical paralysis) this can be achieved through the use of an inspiratory hold
maneuvre, where the final inspiratory volume is held in the patient’s lungs for a period of time. All
current mechanical ventilators can automatically provide a brief end-inspiratory occlusion that
allows the measurement of airway pressure with zero flow and a static tidal volume. The
relationships between flow, pressure and volume may be displayed graphically (Fig. 1.3), and
specific calculated values derived.
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Figure 1.3 Representation of a ventilator screen image demonstrating changes in airway
pressure (PAW) versus time
Depicted are peak inspiratory pressure (PIP), pressure after airflow equilibration (P1), quasistatic
pressure (PQS) and plateau pressure (PPLAT). With permission, from Henderson and Sheel.(90)
At the end of inspiration during mechanical ventilation, the pressure measured within the
airway (PAW) is at its highest value and is called the peak inspiratory pressure (PIP). This is followed
by a rapid drop in pressure (P1 in Fig 1.3) and then a slow decay to a plateau (PPLAT in Fig. 1.3). The
drop in pressure from PIP to P1 represents the pressure or energy lost overcoming the resistance to gas
flow within the airways, while the smaller drop from P1 to PPLAT is due to pendelluft and the
redistribution of forces within tissue (viscoelastic forces). During the period from PIP to PPLAT there
is redistribution of gas between alveoli with fast and slow time constants. PPLAT represents the
equilibrated plateau pressure which is assumed to be alveolar pressure (PALV).

Static Compliance
With tidal volume measured and the various components of the inspiratory pressure
waveform defined, it is possible to calculate the mechanical properties of the static lung. The true
static compliance (CRS, STAT) of the respiratory system can be calculated as:
CRS, STAT =VT/PPLAT
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In this instance, there is no gas movement within the lung, and therefore there is no frictional
component to the work done. Additionally, all viscoelastic forces have equilibrated. For these conditions to be true, a period of time in excess of 2–5 s must have passed between the occlusion
maneuver and the measurement of pressure (18). For reasons of patient safety or comfort it is often
unreasonable to maintain such a long inspiratory pause. If a shorter, but still significant pause is
utilized between end-inspiration and pressure measurement (for example, 0.5–1.5 s) the pressure
and thus compliance estimated will still be clinically useful, but not truly “static”. This is called the
quasistatic respiratory system pressure (PRS,Q). The quasistatic compliance (CRS,Q) may be calculated
as:
CRS,Q =VT/ PRS,Q
In healthy individuals, there is little difference between CRS,STAT and CRS,Q. However, in
patients with ARDS or severe chronic obstructive pulmonary disease (COPD), the difference
may be significant (116, 117). The longer the pause prior to the measurement of the quasistatic
pressure and compliance, the more accurately CQS will approximate CSTAT.

End Expiratory Pressure and Compliance
The assumption that PALV equals PATM at end expiration is generally true in healthy subjects.
However, mechanically ventilated patients with expiratory flow limitation (such as in COPD or
asthma), high ventilatory rates, or lung units with delayed emptying, may not fully exhale all inspired
gases prior to the initiation of the subsequent breath. In this situation, the residual “trapped” gas
causes a positive end expiratory pressure (PEEP). Because this PEEP is caused by patient
characteristics, it is sometimes referred to as “intrinsic” PEEP (PEEPI). In hypoxic respiratory failure,
it is common for clinicians to program the ventilator to maintain a positive mouth pressure at the end
of expiration in an attempt to enhance alveolar recruitment and thereby improve oxygenation. This
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clinician determined pressure is often called “set” PEEP (PEEPSET). In situations where PEEPI or
PEEPSET (or both) are present, we must revise the equations for the calculations of compliance
and resistance to account for these pressures: to account for this (32). Thus:
CSTAT = VT /(PPLAT – PEEP)
and
CQS = VT/(PQS-PEEP)
Resistance: Much like static measures of compliance for the respiratory system, the static resistance
of the respiratory system can be broken down into clinically useful segments. The total respiratory
system resistance (RRS) is determined by the net pressure drop (PIP − PPLAT) divided by the flow at
end-inspiratory occlusion (V’)(155). That is:
RRS =

(PIP − PPLAT) / V’

Partitioning Static Measurements
The placement of an esophageal balloon manometer allows the clinician or researcher to
partition the pressures within the respiratory system into those experienced by the lung and those
experienced by the chest wall (Fig. 1.4). This is only accurate if there is no pressure generated by
the muscles of the respiratory system. Traditionally this has required neuromuscular paralysis, but
deep sedation or careful monitoring with EMG, have been used to assure a passive respiratory
measurement. While it is feasible to partition any of the measured pressures (i.e., PIP, P1 or PPLAT)
into lung and chest wall components, this is generally only done with PPLAT and PEEP. The net
pressure distending the respiratory system after the equilibration of gas flow, pendelluft and the
redistribution of viscoelastic forces is the difference between PALV (synonymous with PPLAT in this
situation) and PATM. The portion of this gradient that distends the lung is represented by PALV − PPL,
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while the portion that distends the chest wall is represented by PPL − PATM. PALV − PPL is often
referred to as the transpulmonary pressure (PTP).
PPLAT has been used to guide ventilating pressures during the management of ALI and ARDS
with some success. However, PPLAT is not the true pressure distending (and potentially injuring) an
alveolus, PTP is. For example, PPLAT may be increased in ALI and ARDS due to chest wall edema or
high intra-abdominal pressures due to an increased PPL. If ventilating pressures in these situations were
guided by PPLAT, the inspiratory volumes used might be unnecessarily small. Similarly, high PPL at end
expiration may allow alveolar derecruitment if it exceeds the clinician PEEPSET. It therefore seems
reasonable to consider using PTP as an indicator of the distending pressure seen by the alveolus rather
than PPLAT. While no clinical trials have so far examined the outcome benefits of PTP guided maximal
inspiratory pressures or volumes, a recent trial demonstrated improvements in oxygenation and
decreased duration of ventilator dependency in ARDS patients (187). Similarly, we have recently
demonstrated that PPL can vary dramatically in patients with ARDS and that PL cannot be inferred
from PAW during high frequency oscillation ventilation (88).
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Figure 1.4 Diagram depicting the pressure measures useful in partitioning pulmonary
mechanics
The clinician can directly measure atmospheric pressure (PATM) and airway pressure (PAW).
Esophageal pressure (PES) may also be directly measured and used as a surrogate for pleural
pressure (PPL). With these pressures measured, several additional pressures may be derived:
respiratory system pressure (PRS) = PALV − PATM, trans-pulmonary pressure (PTP) = PALV − PPL, and
chest wall pressure (PCW) = PPL − PATM. With permission, from Henderson and Sheel.(90)

It is also useful to separate CSTAT into lung (CSTAT(L)) and chest wall (CSTAT(CW)) components. CSTAT(L) can be
calculated as:
CSTAT(L) = VT/ (PALV –PPL)
and the static compliance of the chest wall as:
CSTAT(CW) = VT/ (PPL-PATM)
The differentiation of the sources of compliance is relevant to clinicians, particularly in following the
course of lung disease.

Creating Static Pressure–Volume Curves
The relationship between pressures and volumes within the respiratory system can be
described graphically as a pressure–volume (PV) curve. Classically, a calibrated syringe(123) is used
for PV curve determination. The syringe has calibrated 100 cm3 markers on the piston shaft and a
locking mechanism to ensure the accuracy of the amount of gas delivered. Stepwise inflation of the
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respiratory system is effected from FRC to (potentially) TLC. Each stepwise injection of volume is
followed by a 2–3 s pause to allow equilibration of forces. The pressure–volume coordinates are
recorded at the end of each 100 cm3 gas bolus and these points are then joined to form a static
inflation PV curve. An analogous process using stepwise gas withdrawal can be used to create a
deflation PV curve.
The PV loop for a patient with a healthy respiratory system is traced by the dashed line in
Fig. 1.5. In this case there appears to be little change in CRS (i.e., the slope of the PV loop)
throughout the inflation or deflation limb of the loop throughout the range of normal tidal
volumes. As such, the assumption of a linear relationship between pressure and volume through
the range of normal tidal volumes appears to be respected.

Figure 1.5 Pressure–volume (PV) loops for both normal subjects and those with acute
respiratory distress syndrome (ARDS)
Both functional residual capacity (FRC) and total lung capacity (TLC) are decreased in ARDS.
Additionally, the static PV loop for ARDS appears to demonstrate three distinct phases of
compliance—starting compliance (CSTART), a phase of linear compliance (CLIN) and end
compliance (CEND). The transitions between these three compliances are referred to as the lower
inflection point (LIP) and the upper inflection point (UIP). With permission, from Henderson and
Sheel.(90)
14

Pulmonary Mechanical Changes in ARDS
Alveolar consolidation (for example, due to pneumonia) and collapse leads to
derecruitment of lung parenchyma in ARDS. This is reflected in decreased end expiratory lung
volumes and increased respiratory system elastance. FRC may be decreased by as much as 45%,
and is more variable, in mechanically ventilated ARDS patients than in healthy subjects due to
derecruitment and atelectasis (86, 171). Much of our understanding of the pulmonary
mechanical alterations in ARDS comes from evaluation of static pressure-volume curves
generated from sedated or chemically paralysed patients with ARDS. In comparison to the PV
loop created from a normal subject that from a patient with ARDS (Fig. 1.5, solid line) is clearly
different. Significantly, the slope of the PV curve of the ARDS patient is significantly steeper,
suggesting less compliant (or more elastant) lungs. Historically, the mechanical changes seen in
ARDS were attributed solely to changes in lung parenchyma, and it was assumed that chest wall
elastance was normal (155). It is now clear that in ARDS due to extrapulmonary causes (such as
abdominal sepsis) changes in chest wall elastance contribute significantly to total respiratory
elastance (65).
The large majority of research into pulmonary mechanics in ARDS has focused on
abnormalities of compliance/elastance rather than changes in resistance (208). Interestingly,
respiratory system resistance in ARDS increases three- to four-fold, primarily due to changes in the
viscoelastic qualities of the lung (151, 189). However, it appears that there is a doubling of true
airflow resistance, and that this is partly reversible with β-agonist bronchodilators (151, 189, 207).

Role of Ventilator Associated Lung Injury
Mechanical ventilation is a life-saving intervention in patients with ARDS, but it has
been recognized for over fifty years that the high intrathoracic pressures used were associated
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with lung parenchymal stress and injury (“barotrauma”) (61, 107). Further research clarified that
cyclic opening and closing of lung units (“atelectotrauma”) and exposure of alveoli to
supraphysiologic levels of mechanical stress (“biotrauma”) were the mechanistic reasons for this
observation. The development of new lung injury due to injurious ventilation is called ventilator
associated lung injury (VALI). The histologic changes seen in VALI are extremely similar to
those seen in ARDS; indeed, deliberate injurious ventilation (and thus VALI) is one method used
to create experimental models of ARDS (129). ARDS appears to predispose lungs to the
development of VALI (48, 91), and the two mechanisms of injury are often present in the same
patient.
That ARDS and VALI appear similar and occur in the same patients is not a trivial
consideration. A vast body of research has developed around therapeutic interventions for ARDS
(179). The majority of this work has focussed on improved methods of mechanical ventilation.
Some authors question whether these therapeutic interventions actually treat ARDS at all, but
rather decrease the incidence of VALI. That is, all interventions to date simply reduce the rate of
iatrogenic injury due to (necessary) mechanical ventilation, but do little to treat the initial injury
(45, 197). To some degree this distinction may be academic, as the large majority of ARDS
patients require mechanical ventilation to survive their illness, and advances in ventilation
physiology that decrease the potential deleterious consequences of mechanical ventilation will
benefit them.

Recognition of Anatomical Heterogeneity in ARDS and Impact on Clinical Management
Progress in the understanding of the physiology of ARDS has led to meaningful
improvements in care over the last fifty years. Our conceptualization of ARDS has slowly
evolved from one of regarding lungs during ARDS as being homogenously non-compliant to one
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where there is recognition of substantial heterogeneity in the mechanical characteristics of lung
tissue in different regions of the lung. This may be termed “anatomical heterogeneity.” It is
helpful to outline a general historical progression of recognition of the types of anatomical
heterogeneity that are present in ARDS as:
i)
ii)
iii)
iv)

Lack of recognition of heterogeneity
Recognition that the lungs are “small” due to consolidation and atelectasis and require
small tidal volumes
Recognition that the decrease in lung size in ARDS is heterogenous and hard to
predict
Recognition of heterogeneity in the elastances of the lung and chest wall.

Lack of Recognition of Heterogeneity
Each new stage of recognition of anatomical heterogeneity has led to changes in
management. For example, in the 1970s, ARDS was a well-recognized syndrome, but “the basis of
the mechanical derangement of ARDS lungs is not clearly known” (152). ARDS was conceived
of as a disorder where the lung was relatively homogenously non-compliant or “stiff”. Tidal
volumes of 12-14 ml/kg of body weight were prescribed with little recognition of the possibility
that this level of lung distension might be injurious (62, 152). Indeed, as one leading clinician
emphasized in 1972, “We ventilated thousands of patients in this way and the only side effect was
hypocapnia” (156).

Recognition of Heterogeneity – Lungs are Smaller in ARDS than in Health
Over the next two decades it became increasingly clear that lungs during ARDS were
“smaller” than in health due to atelectasis and consolidation (66). This led to the use of smaller
tidal volumes during mechanical ventilation and more rigorous limitation of ventilating pressures
(5, 31, 33, 184). The use of low tidal volumes during mechanical ventilation for lung injury has
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led to improved clinical outcomes, presumably due to decreased alveolar distension and
volutrauma (61). In a landmark study, tidal volumes were limited to 4 to 6 ml/kg of ideal body
weight in an attempt to limit lung overdistension (8). However, others have argued that
overdistension and cyclic recruitment-derecruitment of alveoli may still occur even with low
tidal volumes in some patients (35, 191, 192), while ultra-low tidal volumes (4 ml/kg of ideal
body weight or less) may decrease this phenomenon (164).

Recognition of Heterogeneity – Lungs are Unpredictably Smaller in ARDS
While limiting tidal volumes during mechanical ventilation has demonstrated benefit in
decreasing ventilator associated lung injury, there is no clear limit below which further decreases
will not improve outcomes (83). Previous trials have used a tidal volume prescription based on
patients’ ideal body weight. That is, lung volume was estimated from a calculation derived from
patients’ height. While estimates of lung volumes based on anthropometric data are moderately
accurate in healthy populations, they are clearly not reliable in patients with ARDS. This has
raised the possibility that many patients in these trials may have received tidal volumes that were
still “large” in comparison to their actual lung sizes (127). Recent interest has developed in the
use of measurements of FRC to predict safe tidal volumes in acute lung injury (ALI) and ARDS
(39). FRC (which represents the amount of lung aerated at end-expiration) is theorized to better
reﬂect the lung available to receive tidal breaths than is a standard, weight-based calculation
(127).
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Recognition of Heterogeneity – Elastance of the Components of Respiratory System Varies
The elastance of the respiratory system (ERS) may be stated as:
ERS = EL + ECW
During mechanical ventilation, PPLAT represents the total pressure that distends the respiratory
system at end-inspiration, such that:
PPLAT = PL + PPL
Similarly(62), it may be seen that:
PL = PPLAT x EL/ERS
or, restated, that:
PL = PPLAT x EL/(EL+ECW)
In clinical practice, PPLAT (pressure used to distend the respiratory system) is often used to
estimate PL (pressure used to distend the lung). This is a reasonable assumption when lung and
chest wall compliance are normal, as pleural pressure will not be substantially greater than body
surface pressure and EL and ECW each contribute half of ERS. In this situation the EL/ERS ratio is
0.5.
Historically, the mechanical changes seen in ARDS were attributed solely to changes in
lung parenchyma. It was assumed that ECW did not vary substantially with ARDS (155) and that
increases in ERS during ARDS were due to changes in EL. In this situation, PL would continue to
be predictable from PPLAT. However, it has become clear that there is great variability of ECW in
ARDS, whether due to patient physique (obese and edematous patients have higher ECW than
other patients), intra-abdominal hypertension(147) or due to the inciting cause of ARDS (97,
102, 161, 186). In these situations, the EL/ERS ratio may vary widely, and PL cannot be estimated
from PPLAT (64). Indeed, some investigators have suggested that measurement of pleural pressure
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(with an esophageal balloon) to calculate PL could be useful in titrating mechanical ventilation in
ARDS (187).

Stress and Strain
Recent work has applied a bioengineering perspective to PL and lung mechanics. To an
engineer, stress is the net force acting on a surface divided by the surface area. That is:
σ =∑∞
𝑛=1 F/A
where σ represents stress, F is a force acting on a surface, and A is the area of the surface. From
the point of view of lung mechanics, stress reflects the difference between distending forces (for
example, alveolar pressure) and collapsing forces (the pleural pressure in this case) and stress is
therefore represented by PL:
σ = PL = PAW - PPL
The deformation of a structure by stress is called strain (“ε”), which is defined as the change in
size or shape compared to the structure’s initial shape or volume. Referring to Figure 1.6, ε is:
ε (x) = Δl/dl
With respect to lung mechanics:

ε = VT / FRC
For example, if a lung is inflated with a 500ml tidal volume from an initial functional
residual capacity (FRC) of 1000 ml, the strain associated with this is 0.5 (500ml/1000ml). The
recommendation of a specific tidal volume for lung protective ventilation is predicated on the
assumption that there is a uniform amount of lung able to receive the inspired volume. This
volume is the amount of aerated lung at end expiration minus the FRC.
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Figure 1.6 The dimensionless quantity ε is called strain
If, for example, a bar of the length l = 1 m undergoes an elongation of ∆l =0.5 mm by the
application of a stress (σ). In this example, ε =0.5x10−3 (5mm/1000mm). With permission, from
Gross, et al.(76)
Underlying this is the assumption that FRC can be predicted by ideal body weight – an
assumption that is not correct in injured lungs (127). It is therefore understandable that, given the
same ideal body weights and tidal volume prescriptions, two patients with ARDS might have
significantly different calculations of lung strain if they have different FRCs. It therefore may be
prudent to attempt to minimize strain during mechanical ventilation by measuring FRC and
titrating tidal volume to this assessment rather than ideal body weight. From a practical point of
view however, it is time consuming and laborious to measure FRC in a serial fashion. While
there are commercially available FRC measurement systems available either as stand-alone
systems or integrated into mechanical ventilators, the cost of these systems in not insignificant.
Fortunately, it is possible to estimate strain from measurements of stress, as the two values are
linked by a constant. Indeed, Hooke’s Law states that:
ε = σ/M
where M is a constant (Young’s Modulus in the case of engineering). In the specific case of lung
mechanics, Young’s Modulus is replaced by the specific elastance of lung (ELspec) such that:
ε = σ /ELspec
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The value of ELspec is fairly constant throughout health and disease, with a value of approximately
13 cmH20 (62, 167). Thus by measuring stress, strain may be inferred (i.e. approximately 1/13th of
stress).

Safe Stress and Strain Limits
There is some evidence that maintaining strain within specific limits may improve clinical
and biochemical markers of lung parenchymal injury. For example, Protti et al. (2011)
demonstrated that in pigs, mechanical ventilation with strains greater than 1.5-2 were associated
with the development of VALI. Similarly, In an observational human study, patients with ARDS
and high strain showed a fourfold increase of IL-6 and IL-8 concentrations in bronchalveolar
lavage fluid, compared with patients with ARDS and normal strain (71).

Regional Temporal Heterogeneity (Time Constant Heterogeneity)
The awareness of anatomical heterogeneity in ARDS has led to meaningful
improvements in patient care. The use of small tidal volumes, PEEP, assessment of FRC and the
calculation of stress and strain have gained adoption in the clinical management of ARDS.
Unfortunately, all of these measures are “whole lung” measurements, and none account for the
local heterogeneity of mechanical characteristics found in injured lung. It is therefore possible
that susceptible lung units are subject to critically injurious forces even when global measures of
volume, pressure, stress and strain appear acceptable (133).
Imaging and autopsy research has demonstrated that the lung parenchymal injury in
ARDS is patchy, or heterogeneous, in distribution. Some lung regions have severely abnormal
values of resistance and/or compliance, while others may have values that are similar to those
found in healthy lung. When gas flows into a lung unit, the time required to fill the unit depends
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on the local compliance and resistance. Units with high resistance will take longer to fill because
the flow will be reduced. Similarly, units with high compliance will take longer to fill because
they will require more gas volume than less compliant units. The product of the resistance and
compliance (RAW x CL) of a lung unit is the time constant (τ or tau) and represents the time
required for the lung unit to fill to 63% of the final volume if a constant pressure is applied.
Areas of the lung with short time constants (i.e., low resistance and/or low compliance) will fill
more rapidly than areas with larger time constants. An analogous relationship between time
constants and time to complete expiration exists – units with long time constants take longer to
completely empty than do units with short time constants. Local variation in resistance and
compliance between regions of lung tissue implies heterogeneity in inspiratory and expiratory
time constants (τI and τE, respectively). If their τ differ, adjacent lung units may inflate and
deflate at different rates. This may be termed “temporal” heterogeneity.
Regional and temporal heterogeneity in τE may have meaningful consequences in injured
lung by: i) creating lung regions with higher or lower strain and normal stress than is evidenced
by whole lung measures, or ii) creating zones of high shear stress between lung regions that fill
or empty at different rates.

Consequences of Temporal Heterogeneity – Regional Amplification of Normal Stress and
Normal Strain
It is an assumption of the strain and normal stress models described previously that lung
tissue during mechanical ventilation is isotropic – that is, its mechanical properties are invariant
with respect to the axis of measurement. In isotropic lung, the application of force causes strain
and stress to be evenly distributed throughout the lung. The situation is different in injured lung
where large deviations from isotropic conditions may occur.
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Injured lung, with heterogenous mechanical properties, will have lung units with higher
than average resistance and/or compliance that will require a longer than average inspiratory
time to fill completely. If the inspiratory time during mechanical ventilation is shorter than the
time required to fill these alveoli, their intra-alveolar volume at end-inspiration will be lower
than the average for the lung. Similarly, if the expiratory time set during mechanical ventilation
is shorter than that required for complete alveolar emptying, lung units with long τE will
accumulate gas over time and develop a higher end expiratory pressure or volume than is
average for the lung as a whole. In this situation, some lung regions will be overdistended, and
some underdistended (or completely collapsed) throughout the respiratory cycle due to
heterogeneity in their τI and τE. When this occurs, stress and strain are no longer homogenously
distributed throughout tissue, but are rather concentrated around the areas of relative collapse or
derecruitment (63). In a classic experiment, Meade and colleagues demonstrated that when one
of two neighbouring lung units decreases elasticity (due to collapse or consolidation to 10% of
its original volume) the stress of the open unit increases by a factor of 4.57 (133). Thus, in the
example of two initially homogenous neighbouring units, each with a stress (PL) of 30 cmH2O,
altering the volumetric ratio of the two units from 1:1 to 10:1 might concentrate stress in the
normal unit to 140 cm H2O, despite whole lung measurements of stress and strain that were well
within acceptable limits. These theoretical calculations have largely been confirmed in a recent
tomographic microscopy study using rat alveoli to determine true tissue strain during lung unit
heterogeneity (163). Unfortunately, current bedside assessment of pulmonary mechanics
typically provides only whole lung measurements of stress and strain and is silent with respect to
their regional heterogeneity.
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Consequences of Temporal Heterogeneity – Generation of Regional Stress and Strain
The discussions presented so far in this thesis have referred only to normal stress, where
the vector of the force applied is perpendicular to the surface it acts upon. In this situation, net
stress will create a volume change (“normal strain”). However it is possible for isovolumetric
distortion of tissue to occur when forces are applied at an angle to the surface in question.
To understand this, it is necessary to completely quantify the stress state at point P by three
Cartesian stress vectors through P, each perpendicular to the others. The three sections can
most easily be visualized if we imagine them to be the surfaces of a block of tissue with edge
lengths dx, dy and dz at point P (Figure 1.7). Each stress vector acts on each of the tissue
block’s six surfaces and can be decomposed into those components perpendicular to the
section (normal stress) and those tangential to the section (called shear stresses or Ψ)**.
Shear stresses can be decomposed into sub-components, which are denoted by double
subscripts: the first subscript indicates the orientation of the section by the direction of its
normal vector whereas the second subscript indicates the direction of the stress component.
For example, If we denote normal stress with the symbol σ, and shear stress with the symbol
Ψ, then Ψyx is a shear stress acting in a section whose normal stress points in y-direction; the
shear stress itself points in x-direction (Fig. 1.8).
** By convention, engineering uses the symbol “τ” to represent shear stress. However, in respiratory physiology, τ
is widely understood to represent the concept of time constants. As this thesis deals primarily with respiratory
physiology, I have retained the physiology rather than the engineering convention and have used τ to represent time
constants and “Ψ” to represent shear stress.
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Figure 1.7 Idealized depiction of the normal stresses and shear stress acting on a block of
material

By means of the decomposition of the three stress vectors into their components we have
obtained three normal stresses (σxx, σyy, σzz) and six shear stresses (Ψzy, Ψxz, Ψyx, Ψ yz, Ψzx and
Ψzy). When there are net shear stresses acting on lung, tissue deformation will occur – shear
strain (γ). For example, consider an isotropic lung tissue plane SPQR that is deformed to
S’P’Q’R’ – a plane with the same area, but a different shape (Figure 1.9). While no normal strain
has occurred in this situation (that is, no change in area) it is obvious that the application of force
(shear stresses) have changed the shape of the plane. The degree to which the plane has been
deformed may be quantified by the normal strains in the x and y axes and the shear strains.
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Figure 1.8 Depiction of the calculation of shear strain (γ) created in a plane of material due
to the application of shear stresses.
With permission, from Gross, et al. (76)

The normal stains can be calculated by using partial differential equations of the change
in length in the x and y axis (u and v, respectively) compared to the original length in the x and y
axis:
εx = ∂u/∂x and εy = ∂v/∂y
The shear strain may be quantified by the sum of the changes in angles in the x and y axes:
γxy = α + β = ∂u/∂x + ∂v/∂y
As previously described in this section, normal stress and normal strain are linked by
Hooke’s Law through the constant of Young’s Modulus (M):
ε = σ/M
Similarly, shear stress and shear strain may be linked by Hooke’s Law. However, rather than
Young’s Modulus, they are linked by the shear modulus (G):
Ψ = Gγ
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Effect of shear forces in lung tissue
The alterations in surfactant function and the presence of regional transpulmonary stress
concentrations in ARDS lead to cyclic recruitment and derecruitment of alveoli during
mechanical ventilation. The shear stresses associated with this regional heterogeneity of lung
unit volume change has been demonstrated to lead to injury to alveolar epithelial and endothelial
cells as well as ultrastructural changes (47, 57, 95). Similarly, the cyclic opening of
collapsed/edematous distal airways during mechanical ventilation in ARDS models leads to
severe cellular injury to airway epithelial cells (25).
Measurement of in vivo shear forces
The association of normal strain and stress with injury in in injured lung at the whole
lung level has been explored. Indeed, the clinical use of bedside measures of whole lung stress
and strain to manage mechanical ventilation in lung injury and ARDS is now common. However,
relatively little attention has been paid clinically to regional heterogeneity in normal
stresses/strains or to shear stresses/strains. In part, this may be due to technical limitations in our
ability to assess shear forces in live subjects. For example, past investigations have determined
values for E and G in ex vivo models (108, 141, 172, 183). More recently, innovative techniques
have allowed the exploration of lung mechanical properties in vivo, including shear forces,
through the use of image registration analysis using CT (6, 180, 209, 210) and magnetic
resonance imaging (MRI) (37, 120) as well as subpleural microscopy (178) in animal models.
Unfortunately, the literature is largely silent on the measurement of shear forces in human
patients, particularly those with ARDS. This is partly due to the fragility of these patients –
which may preclude invasive techniques such as subpleural microscopy and transportation for
MRI or CT imaging, and also due to reticence in the use of ionizing radiation in human patients.
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If regional stress, strain and shear are generated in part due to regional time constant
heterogeneity, it follows that assessment of time constant heterogeneity may prove some insight
into the degree of lung tissue expansion heterogeneity and thus shear force generation. For
example, if changes in τ could be demonstrated to correlate with changes in ε, σ, Ψ and γ, and
that manipulations that alter τ also alter ε, σ, Ψ and γ, then it is plausible that easily obtained
bedside clinical information (to generate τ heterogeneity measurements) could guide
interventions that decrease normal and shear stress and strain in injured lung.
Measuring time constant heterogeneity
Interventions that decrease τ heterogeneity may offer the possibility of decreasing the
severity of these areas on asymmetrical tissue ε, σ, Ψ and γ and thus may confer a decreased risk
of developing VALI. The slope of the flow-volume curve during passive expiration has been
used to describe τE (1, 132, 216, 217). Other methods to assess τE include calculating the ratio of
peak expiratory flow and volume exhaled (36) and multiplying respiratory system resistance and
compliance as measured by the interrupter technique (73, 74). Common to all of these techniques
is the assumption that a single compartment model can accurately describe the entirety of passive
expiratory gas flow despite evidence that there is meaningful regional variation in ventilation in
healthy lungs (202). The “single compartment assumption” may be invalid in healthy lung due to
the non-linear nature of compliance and resistance (50, 59, 94) . Similarly, a linear single
compartment model poorly describes pressures, volumes and flows within lungs during acute
respiratory distress syndrome (ARDS), where significant mechanical and structural heterogeneity
are present. Lungs units ARDS are characterized by greater heterogeneity of distension (135,
143, 177), as well as more variation in resistance and compliance (50, 98, 100) than are healthy
lung units. Lung units with long time constants will be represented by a later portion of the
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expiratory flow-volume curve than will those with short time constants. A single τE measure
based on the single compartment model will not reflect the mechanical conditions of either. A
method of differentiating the τE of faster emptying lung units from those of slower emptying
units would allow the quantification of τ heterogeneity within the lung.
Numerous investigators have estimated τE using time-dependent or non-linear models in
ARDS and chronic lung disease (81, 106, 118). To date, no link has been directly made between
τ heterogeneity and heterogeneity of ε, σ, Ψ and γ within the lung. The purpose of this thesis
was to begin to explore the links between τE and ε and to describe methods that may alter the
variability of τE in healthy and injured lungs. It is my hope that this will lay some of the

groundwork needed for future studies investigating the inter-relations between τE, ε, σ, Ψ and γ
within the lung. In this thesis I evaluated regional expiratory time constant (τE) heterogeneity and
regional ε in a lung model using a novel method of functional respiratory imaging (FRI) (Study
1, Chapter 2), and then developed an in vivo porcine model of acute respiratory distress
syndrome (Study 2, Chapter 3) with which to assess changes in τE heterogeneity due to
manipulations of respiratory gas density (Study 3, Chapter 4) and mechanical ventilation
parameters (Study 4, Chapter 5). The value of this series of studies is to provide evidence that: 1)
FRI can be used to provide meaningful data regarding regional ε and τE; 2) in injured and
healthy lungs, τE may be inferred from a non-invasive, passive set of data that is obtainable at a
patient’s bedside; 3) τE and the pattern of τE in a multi-compartment model may be altered by the
manipulation of resistance to gas flow and of mechanical ventilation parameters. These studies
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have value as they will lay the groundwork for further work demonstrating the clinical utility of
measuring τE in patients.
Summary
ARDS is characterized by variable degrees of alveolar epithelial and endothelial injury
and surfactant dysfunction that lead to lung parenchymal atelectasis, diffuse alveolar damage and
hypoxia. The recognition of the role of anatomical heterogeneity in ARDs has led to
improvements in clinical care and outcomes. Similarly, applying an engineering perspective to
the roles of transpulmonary stress and strain has provided valuable insights into the management
of these patients. Unfortunately, none of these conceptualizations of ARDS have allowed the
quantification of regional and temporal heterogeneity in lung mechanics. Specifically, the
assessment of regional stress and strain forces within the lung is difficult with currently available
imaging and measurement techniques in human subjects. The assessment of time constant
heterogeneity may allow the bedside evaluation of strategies to mitigate the deleterious effects of
regional strain heterogeneity and the subsequent shear forces in injured lung. The central goal of
this thesis is to provide evidence that changes in time constant heterogeneity may be used as a
proxy for changes in regional lung strain heterogeneity and to demonstrate how time constant
heterogeneity is affected by interventions that may be applied in clinical management of ARDS.

Purpose
The purpose of this thesis was to evaluate regional heterogeneity of pulmonary
mechanical values within models of lung injury. To this end four separate studies were
completed. To this end, I developed a program of experiments with four main goals:
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1. To demonstrate in a cadaveric animal model that changes in time constant heterogeneity
and regional strain can be measured non-invasively using FRI, and that interventions that
alter τE also alter regional ε.
2. To characterize a novel large animal model of ARDS due to epithelial injury.
3. To characterize the effects of changes in VT and PEEP on lung emptying during passive
deflation before and after experimental lung injury using a multi-compartment model to
describe τE.
4. To characterize the effects of changes in respiratory gas density and air flow resistance on
lung emptying during passive deflation before and after experimental lung injury using a
multi-compartment model to describe τE.

Research Questions
1. Does altering PEEP alter regional ε and τE values (characterized by FRI) in a cadaveric
lung model?
2. Does the administration of intratracheal sodium polyacrylate (SPA) create an
experimental model of ARDS that demonstrates the physiologic and histologic features
of early human ARDS due to alveolar epithelial injury and surfactant dysfunction?
3. Does altering tidal volume or PEEP in a large animal model of ARDS alter the pattern of

τE before or after injury?
4. Does altering gas density in a large animal model of ARDS alter the pattern of τE before
or after injury?
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Hypotheses
1. Altering PEEP alters regional ε and τE values (characterized via FRI) in a cadaveric lung
model.
2. The administration of intratracheal SPA creates an experimental model of ARDS that
demonstrates the physiologic and histologic features of early human ARDS due to
alveolar epithelial injury and surfactant dysfunction.
3. Alterations in tidal volume or PEEP alter the pattern of lung emptying and τE values
before and after experimental lung injury.
4. Alterations in respiratory gas density and resistance to airflow alter the pattern of lung
emptying and τE values before and after experimental lung injury.

33

Chapter 2: Functional Respiratory Imaging, Regional Strain and Time
Constants at Three Peep Levels in an Ex-Vivo Animal Model

Introduction
Acute respiratory distress syndrome (ARDS) is a complex lung injury characterized by
hypoxemia, impaired pulmonary mechanics and alveolar flooding (124). The mainstay of
treatment is intubation and supportive mechanical ventilation. Current best practice assigns and
assesses treatment based on indices of oxygenation or on aggregate measures of pulmonary
function such as pressure volume curves or transpulmonary pressure (34, 70, 79). While
pragmatic, these strategies do not account for regional variation in lung tissue mechanics (51, 92,
98, 100, 113, 135, 143, 177). Strain (ε) is the ratio of tidal volume (VT) to functional residual
capacity (FRC). High strain levels have been associated with new ventilator associated lung
injury (VALI)(158). The heterogeneity in regional FRC due to atelectasis may lead to variations
in regional ε that are not revealed by whole respiratory system measurements.
Similarly, the ratio of the resistance to elastance (R/E) of a lung unit during expiration is
the expiratory time constant (τE or tau). Differential rates and inflation/deflation of adjacent lung
units due to regional variation in τE may create localized regions of strain that are significantly
greater than implied by whole lung measures of pressure or strain (98, 133, 149) Additionally,
regional heterogeneity in τE may have clinical consequences in diseases such as asthma and
chronic obstructive lung disease (COPD) by creating lung regions that are unable to completely
fill or empty, thus predisposing patients to hypoxia, hypercapnia or the development of local gas
trapping (121).
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Currently, the measurement of regional variation in ε and τE is difficult to assess because
it often relies on specialized technology (27, 169). Thin section computed tomography (CT) has
proven useful in the assessment of airway and lung parenchymal structure (14, 30). In recent
studies, the static images have been assessed using computational fluid dynamics (CFD) (14). To
achieve this, numerical flow equations (Navier-Stokes equations) are solved using a
computational grid and have historically required patient-specific models and boundary
conditions (13, 110). The result of a CFD computation is a description of volume, pressure and
flow characteristics throughout the entire respiratory system termed functional respiratory
imaging (FRI). This validated approach (14) was proven to be more sensitive than classical lung
function (15, 199) and has provided novel insights in the mode of action of hard to evaluate
aerosolized compounds (16).
The purpose of this study was to describe the use of FRI with an ex vivo pig lung model
to: i) demonstrate that CT based imaging studies can be used to assess global and regional values
of ε and τE and, ii) demonstrate that the manipulation of positive end expiratory pressure (PEEP)
will cause changes in total and regional ε and τE values.

Methods
Ex-vivo lung preparation
Five adult female Yorkshire X pigs were quarantined for one week prior to the
experiments. All experiments were approved by the Animal Research Committee of the
University of British Columbia, Vancouver, British Columbia and conformed to the policies and
guidelines of the Canadian Council on Animal Care.
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Anesthesia was induced by inhalation of isoflurane 3-5% in oxygen. Following tracheal
intubation (9 mm internal diameter), total intravenous anesthesia was established with
midazolam (0.1mg/kg IV bolus) and a propofol infusion (started at 200 mcg/kg/min and adjusted
to between 150 and 300 mcg/kg/min) and inhalational anesthesia was discontinued. Subjects
were mechanically ventilated (Puritan-Bennett 7200, Covidien, Ireland) with 0 cm H20 of
positive end expiratory pressure (PEEP) using a fraction of inspired oxygen (FiO2) of 0.5, tidal
volumes (VT) of 12 cc/kg of body weight and an breathing frequency (fb) of 10-12
breaths/minute. Fb was adjusted to maintain an end tidal CO2 (ETCO2) measurement of 35-45
mmHg. Inspiratory flow rates were held constant at 45 L/minute. All subjects underwent
minimally invasive intra-abdominal surgeries for training purposes. At the end of six hours of
mechanical ventilation, subjects were euthanized using pentobarbital sodium (120 mg/kg
intravenous). The lungs and trachea were removed en block through a sternal incision and an
endotracheal tube (9.0 mm internal diameter) was placed into the trachea. The lungs and trachea
were suspended from a non-metallic scaffold inside of a computerized tomography (CT) scanner
(Aquilion One Volumetric CT scanner, Toshiba Medical Systems, Tustin, CA, USA).
The lungs were then initially ventilated (Puritan-Bennett 7200, Covidien, Ireland) with 0
cm H20 of PEEP using a fraction of inspired oxygen (FiO2) of 0.21, tidal volumes (VT) of 6
cc/kg of body weight and a breathing frequency (fb) of 12 breaths/minute. Inspiratory and
expiratory flows (V̇I and V̇E) were measured using a heated pneumotachograph (Model 3813,
Hans Rudolph, Kansas City, MO) placed between the ventilator tubing wye and the proximal end
of the endotracheal tube. The pneumontachometer had previously been calibrated with a 2 L
calibration syringe. Inspiratory flows were constant at 45 L/min with a square waveform.
Inspiratory and expiratory volumes (VI and VE) were obtained by numerical integration of the
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flow signals. Tracheal pressure (PTR) was measured using a fenestrated polyethylene catheter
placed 1 cm past the distal end of the endotracheal tube. The PTR, pressures were measured using
a calibrated piezoelectric pressure transducer (Raytech Instruments, Vancouver, BC, Canada)
and referenced to atmospheric pressure. An integrated 16-channel data acquisition and recording
system (PowerLab/16SP model ML 795 and Chart v7, ADI, Colorado Springs, CO) was used to
collect and record all data at a sampling frequency of 200 Hz.
Intervention
The lungs were ventilated as described above with PEEP of 0, 5 and 10 cm H2O. The
order of PEEP levels was randomly assigned, and 10 minutes of ventilation at each PEEP level
occurred prior to recording imaging and physiological data.
Image acquisition and processing
All lungs underwent dynamic CT imaging during passive inspiration and deflation on the
mechanical ventilator. CT imaging was performed with the lung suspended in the upright
position. The CT settings were as follows: tube voltage, 120 kV; tube current, 200 mAs; rotation
time, 0.35 sec; field of view, 400.4 mm; slice thickness, 0.50 mm; pixel spacing 0.782 mm; and
convolution kernel, FC51. The images were acquired without moving the table (pitch: 0) and the
acquisition began immediately prior to lung inflation and concluded after complete cessation of
gas flow following passive deflation.
CT scan data was converted into 3D models of airways and lung lobes using Mimics
(Materialise, Leuven, Belgium) a previously validated software package (Food and Drug
Administration, K073468; Conformité Européenne certificate, BE 05/1191.CE.01). Airways
were segmented using directional thresholding with automated leakage detection. Lungs were
split into lobes by identification of the fissure lines from the CT scan. For both airway and lung
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lobe segmentation manual updating of the automated algorithms was performed when needed.
Lungs lobes and the respiratory tract could be extracted at several time points during inspiration
and expiration (Figures 2.1 and 2.2). For data analysis used the end-expiratory scan for both
lobar and airway analysis and the end-inspiratory scan for lobar analysis only.
We identified lobes as: right and left anterior lobes (RAL and LAL), right and left caudal
lobes (RCL and LCL), right and left diaphragmatic lobes (LDL and LDL) and right internal lobe
(RIL) (Figure 2.1). Airways were trimmed perpendicular to the local centerline in order to
prepare the model for CFD airflow analysis. Airway models were split into a central part and
airways leading to each previously defined lobe (Figure 2.2).
Calculation of strain and time constant values using computerized tomography data
Using the derived 3D lobar models, we calculated the volume of each lobe at endinspiratory lung volume (EILV) and end-expiratory lung volume (EELV). Regional ε for each
lobe was calculated as (EILV-EELV)/EELV using the appropriate lobar volumes. Thus, for
example, the ε of the RDL (εRDL) was calculated as (EILVRDL-EELVRDL)/EELVRDL. Total
respiratory system EELV (EELVRS) and EILV (EILVRS) were calculated by adding the lobar
volumes. Total respiratory system ε, called εRS, was calculated as (EILVRS-EELVRS)/EELVRS.
Expiratory time constants were defined as R divided by E. Resistance was defined as the
total pressure drop needed to drive flow through an airway section. Regional airflow can be
obtained from the total airflow ((EILVRS-EELVRS)/time of deflation) combined with the internal
airflow distribution calculated on a lobar basis by: (EILVRDL-EELVRDL)/(EILVRS-EELVRS).
Expiratory laminar, steady CFD calculations were carried out using velocity inlets (inlet velocity
= flow rate through region / total area of inlet in the region) at the terminal bronchi and a
pressure outlet (total pressure = PEEP) at the trachea. From the CFD calculation the pressure
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drop over each specific lobar region was obtained. Elastance was defined as the pressure change
needed to obtain a known volume. The volume change was given by EILV-EELV and the
pressure change was the pressure drop in the trachea throughout deflation.
Statistical measures
For lobe-specific models, lobe, PEEP and their interaction were included as main effects
with a random effect for pig included to account for the possibility of intra-animal correlation.
Testing for significance of fixed effects was done with F-Tests and type III sums of squares.
Total lung measurements were not included in lobe-specific models and were modeled separately
using a similar approach. All testing of differences in least squared means was adjusted for
multiple comparisons using the Tukey-Kramer method.
Separate mixed effect models to assess the relationship between τE and ε were fit for each
lobe and for the total lung so that separate 𝑅 2 values could be obtained. Each model included τE
as the response, ε as the predictor, and a random effect for each animal. The pseudo-𝑅 2 value
2
𝑅𝐿𝑀𝑀(𝑚)
, proposed by Nakagawa and Schielzeth for mixed effects models (137), was used for
2
each lobe and for the entire lung, where 𝑅𝐿𝑀𝑀(𝑚)
measures the proportion of the variance of τE
2
explained by ε based on the fitted mixed effect model. 𝑅𝐿𝑀𝑀(𝑚)
values of 1 indicate perfect

correlation between τE and ε, while a value of 0 indicates no correlation between them. The
measurement for Pig 2 at PEEP 5 in lobe RAL was excluded from analysis because expiratory
volume exceeded inspiratory volume for this observation. Testing the significance of the
relationship between τE and ε was performed with F-tests and type III sums of squares, and the
Benjamini-Hochberg significance level was used to determine if the relationship between τE and

ε was statistically significant while adjusting for multiple comparisons.
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Results
Global resistance, elastance, strain and time constants
When considering the whole respiratory system using FRI, all variables were affected by
PEEP (p<.05 for R, E, ε and τE). Estimated least squares mean values for these parameters can
be found in Figure 2.3. After adjusting for multiple comparisons, R at PEEP 0 was significantly
higher than at PEEP 10 (p<.05). Elastance was significantly higher at PEEP 10 compared to
PEEP 0 and 5 (p<.01), strain was significantly higher at PEEP 0 than at PEEP 5 or 10 (p<.05)
and τE at PEEP 0 and 5 was significantly higher than at PEEP 10 (p<.05).
Regional resistance, elastance, strain and time constants
In the model including lobe, R was affected by PEEP, lobe, and the interaction of PEEP
and lobe (p<.0001); higher PEEP resulted in reduced resistance, but the effect of PEEP on R was
significantly different from lobe to lobe. Detailed data regarding R values per lobe are in Table
2.3. Specifically, R in LAL was significantly different from all other lobes (p<.0001) and R at
PEEP 0 was significantly higher than PEEP 5 and 10 (p<0.01).
Elastance was different for different levels of PEEP and lobe (p<.01, p<.0001), but the
interaction was not significant (p=0.18); the relationship between PEEP and lobe was similar for
all lobes. However, some specific differences did exist: E in RAL was significantly higher than
in LAL, LCL, LDL, RCL and RDL (p<0.01) and was greater in RIL than in LDL and RDL
(p<0.01). In addition, E was significantly higher at PEEP 10 than at PEEP 0 or 5 (p<0.05).
Detailed data regarding E values per lobe are in Table 2.4
Strain was affected by PEEP and lobe specifically but not by the interaction of PEEP and
lobe (p<.0001, p<.05, and p=.57, respectively). RAL was found to be significantly different from
LAL and RDL with respect to ε (p<.05). Strain was highest at PEEP 0 compared to 5 and 10
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(p<.0001) and was also higher at PEEP 5 than at PEEP 10 (p<0.05). Table 2.1 includes the
model-adjusted means along with 95% confidence intervals of ε for each lung lobe and the entire
lung at the different levels of PEEP.
Consistent with the relationship of τE to R, τE values were affected by PEEP, lobe, and
the interaction between PEEP and lobe (p<.01, p<.01, interaction p<.05). The values of τE in
LAL were also significantly higher than in all other lobes (p<.05) and τE was higher at PEEP 0
than at PEEP 5 or 10 (p<.05). Table 2.2 includes the model-adjusted means along with 95%
confidence intervals of τE for each lung lobe and the entire lung at the different levels of PEEP.
Relationship between strain and time constants
After adjusting for multiple comparisons, there was evidence of a relationship between
tau and strain in lobes LAL, LCL, RAL, RCL and RIL (p<0.01, Benjamini-Hochberg
significance level 0.03). The pseudo-𝑅 2 between tau and strain was high in lobes LCL and RAL
2
2
(𝑅𝐿𝑀𝑀(𝑚)
>0.9), moderate in lobes LAL, RCL and RIL (0.4<𝑅𝐿𝑀𝑀(𝑚)
>0.9) and low in lobes
2
LDL, RDL and in the total lung measurement (𝑅𝐿𝑀𝑀(𝑚)
<0.2).

Discussion
There are three main findings in this study. First, FRI can be used to reveal differences
between global and regional values of R, E, ε and τE. This technique may provide significant
real time insight into lung mechanics. Of importance, image based measurements reveal regional
variation that cannot be detected by traditional methods such as spirometry. Second, the
manipulation of positive end expiratory pressure (PEEP) causes changes in regional and global ε
and τE values. Finally, regional ε and τE were correlated in several lobes, suggesting the
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possibility that regional τE could be used as a surrogate marker for regional ε in clinical decision
making.
Global and regional strain with functional respiratory imaging
Recognition of the deleterious effects of large VT during mechanical ventilation has
increased over the last twenty years, with recommendations to both VT in an attempt to minimize
εRS. More recently, work by Chiumello (39) and Protti (158) have shown that εRS is a primary
driver of VALI and that VT is a poor surrogate for εRS (62, 71, 173). The estimation of
functional residual capacity (FRC), when combined with the measurement of the
inspired/expired volume has been used for the bedside calculation of εRS. More recently, CT and
MRI image registration studies have measured end-inspiratory and end-expiratory lung volumes
and have used this data to calculate εRS. Indeed, the techniques described in this experiment
allow the calculation of εRS in this fashion (Figure 2.3, Panel A). The εRS in the current
experiment were relatively low. Previous work has suggested that εRS greater than 1-1.5 may
cause new lung injury in a pig model and the low εRS seen in our data is consistent with the lung
protective effects of low tidal volumes noted in previous studies of mechanical ventilation. εRS
decreased with increasing PEEP (Figure 2.3, Panel A), an observation that has been previously
documented and which was due to increased EELVRS in our experiment (28). More important
than the fact that the techniques described in our study allow the measurement of εRS, is the
ability to observe regional strain in real time. Inspection of Table 2.1 demonstrates that
individual lobes had ε values that varied from approximately one third to twice the measured εRS.
Statistical analysis of our data confirmed this impression, demonstrating that both PEEP and lobe
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can independently change the strain measured in individual lobes. The clinical implications of
this interlobe variability may be clinically relevant. For example, clinicians may use whole
respiratory system measurements (such as εRS) in an attempt to minimize new lung injury during
mechanical ventilation, but may unwittingly still subject some lung regions to high ε levels. This
could occur, because some regional ε may be much higher than global values suggest.
Heterogeneity in regional ε has previously been observed using methods such as CT scans,
electrical impedance plethysmography and forced oscillation techniques supporting the regional
variation documented in this experiment (42, 100, 159, 206).
Global and regional time constants with functional respiratory imaging
During passive expiration, τE conveys information about pulmonary mechanics that may
guide therapy (4, 115). We calculated expiratory values τE using a novel method of FRI. When
calculated as a single unit (τERS) expiration was more rapid with increases in PEEP (Figure 2.3,
Panel B). The decreases in τERS seen were due to decreases in R, rather than increases in E (See
Supplementary Tables 2.1 and 2.2). Significant interaction terms indicate that R and τE are
differentially affected in specific lobes at different levels of PEEP. The findings of significant
differences in the means in the total lung at different levels of PEEP agree with the results from
the lobe model, with the directions of the effect of PEEP being the same in both models. It is
useful to compare our results with those of other investigators. Kondili and colleagues observed
that the addition of PEEP decreased R and τERS, while Pesenti and colleagues found that PEEP
increased RRS (and by implication τERS) (106, 150). One result of the application of PEEP is that
small airways are “splinted” open, and are less likely to close prematurely. The increased
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patency of small airways may allow more rapid exhalation, thereby resulting in smaller τE values
with higher PEEP, particularly in late expiration.
Historically, methods of measuring τE were limited to whole lung measures and assumed
that the lung is isotropic and are unable to address regional differences in lung mechanics.
Kaczka and colleagues have demonstrated that regional values of R and E (and by implication,
regional values of τE) may vary with both ventilation frequency and pressure (99). Similarly, our
data demonstrate that there is substantial variation in τE between lobes and that this variation is
not well represented by the global measure (τERS). The significant interaction terms seen in our
statistical model indicate that both PEEP and lobe affected τE in the per lobe analysis (Table 2.2).
The clinical implication of this finding is that some lobes may require significantly longer to fill
or empty than τERS would suggest, potentially leading to areas of shunt or deadspace. This raises
that possibility that a clearer understanding of the regional variation in τE could guide clinicians
in modifying the parameters of mechanical ventilation used in patients with significant regional
variation in τE.
Correlation between strain and time constants
The correlation between tau and strain was very strong in lobes RAL and LCL, but was
weak for the total lung and reflects that heterogeneous nature of the relationship between tau and
strain in the different lobes. This finding provides some support for the idea that regional τE
variation could be a useful surrogate for regional ε variation. However, this possibility requires
significant clarification in future studies before it has clinical utility.
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Limitations
The current study demonstrates the potential utility of FRI to measure regional
heterogeneity in both ε and τE, but some potential limitations should be acknowledged. First, the
current study used cadaveric lungs that were not contained within a chest wall. In this situation
both EELV and total system elastance will be lower than in intact subjects. These factors will
increase strain measurements (particularly in the zero PEEP condition) and lengthen τE values as
compared to live animals. Second, in the current experimental set up, the lungs were suspended
vertically as opposed to horizontally. This may have altered the interlobar strain distribution as
compared to intact subjects.

Conclusions
Functional respiratory imaging may be used to calculate real time values of ε and τE,
pulmonary mechanical parameters that may be used to guide clinical care. Our data demonstrate
that FRI can also demonstrate the significant differences between regional and global measures
of ε and τE. We found limited evidence that

ε and τE are correlated. While the clinical

importance of this data may be important, further studies are required to clarify their use in
clinical practice.
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Tables
Table 2.1 Regional and Total Strain with varying PEEP conditions
Lung lobe

PEEP 0

PEEP 5

PEEP 10

LAL

0.40 (0.29, 0.51) 0.19 (0.08, 0.30) 0.07 (-0.04, 0.18)

LCL

0.31 (0.20, 0.42) 0.11

LDL

0.30 (0.19, 0.41) 0.19 (0.08, 0.30) 0.09 (-0.02, 0.20)

RAL

0.09 (-0.02, 0.20) 0.08 (-0.04, 0.20) 0.04 (-0.07, 0.15)

RCL

0.37 (0.26, 0.48) 0.14 (0.03, 0.25) 0.07 (-0.04, 0.18)

RDL

0.35 (0.24, 0.46) 0.18 (0.07, 0.29) 0.09 (-0.02, 0.20)

RIL

0.28 (0.17, 0.39) 0.15 (0.04, 0.26) 0.06 (-0.05, 0.17)

Total

0.31 (0.22, 0.39) 0.16 (0.08, 0.25) 0.08

(0, 0.22) 0.10 (-0.01, 0.21)

(0, 0.17)

PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O; LAL, left anterior lobe; LCL
left caudal lobe; LDL, left diaphragmatic lobe; RAL, right anterior lobe; RCL, right caudal lobe;
RDL’ right diaphragmatic lobe; RIL, right internal lobe. Data is displayed as least squares
means estimates with 95% confidence intervals. The model for specific lobes includes lobe,
PEEP, and lobe x PEEP interaction and total lung values are fitted with PEEP alone.
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Table 2.2 Regional and Total Time Constants with varying PEEP conditions
Lung lobe

PEEP 0

PEEP 5

PEEP 10

LAL

3.37 (2.62, 4.12) 1.23 (0.48, 1.98) 0.17 (-0.58, 0.92)

LCL

0.95 (0.20, 1.70) 0.24 (-0.51, 0.99) 0.14 (-0.61, 0.89)

LDL

0.73 (-0.02, 1.48) 0.79 (0.04, 1.54) 0.27 (-0.48, 1.02)

RAL

0.74 (-0.01, 1.49) 0.47 (-0.37, 1.30) 0.15 (-0.60, 0.90)

RCL

1.10 (0.35, 1.85) 0.56 (-0.19, 1.31) 0.18 (-0.57, 0.93)

RDL

0.78 (0.03, 1.53) 0.55 (-0.20, 1.30) 0.28 (-0.47, 1.03)

RIL

0.50 (-0.25, 1.25) 0.46 (-0.29, 1.21) 0.17 (-0.58, 0.92)

Total

0.59 (0.33, 0.84) 0.53 (0.27, 0.79) 0.21 (-0.05, 0.46)

PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O; LAL, left anterior lobe; LCL
left caudal lobe; LDL, left diaphragmatic lobe; RAL, right anterior lobe; RCL, right caudal lobe;
RDL’ right diaphragmatic lobe; RIL, right internal lobe. Data is displayed in seconds and as
least squares means estimates with 95% confidence intervals. The model for specific lobes
includes lobe, PEEP, and lobe x PEEP interaction and total lung values are fitted with PEEP
alone.
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Table 2.3 Resistance estimates at varying PEEP conditions and 95% CIs
Lung lobe

PEEP 0

PEEP 5

PEEP 10

LAL

1.96 (1.66, 2.26)

0.77 (0.47, 1.06)

0.32 (0.02, 0.61)

LCL

0.65 (0.35, 0.95)

0.23 (-0.07, 0.53)

0.16 (-0.14, 0.46)

LDL

0.15 (-0.14, 0.45)

0.09 (-0.21, 0.39)

0.07 (-0.22, 0.37)

RAL

0.42 (0.12, 0.72)

0.36 (0.03, 0.69)

0.32 (0.02, 0.61)

RCL

0.44 (0.15, 0.74)

0.33 (0.03, 0.63)

0.22 (-0.07, 0.52)

RDL

0.11 (-0.19, 0.41)

0.07 (-0.23, 0.36)

0.07 (-0.22, 0.37)

RIL

0.52 (0.23, 0.82)

0.36 (0.06, 0.66)

0.35 (0.05, 0.65)

Total

0.03 (0.02, 0.04)

0.02 (0.02, 0.03)

0.02 (0.01, 0.03)

PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O; LAL, left anterior lobe; LCL
left caudal lobe; LDL, left diaphragmatic lobe; RAL, right anterior lobe; RCL, right caudal lobe;
RDL’ right diaphragmatic lobe; RIL, right internal lobe. Data is displayed in cmH2O.L-1.second1

and as least squares means estimates with 95% confidence intervals. The model for

specific lobes includes lobe, PEEP, and lobe x PEEP interaction and total lung values are
fitted with PEEP alone.
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Table 2.4 Elastance estimates at varying PEEP conditions
Lung lobe

PEEP 0

PEEP 5

PEEP 10

LAL

0.85 (-0.47, 2.16)

0.94 (-0.38, 2.25)

2.39 (1.07, 3.70)

LCL

1.35 (0.04, 2.67)

1.10 (-0.21, 2.42)

1.53 (0.21, 2.84)

LDL

0.20 (-1.11, 1.52)

0.16 (-1.15, 1.48)

0.31

RAL

3.53 (2.22, 4.85)

1.37 (-0.10, 2.84)

5.91 (4.60, 7.23)

RCL

0.57 (-0.74, 1.89)

0.74 (-0.58, 2.05)

1.35 (0.04, 2.67)

RDL

0.16 (-1.15, 1.48)

0.15 (-1.17, 1.46)

0.26 (-1.05, 1.58)

RIL

2.11 (0.80, 3.43)

1.44 (0.12, 2.75)

3.33 (2.02, 4.65)

Total

0.05 (0.04, 0.07)

0.05 (0.03, 0.07)

0.10 (0.08, 0.11)

(-1, 1.63)

PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O; LAL, left anterior lobe; LCL
left caudal lobe; LDL, left diaphragmatic lobe; RAL, right anterior lobe; RCL, right caudal lobe;
RDL’ right diaphragmatic lobe; RIL, right internal lobe. Data is displayed in cmH2O.L-1 and as
least squares means estimates with 95% confidence intervals. The model for specific lobes
includes lobe, PEEP, and lobe x PEEP interaction and total lung values are fitted with PEEP
alone.
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Figures

Figure 2.1 Pictorial representation of airway identification using composite 3D airway
images at three positive end expiratory pressures
PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O. Red, right anterior lobe;
Yellow, right caudal lobe; Orange, right diaphragmatic lobe; Green, right internal lobe; Purple,
left diaphragmatic lobe; Light blue, left caudal lobe; Dark blue, left anterior lobe.
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Figure 2.2 Pictorial representation of lung lobe identification using composite 3D lung
images at three positive end expiratory pressures
PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O. Red, right anterior lobe;
Yellow, right caudal lobe; Orange, right diaphragmatic lobe; Green, right internal lobe; Purple,
left diaphragmatic lobe; Light blue, left caudal lobe; Dark blue, left anterior lobe.
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Figure 2.3 Total respiratory system strain (Panel A), expiratory time constant (Panel B),
resistance (Panel C) and elastance (Panel D) at three levels of positive end expiratory
pressure.
PEEP 0/5/10, positive end expiratory pressure of 0/5/10 cm H2O; Data is displayed as least
squares means estimates with 95% confidence intervals.
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Chapter 3: Administration of Intrapulmonary Sodium Polyacrylate to Induce
Lung Injury for the Development of a Porcine Model of Early Acute
Respiratory Distress Syndrome

Introduction
Acute respiratory distress syndrome (ARDS) is characterized by severe hypoxic
respiratory failure associated with high mortality and morbidity (154). Loss of alveolar epithelial
and endothelial integrity cause a progressive influx of protein-rich fluid into the alveoli, impairs
trans-epithelial fluid transport, and inhibits reabsorption of alveolar edema (122, 125, 200). The
presence of surface-active and water soluble agents in the alveoli contributes to the inactivation
of surfactant (80, 140, 170). Animal models are widely used to study the pathogenic mechanisms
of ARDS and to assess the effects of interventions on clinical and biological outcomes (128,
129). It is recognized that different models emphasize different aspect of ARDS and that no
model fully replicates the histologic findings of human ARDS (inflammatory infiltrates,
thickened alveolar septae, intravascular microthrombosis and hyaline membrane deposition) and
that a need exists to create animal models that more accurately mimic the histopathologic
changes seen in in human ARDS (128). Despite advances in the understanding and treatment of
ARDS, the mechanisms of alveolar epithelial injury are not well understood and additional
models of lung injury that focus on the alveolar epithelium would be useful (126). A guideline
committee of the American Thoracic Society concluded that a high quality model of
experimental ARDS should include “very relevant” evidence of at least three out of four criteria:
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i) tissue injury, ii) alteration of the alveolar capillary barrier, iii) presence of an inflammatory
response, and iv) evidence of physiological dysfunction (128).
ARDS may be broadly characterized as being of pulmonary or extrapulmonary origin,
with the primary pathologic lesion involving a direct insult to the alveoli (such as pneumonia) or
an indirect insult to the lung parenchyma and pulmonary endothelial damage from an
extrapulmonary disease such as sepsis (65). There is a substantial body of research suggesting that
morphology and responses to clinical interventions differ between these two sub-groups of ARDS (3,
72, 109, 134, 138, 147, 166, 174). Similarly, experimental models of ARDS may be may be
separated into those that target the alveolar epithelium (analogous to “pulmonary” ARDS) and
those that target the vascular endothelium (“extrapulmonary” ARDS).
Sodium polyacrylate (SPA) is an anionic, osmotically active hydrophilic polymer known
to absorb 250-times its weight in water (54). We hypothesized that intrapulmonary
administration of SPA would lead to an experimental model of direct injury to alveolar epithelial
cells that is meets the American Thoracic Society guidelines (128) by causing : i) accumulation
of neutrophils and proteinaceous debris in the alveolar or the interstitial space; ii) evidence of
interstitial and intra-alveolar edema; iii) an increase in the absolute number of neutrophils in
bronchoalveolar lavage fluid; and iv) hypoxemia. Additionally, we intended to create a model
with stable hemodynamics and that reflected the histologic and pulmonary mechanical
alterations seen in ARDS of pulmonary rather than extra-pulmonary origin (65).

Materials and Methods
In vitro alveolar epithelial cell injury by SPA
After being warmed in a 70°C water bath for 15 min, 0.5 ml of sterile 1% SPA gel was
placed in 4.5 mL of a cellular standard media (Complete Small Airway Epithelial Cell Growth
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Media, PromoCell GmbH, Heidelberg, Germany) and was vortex mixed. This mixture was
labeled “0.1% SPA”. Using similar methods, mixtures with SPA concentrations of 0.03%,
0.01%, 0.003%, 0.001% and 0.0003% SPA were created. 1 ml of cryopreserved human lung
epithelial cells (Lot 2102203, PromoCell, PromoCell GmbH, Heidelberg, Germany) were
expanded in standard media. Cell viability was confirmed to be acceptable using 7aminoactinomycin D dye exclusion evaluation (BD Via-Probe, BD Biosciences, San Jose, CA)
and flow cytometry (Accuri C6, BD Biosciences, San Jose, CA). The cells/ml in the prepared
suspension was evaluated using a cell counter (Coulter-Z, Beckman Coulter, Inc., Indianapolis,
IN). The cell suspension was further diluted as required using standard media to prepare a stock
cell suspension of 50,000 cells/mL. 100 µL aliquots of the diluted cell suspension were added to
the appropriate wells of a 96-well plate to provide a final concentration of 5,000 cells/well. 100
µl aliquots of the appropriate SPA concentrations were dispensed to create 8 replicates of each
dose concentration (and the background control). Plated cells were incubated for two days. For
each plate, 100 µL of ATP-Enumeration Reagent (Hemogenix, Colorado Springs, CO) was then
added to each well to lyse the cells, release ATP, and to produce bioluminescence. The
bioluminescence emitted was detected and measured by plate luminometer (Spectramax L,
Molecular Devices, Downingtown, PA) as relative luminescence units (RLU). Using an ATP
standard curve, sample RLUs were converted to molar units of ATP and a dose response curve
was generated.
In vivo experimental arrangement
Animals. Fourteen female adult Yorkshire X pigs were quarantined for 1 week prior to
the experimental sessions. Eleven animals were subjected to experimental lung injury with SPA
(SPA group). Three pigs served as controls and underwent all interventions and tests with the
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exception of SPA administration (CON group). All experiments were approved by the Animal
Research Committee of the University of British Columbia (certificate no. A11-0396) and
conformed to the policies and guidelines of the Canadian Council on Animal Care.
The time of experimental arrangements in depicted schematically in Figure 3.1. After
sedation (telazol, 4 to 6 mg/kg intramuscular), anesthesia was induced by inhalation (isoflurane,
3% to 5% in oxygen). The trachea was intubated with an endotracheal tube (8 or 9 mm
diameter). Anesthesia was maintained with isoflurane inhalation (end-tidal concentration, 2% to
2.5% in oxygen) until intravenous anesthesia was established (midazolam, 0.1 mg/kg intravenous
bolus, followed by propofol infusion [starting at 200 μg/kg/min, adjusted to 150 to 300
μg/kg/min according to depth of anesthesia]). Mechanical ventilation (Puritan-Bennett 7200,
Covidien, Ireland) was maintained with the following parameters: positive end-expiratory
pressure (PEEP), 0 cm H2O; fraction of inspired oxygen (FIO2), 0.5; and tidal volume (VT), 12
mL/kg of body weight with constant inspiratory flows. These parameters were selected to mimic
VT and PEEP noted in similar investigations of experimental ARDS in pigs(77, 158, 195). The
respiratory rate was 15 breaths/minute initially and was adjusted to maintain end-tidal carbon
dioxide partial pressure (PetCO2) within 35 to 45 mm Hg.
A catheter was placed in the right femoral artery to allow continuous blood pressure
measurement (calibrated at the level of the heart) and collection of arterial blood samples. A
pulmonary artery catheter was placed percutaneously in the right jugular vein to allow
measurement of cardiac output and pulmonary vascular hemodynamic parameters. A urinary
catheter and rectal temperature probe were placed. Core temperature was maintained between
35.5°C and 36.5°C with a heated operating table. Mean arterial blood pressure was maintained >
65 mm Hg by infusion of phenylephrine (0.1 to 0.3 μg/kg/min) when required.
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Before all measurements of pulmonary mechanical parameters, a bolus of midazolam
(0.1 mg/kg intravenous) was given and neuromuscular blockade was induced with pancuronium
(0.05 to 0.1 mg/kg intravenous) or rocuronium (1 mg/kg intravenous) and monitored by
assessment of response to train-of-four stimulation with a peripheral nerve stimulator.
Lung injury in the SPA group was caused by injecting sequential aliquots (5 mL, each) of
1% SPA gel in aqueous solution into the distal airway with a rubber catheter through the
endotracheal tube. The SPA was dispersed throughout the lungs by manual bag ventilation
(approximately 200cc/breath). Aliquots of SPA were given approximately every 5 minutes until
hypoxemia was observed, defined by arterial partial pressure of oxygen (PaO2) < 150 mm Hg.
Control animals had a red rubber catheter placed through the endotracheal tube and received
manual bagging (approximately 200cc/breath) but no intratracheal SPA.
Pulmonary mechanics, oxygenation, and hemodynamics
Inspiratory and expiratory flows were measured with a pneumotachograph (Model 3813,
Hans Rudolph, Kansas City, MO) that was calibrated with a 2 L calibration syringe. Volumes
were obtained by numerical integration of the flow signals. Mouth pressure was measured at a
port placed between the ventilator wye and the endotracheal tube. Esophageal pressure was
measured using a balloon-tipped catheter (No. 47-9005, Ackrad Laboratory, Cranford, NJ)
placed in the lower third of the esophagus. Catheter position was deemed satisfactory when the
change in esophageal pressure was equal to the change in airway pressure during passive
inspiration (188). Both esophageal and airway pressures were measured with calibrated
piezoelectric pressure transducers (Raytech Instruments, Vancouver, BC, Canada). Dynamic and
static pulmonary mechanical variables were calculated as previously described (19, 90).
Functional residual capacity (FRC) was measured using a previously described helium dilution
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method to assess lung recruitment before and after injury (119). Arterial blood gases were
measured immediately before and 1 hour after lung injury. Arterial blood pressure, pulmonary
artery pressure, and heart rate from a surface electrocardiogram were monitored continuously.
All data was collected and recorded with an integrated 16-channel data acquisition and recording
system (PowerLab/16SP model ML 795 and LabChart v7, ADI, Colorado Springs, CO). Cardiac
output was measured using thermodilution curves generated from injection of 5 mL boluses of
cold 0.9% saline solution that were analysed with the same software. Three bolus injections were
performed, sequentially once pulmonary artery temperature returned to baseline, with the
average reported.
All animals were euthanized at the end of the experiment with an intravenous bolus of
pentobarbital sodium (120 mg/kg). Death was confirmed by the absence of cardiac electrical
activity on continuous surface electrocardiography.
Gross and microscopic pathology
All animals underwent bronchoalveolar lavage (BAL) immediately before SPA lung
injury or sham and again before death using previously described procedures (58, 139). Direct
cellular counts were performed on aliquots of BAL fluid by an automated cell counter. Direct
and cytocentrifuge smears were prepared for cytologic examination using modified WrightGiemsa stain. The white blood cell and differential counts were performed with 100 to 300 cells
and percentages were determined.
Samples of lung tissue from SPA treated animals were excised from areas with visible
injury and fixed in 10% buffered formalin for 48 hours before trimming. Similar samples were
retrieved from control animals. Fixed tissues were processed (Tissue-Tek VIP 5 Vacuum
Infiltration Tissue Processor, Sakura Finetek USA, Torrance, CA), embedded in paraffin,
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sectioned (thickness, 4 μm), and stained with hematoxylin-eosin. For each animal, 10 randomly
selected fields were assessed (original magnification x400) for: (i) alveolar fibrin deposition; (ii)
alveolar inflammatory cell infiltration; and (iii) interstitial and intra-alveolar edema (101).
Electron microscopy was performed on post-mortem lung tissue. To achieve this, after
death, lungs were flushed with glucose-containing Krebs buffer. After perfusion with 2.5%
glutaraldehyde that was buffered in 0.1 M sodium cacodylate, the lungs were excised and
sampled for damage. Excised tissue was cut into smaller pieces (1 mm3) and further fixed in
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 24 hours. The tissue was washed
with 0.1 M sodium cacodylate buffer, postfixed in a mixture of 2% potassium ferrocyanate and
2% osmium tetroxide in 0.1 M sodium cacodylate, dehydrated in a graded series of acetone
solutions, infiltrated, and embedded. Sections (thickness, 500 nm) were cut (Leica EM UC6
microtome, Leica Microsystems, Wetzlar, Germany) and viewed with light microscopy. Sections
(thickness, 60 nm) were stained with saturated uranyl acetate and lead citrate and examined with
a transmission electron microscope (Tecnai 12 Transmission Electron Microscope, FEI,
Hillsboro, OR) at original magnification x1850 to x9700.
Data analysis
Data were reported as mean ± SD, unless otherwise stated. Continuous variables were
analyzed using paired t-tests (for within subject) or independent t-tests (for between subject)
where appropriate. All tests were 2-sided, and statistical significance was defined by P < 0.05.
Statistical analyses were performed using STATA 10.0 Statistical Software (StataCorp, College
Station, TX).
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Results
In vitro alveolar epithelial cell injury by SPA
Data was obtained on all wells of human alveolar cells cultured with and without SPA.
The mean ATP content found after incubation with 0.1% SPA (0.92±0.27 µM/well) was
approximately 15% of that found for the background control (6.30±0.37µM/well, p<0.001). The
effect of lower doses of SPA on alveolar cell culture viability are presented in Figure 3.2. The
addition of progressively higher doses of SPA decreased the viability of human alveolar
epithelial cells as evidenced by absolute µM/well of ATP. SPA’s effect on cell culture survival
displayed a dose-response curve best described by a reverse sigmoidal function, with an R2 value
of 0.96. The SPA concentration that inhibited 50% of cells in the preparation used (IC50) was
estimated to be 0.008%.
In vivo experiments
The 14 pigs had an average body weight 29.5 ± 4.5 kg. The SPA group received 15.5 ±
4.2 mL SPA (0.54 ± 0.18 mL/kg intratracheal) while the CON group received none. SPA pigs
were ventilated with a VT of 12.53±1.34 cc/kg and CON pigs with a VT of 13.68 ±1.91 cc/kg
(p=0.25).
Pulmonary mechanics, oxygenation, and hemodynamics
All pulmonary mechanical data is presented in Table 3.1. Elastances of the respiratory
system (ERS) and of the lung (EL) were significantly higher after injury as compared to before
injury in SPA. ERS was greater in SPA than in CON after injury and increases in ERS in the SPA
group were driven exclusively by changes in EL as ECW did not increase after injury. No
differences were seen in ERS, EL or ECW in CON when pre-injury and post-injury values were
compared. ERS was greater in SPA than in CON after injury. While there were no differences in
measures of resistance between SPA and CON prior to injury, respiratory system resistance
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(RRS) more than doubled after injury in the SPA group and appeared to be driven by increases in
lung resistance (RL). Chest wall resistance (RCW) did not change from before to after injury in
SPA, and measures of resistance did not change significantly in CON when before and after
injury data were compared.
FRC declined from 16.4±3.2 ml/kg prior to injury to 10.7±3.3 ml/kg after injury in SPA
(p<0.001) and was unchanged in CON with values before and after sham injury of 13.8±2.2
ml/kg and 12.77±1.52 ml/kg (p=0.54). PaO2 decreased in SPA with injury from 224.6±48.4
mmHg to 72.27±12.51 mmHg (p<0.001) and was unchanged in CON with values before and
after sham injury of 250.67±108.61 mmHg and 244.67±27.14 mmHg (p=0.93). PaO2 values
were no different between SPA and CON prior to injury (p=0.53), but were different after injury
(p<0.001).
As expected by design, cardiac output and mean arterial pressure did not change when
values from before and after injury were compared in SPA and CON (All hemodynamic data is
presented in Table 3.2). Pulmonary artery pressures increased in SPA with injury but not in CON
leading to a difference between the two groups after injury. No animals required vasopressor
support prior to injury. Following injury, 2 of 11 SPA animals and none of the CON animals
required vasopressors.
Gross and microscopic pathology
Bronchoalveolar lavage fluid retrieved before injury showed white blood cell differential
counts that were similar between SPA and CON and that were within acceptable reference
intervals (58, 67). BAL fluid retrieved from SPA after injury demonstrated an increase in white
blood cells and neutrophilia while BAL fluid from CON after injury demonstrated no changes
from pre-injury values. Detailed results from BAL samples are described in Table 3.3.
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At necropsy, lungs from CON were normal to visual inspection. Light microscopy
examination of lungs from CON animals revealed normal appearing lungs with regions of
atelectasis. There was no significant active inflammation in the lungs (Figure 3.3, panels A and
B). At necropsy, lungs from SPA treated pigs demonstrated marked consolidation and congestion
of the dorsal lung lobes (approximately 45% of total lung tissue), with sparing of the cranial
lobes. The cut surfaces of the affected tissues were congested, hemorrhagic, and edematous.
Light microscopy of lung specimens showed bronchiolar and alveolar spaces filled with
neutrophilic infiltrate, proteinaceous debris, and fibrin deposition (Figure 3.3, panels C and D).
Although minimal epithelial damage was noted in large airways, peribronchiolar and interstitial
edema and intravascular congestion were evident. Early epithelial hyperplasia with
transmigration or exudation of neutrophils across the bronchiolar wall into the airspace was
widespread. Similarly, electron microscopy of lung tissue from SPA animals showed injury to
the alveolar epithelium and basement membranes, including intra-alveolar neutrophils, fibrin on
the alveolar surface and intravascular fibrin (microthrombosis) (Figures 3.4 and 3.5).

Discussion
In our study, intrapulmonary administration of SPA resulted in rapid development of the
physiologic and histologic changes seen in ARDS, including diffuse alveolar damage, necrosis of
alveolar epithelial cells, inflammatory cell infiltration and proteinaceous alveolar and interstitial
edema. With respect to the published ATS criteria (128) for a high quality model, the present
model of SPA induced ARDS satisfies these requirements with: i) accumulation of neutrophils
and proteinaceous debris in the alveolar or the interstitial space; ii) evidence of interstitial and
intra-alveolar edema; iii) an increase in the absolute number of neutrophils in BAL fluid; and iv)
hypoxemia.
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Both our in vitro and in vivo data suggest that SPA creates a model of ARDS that
represents a “pulmonary” origin due to epithelial injury. Our data shows that SPA decreases the
viability of cultured human alveolar cells in a dose dependent fashion. SPA is an intensely
hydrophilic anionic polymer that has significant osmotic activity (54, 212). Previous
investigations have demonstrated local and systemic toxicity of variable severity with parenteral,
enteral and intratracheal SPA administration in animals (93, 131). Given the evidence of alveolar
epithelial cytotoxicity and the histological evidence of alveolar inflammation presented here, we
cautiously speculate that SPA caused ARDS through a direct injury to the alveolar epithelium.
Similarly, our in vivo data reflect an injury to the lungs, rather than a systemic injury, and
is therefore consistent with a model of ARDS of pulmonary origin. In contrast to the CON
animals, SPA injured animals rapidly developed hypoxemia and decreases in FRC. Current
clinical definitions for ARDS use the PaO2/FiO2 ratio (P/F) to categorize ARDS severity as mild
(P/F<300), moderate (P/F<200) or severe (P/F<100). (162). The average P/F ratio after SPA
administration was 144.5±25, and all SPA animals had a P/F ratio that qualified as moderate
ARDS. The mean FRC decreased by 36% in the SPA group, a decrease that is consistent with
alterations in FRC seen in patients who have ARDS (24). The alterations in elastance and
resistance seen in the SPA group were attributable to changes in EL and RL rather than ECW and
RCW, suggesting that the injury was intrinsic to the lung (Table 3.1). In this context, pulmonary
artery pressures increased more in SPA injured animals than in controls but there were few
systemic hemodynamic changes in either group as quantified by cardiac output, mean arterial
pressure, or need for vasoactive medications.
We have demonstrated that intrapulmonary administration of SPA causes an
experimental model of ARDS of pulmonary origin, plausibly due to direct alveolar epithelial
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injury. As such, SPA causes interstitial edema, intraalveolar fibrin deposition and a neutrophilic
alveolitis, rather than the microvascular congestion and less severe alveolar damage typically
seen in extrapulmonary causes of ARDS. It is therefore reasonable to compare experimental
ARDS due to SPA with other models that cause a primarily alveolar injury – such as saline
lavage, injurious mechanical ventilation, hyperoxia, and acid aspiration. There currently exists
variability in the characteristics and quality of these experimental models of ARDS, and injury
with SPA may provide advantages when attempting to study the role of epithelial injury in
ARDS. For example, saline lavage precipitates acute hypoxia due to alveolar collapse, but is not
associated with a significant change in alveolar-capillary permeability or inflammation, and thus
does not reflect the histology generally associated with human ARDS (68, 129, 168). Injurious
mechanical ventilation produces a model of ARDS characterized by hypoxemia and
inflammation, but the presumed mechanism is that of mechanotransduction of injurious forces
rather than direct epithelial injury. As such it represents a useful model of ventilator associated
lung injury in already susceptible lungs, but does not represent a likely mode of injury to
previously healthy lung (165). Similarly, while hyperoxia causes inflammation and injury in
some animal models (41), it is questionable if it initiates ARDS at all in humans (17, 129). Acid
aspiration (classically HCL with a pH of 1.5) causes a model of ARDS similar to that of SPA,
with inflammation and direct injury to alveolar epithelial cells (56, 104, 160). However, humans
do not usually aspirate strong acids. Rather, gastric contents are a combination of particulate
matter, bacteria and fluids with a pH considerably greater than 1.5. SPA, which is neutral in
terms of pH, may allow insights into direct epithelial injury at normal pH. Finally, the excellent
hemodynamic stability seen in the SPA injured animals allows the potential to separate the
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effects of epithelial injury from those of hypotension and hypoperfusion, two potential
confounders seen in other models.
Our model also has several limitations that merit consideration. First, the short duration
of our study precludes the ability to describe the evolution of the injury produced beyond the first
few hours. While our model appears to accurately mimic the physiologic and histologic changes
seen in early ARDS, we did not demonstrate that the injury precipitates the delayed histological
findings of ARDS. Second, human trials have suggested that VT greater than 6 ml/kg may be
harmful to injured lung (154). The animals in our study were ventilated with larger VT
(12.53±1.34 cc/kg in the SPA group) and without PEEP, raising the possibility that the changes
may have been due to injurious ventilation rather than due to SPA. However, pigs have
significantly lower specific lung elastance than humans and tolerate VT of up to 22 ml/kg without
evidence of lung injury (39). The ventilator settings used in our trial were recently used in a
similar trial in pigs that did not demonstrate the anatomic or histologic changes of ARDS (158).
Our control animals did not demonstrate physiological or histological evidence of alveolar injury
after several hours of this ventilation strategy. We therefore believe that the injury seen in our
model is due to SPA rather than due to an intrinsically injurious ventilation strategy per se.
Third, we have presented cytotoxicity data from in vitro experiments. While it seems probable
that these data clarify the potential mechanisms of SPA induced lung injury, these experimental
models do not fully replicate the biochemical or physiological milieu found in porcine or human
lungs. Importantly, the concentrations of SPA used in the in vitro experiments are at best an
estimate of the concentrations that might have been found locally in alveoli in the in vivo
experiment. Finally, interspecies differences may mean that the findings in this porcine model
should only be cautiously applied to human patients.
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Conclusions
We have demonstrated that intrapulmonary administration of SPA results in a rapid
exudative lung injury. Our study reports an animal model of ARDS that is of pulmonary origin.
Moreover, the model will be useful in clarifying the role of direct alveolar injury in the
pathogenesis of ARDS. Further studies are needed to better characterize the mechanisms
underlying this model of lung injury and its potential contribution in patients with ARDS.
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Tables
SPA

CON group

P-value

SPA group

CON group

P-value

P-value

P-value

group

before

SPA versus

after injury

after injury

SPA vs.

SPA before

CON before

before

injury

CON before

CON after

versus after

versus after

injury

injury

injury

injury

0.04

<0.01

0.99

0.11

<0.01

0.70

0.64

0.73

0.79

0.22

0.01

0.60

0.29

<0.01

0.67

0.57

0.43

0.73

Injury
ERS

33.56±

31.88±

(cm H2O/L)

10.03

2.53

EL

21.06±

19.13±

(cm H2O/L)

8.34

2.15

ECW

15.98±

13.15±

(cm H2O/L)

8.32

5.51

RRS

10.66±

15.26±

(cmH2O/L/sec)

6.83

6.43

RL

9.59±

16.17±

(cmH2O/L/sec)

6.55

8.05

RCW

1.58±

1.21±

(cmH2O/L/sec)

1.15

0.66

0.77

0.76

0.66

0.31

0.22

0.68

65.08±

32.88±

29.78

13.72

56.87±

23.68±

25.07

13.82

18.24±

11.52±

19.01

4.72

21.55±

12.99±

10.99

2.15

21.00±

13.18±

9.61

2.07

2.48±

0.93±

3.55

0.75

Table 3.1 Pulmonary mechanics of animals before and after real injury with sodium polyacrylate (SPA) or sham injury
(CON)
ERS, EL, ECW = elastance of the respiratory system, lung and chest wall respectively. RRS, RL, RCW = resistance of the respiratory
system, lung and chest wall respectively. All values reported as mean ± standard deviation.
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SPA

CON

P-

SPA group

CON

P-

group

group

value

after

group

value

before

before

SPA

injury

after

SPA

Injury

injury

vs.

injury

vs.

MAP (mm

82.96±

86.4±

Hg)

8.88

4.36

CO (ml/kg)

50.31±

43±

8.29

13.74

MPAP (mm

20.96±

18±

Hg)

4.06

4.25

0

0

CON

CON

before

after

injury

injury

0.54

0.35

0.29

79.84±

88.8±

15.58

8.64

49.72±

35.55±

7.25

4.59

34.83±

26.27±

5.95

4.2

2

0

0.37

0.26

0.04

Subjects
requiring

1.0

1.0

vasopressors
(n)
Table 3.2 Selected hemodynamic parameters of animals before and after real injury with sodium polyacrylate (SPA) or
sham injury (CON)
MAP = mean arterial pressure, CO = cardiac output, MPAP = mean pulmonary arterial pressure. All values reported as mean ±
standard deviation.
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RBC x 1012/L

SPA

CON

P-

SPA

CON

P-

group

group

value

group

group

value

before

before

SPA

after

after

SPA

Injury

injury

vs.

injury

injury

vs.

0.01±

0.10±

0.01

0.00

0.40±

0.61±

0.22

0.39

Macrophages

65.89±

54.00±

(% of WBC)

22.21

16.37

Small

23.78±

23.33±

lymphocytes

18.85

5.77

Neutrophils

10.33±

22.67±

(% of WBC)

14.00

16.17

WBC x 109/L

CON

CON

before

after

injury

injury

<0.01

0.25

0.42

0.97

0.05±

0.02±

0.10

0.01

3.20±

0.36±

1.63

0.21

5.56±

48.33±

5.73

14.43

2.33±

31.67±

0.71

12.58

91.44±

26.67±

5.48

20.21

0.53

0.02

<0.01

<0.01

(% of WBC)
0.23

<0.01

Table 3.3 Bronchoalveolar lavage results of animals before and after injury with sodium polyacrylate (SPA) or sham
injury (CON)
RBC = red blood cells, WBC = white blood cells, All values reported as mean ± standard deviation.
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Figures

Figure 3.1 Schematic timeline of procedures and data collection during the study
Horizontal numbers in the centre of the figure represent time from initial anesthetic.
ABG Arterial blood gas; BAL Brochoalveolar lavage; SPA Sodium polyacrylate.
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Figure 3.2 Mean concentration of ATP found in wells of human alveolar cells after incubation with sodium polyacrylate
(SPA)
*Represents p<0.05 for values compared with baseline.
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Figure 3.3 Histology of lung tissue from control (CON) (panels A and B) and sodium polyacrylate (SPA)-treated (panels C
and D) animals 6 h after administration of SPA or sham
(A) Bronchiole from CON animal demonstrating normal epithelial structure (hematoxylin-eosin stain, original magnification x20).
(B) Normal alveolar structure in CON animal (hematoxylin-eosin, original magnification x40). (C) Bronchiole from SPA-treated
animal filled with degenerated and viable neutrophils, with transmigration of neutrophils across the respiratory epithelium. Cilia
are intact and mild epithelial hyperplasia is present. The subjacent alveoli contain inflammatory cells and fibrin (hematoxylineosin stain, original magnification x20). (D) Macrophages, neutrophils and fibrin strands in an area of alveolar inflammation and
consolidation in tissue from an SPA-treated animal (hematoxylin-eosin stain, original magnification x40).
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Figure 3.4 Transmission electron microscopy of lung tissue from a pig subjected to experimental injury with intratracheal
sodium polyacrylate
(a) Interstitium and adventitia of a terminal bronchus with migrating polymorphonuclear leukocyte (solid white arrow),
macrophage (dashed white arrow) and monocyte/macrophage (solid black arrow). Edematous exudate (asterisk) is noted (original
magnification x3900). (b) Alveoli with type 2 pneumocytes (black arrows) and dense fibrin deposition (white asterisk) (original
magnification x3900)
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Figure 3.5 Transmission electron microscopy of lung tissue from a pig subjected experimental injury with intratracheal
sodium polyacrylate
(a) Alveolar-capillary interface with gaps in the capillary epithelium (open brackets denoting size of gap), necrosis of alveolar
epithelium (dashed arrows), and gap in endothelium (solid arrow) (original magnification x5800). (b) Alveolus with fibrin
deposition (solid arrow) and a neutrophil in the air space (dashed arrow) (original magnification x3900). (c) Perialveolar blood
vessel containing fibrin (white asterisk) and a red blood cell (RBC) (original magnification x9700)
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Chapter 4: Gas Density Alters Expiratory Time Constants Before and After
Experimental Lung Injury

Introduction
Acute lung injury in humans is heterogeneous in distribution (43). Some lung units have
severely abnormal values of resistance (R), elastance (E) or both, while other lung units have
values that are similar to healthy lungs (143). For a given lung unit, the product of R and the
reciprocal of E is the time constant (τ). Areas of the lungs with short τ (i.e., low R and/or high E)
will fill or empty earlier than areas with longer time constants. Regional variation of lung
resistance (RL) and elastance (EL) implies regional heterogeneity in expiratory time constants
(τE). If τE differs in adjacent lung units, then volume change during expiration in these units may
occur at different rates. After injury, lung tissue is characterized by a greater heterogeneity of
distension (135, 143, 177) as well as a greater variation in RL and EL than is healthy lung (50, 98,
100), and therefore have greater heterogeneity in τE than uninjured lungs.
Widely-used methods of calculating τE assume that all lung units inflate and deflate
homogenously, acting as a single compartment and are unable to differentiate between fast and
slow filling and emptying units (1, 36, 132). Instead, a model that allows the quantification of τE
at multiple points throughout expiration would more accurately describe the heterogeneity of τE.
To achieve this, previous investigations have described the pattern of lung emptying during
passive deflation by partitioning the expiratory flow-volume (V̇V) curve into several discrete
segments and individually calculate τE for each of these segments (81, 105, 106, 115). While the
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effect of altering elastance using positive end expiratory pressure (PEEP) on τE values has been
documented (106), the effect of manipulating gas flow resistance on τE is unknown. We reasoned
that altering airflow resistance could change the pattern of lung emptying during passive
expiration by changing the rate at which short and long τE lung units empty.
We hypothesized that, as values of RL and EL and their heterogeneity are greater in
injured than in uninjured lungs, τE would be more heterogeneous in injured lungs compared with
uninjured lungs in the same animal. We further hypothesized that the heterogeneity of expiration
within a single animal (as characterized by greater variability between the τE of early versus late
segments of an expiration) would be greater after injury than before. To this end, we sought to
characterize the effects of variations in gas density on τE before and after the induction of an
experimental model of lung injury.

Methods
Animals and instrumentation
The experimental protocol was approved by the Animal Research Committee of the
University of British Columbia and conformed to the ethical guidelines for animal
experimentation as outlined by the Physiological Society (Grundy, 2015). In seven adult female
Yorkshire X pigs (average weight 28.9 kg±3.5 kg), anaesthesia was induced (isoflurane 3-5% in
oxygen) after sedation (telazol 4-6 mg kg-1 intramuscular injection). After endotracheal tube
placement (9mm internal diameter), total intravenous anaesthesia was established with
midazolam (0.1 mg kg-1 intravenous), propofol (150 to 300 µg kg-1 min-1 intravenous) and
fentanyl (1-2 µg kg-1 intravenous, repeated as needed). Inhalational anaesthesia was then
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discontinued. Under deep anesthesia, a brief period of neuromuscular blockade was induced
prior to all measurements of pulmonary mechanical parameters using midazolam bolus (0.1 mg
kg-1 intravenous) and pancuronium (0.05 mg kg-1 to 0.1 mg kg-1 intravenous) or rocuronium (1
mg kg-1 intravenous). Paralysis was monitored by assessment of response to train-of-four
stimulation using a peripheral nerve stimulator. The adequacy of anesthesia was confirmed by
the absence of cardiovascular response to minor noxious stimulus and was assessed every fifteen
minutes using physical examination, assessment of vital signs and electrocardiography.
Mechanical ventilation (Puritan-Bennett 7200, Covidien, Ireland) provided a fraction of inspired
oxygen (FiO2) of 0.5, tidal volumes (VT) of 12 ml kg-1 of body weight and 0 cmH2O of positive
end expiratory pressure (PEEP). Breathing frequency was initially 15 breaths/minute and was
adjusted to maintain an end tidal partial pressure of carbon dioxide of 35-45 mmHg. Inspiratory
flow rate was 45 l min-1 with an inspiratory to expiratory ratio of 1:1. These parameters were
selected to reflect similar investigations of experimental lung injury in pigs (3, 134, 174). Right
femoral artery cannulation allowed continuous blood pressure measurement and collection of
arterial blood samples. A pulmonary arterial catheter was placed through the right or left jugular
vein to allow the measurement of cardiac output by a bolus thermodilution method and other
cardiorespiratory variables using previously described methods (85). At the end of the
experiment, euthanasia was achieved with pentobarbital sodium (120 mg kg-1 intravenous).
Death was confirmed by the absence of a pulse and cardiac electrical activity on continuous
surface electrocardiography.
Induction of lung injury
We used a previously described method (87) of lung injury that produces profound
neutrophilic alveolitis, diffuse alveolar damage and an experimental model of lung injury that
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satisfies current American Thoracic Society guidelines for a high quality model (128). One
percent sodium polyacrylate (SPA) gel in an aqueous solution was injected into the distal
airways through the endotracheal tube using a rubber catheter and was manually dispersed
throughout the lungs by bagging. One 5 ml aliquot was given approximately every five minutes
until a partial pressure of oxygen (PaO2) of less than 150 mmHg while receiving an FiO2 of 0.5
was observed.
Interventions
Prior to experimental lung injury, the animals were ventilated with 50% oxygen (O2) and
either 50% nitrogen (N2), 50% helium (He) or 50% sulphur hexafluoride (SF6), in a computer
generated random order. The animals were ventilated for twenty minutes with each gas mixture
to allow complete equilibration of gas composition prior to obtaining measurements. As
described below, pulmonary mechanical data was collected during ventilation with each gas
mixture. After lung injury the same procedures were repeated.
Measurement of pulmonary mechanics
Inspiratory and expiratory flows (V̇I and V̇E) were measured using a heated
pneumotachograph (Model 3813, Hans Rudolph, Kansas City, MO). Expiratory volume (V) was
obtained by numerical integration of the flow signals. Airway pressure (PAW) was measured at a
port distal to the ventilator wye. Tracheal pressure (PTR) was measured using a fenestrated
polyethylene catheter placed 2 cm past the distal end of the endotracheal tube. Oesophageal
pressure (POES) was measured using a balloon-tipped catheter (no. 47-9005, Ackrad Laboratory,
Cranford, NJ) placed in the lower third of the oesophagus and was assumed to approximate
pleural pressure (PPL). Functional residual capacity (FRC) was measured before and after injury
using a previously described helium dilution method (145).
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Descriptive measures of whole breath pulmonary mechanics were calculated using
previously described methods and end-inspiratory plateau pressures (20, 90). Further details of
our methods can be found in Appendix 1.
Characterization of the pattern of expiratory time constants
While descriptive whole breath measures of pulmonary mechanics (above) were
measured and calculated using differences between end-expiratory and end-inspiratory
measurements, characterization of the expiratory flow pattern occurred using methods similar to
those of Guttmann (81) and Kondili (106) wherein the expiratory breath is subdivided into
segments. Specifically, we combined ten individual breaths to create ensemble V̇V and PV
curves for each animal for all combinations of injury state and gas mixture. To account for the
effect of the flow dependent resistance of the endotracheal tube and ventilator apparatus, one set
of V̇V and PV traces were created using PAW and a second set with PTR (Figure 4.1A). To allow
the assessment of the pattern of expiratory flow, the V from the point of maximum V̇E to the end
of expiration for each ensemble was divided into five segments of equal size as defined by
expired volume. This method allowed the calculation of time constants that included the
contributions of the respiratory system, the ventilator and endotracheal tube for each of the five
volume segments (τE,TOT1 through τE,TOT5) and for the respiratory system alone (τE,RS1 through

τE,RS5) from peak expiratory flow to end exhalation (Figure 4.1C). The central concept in
calculating τE with and without the resistance of the ETT and ventilator is that τE,TOT does not
equal τE,RS (because of the ETT tube). A detailed description of our methods may be found in
Supplementary Material 1 - Methods.
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Statistical analyses and model
Descriptive data are reported as mean ± standard deviation (SD), unless otherwise
indicated. Continuous variables for gas cardiorespiratory variables (cardiac output, PaO2, PaCO2,
physiologic and anatomic dead space and shunt fraction) were analyzed using repeated measures
ANOVA with the between-subject effects being gas (N2, He, SF6) and the within subject effect
being injury. We also included a gas by injury interaction along with the main effects.
Continuous variables for pulmonary mechanics (elastance and resistance of the chest wall, lung
and respiratory system) were analyzed by paired Students t-test. All tests were two-sided and the
statistical significance was defined at P<0.05. Statistical analyses were performed using STATA
10.0 Statistical Software (StataCorp, College Station, TX).
We summarized the profile of log(τE) over volume segment with a polynomial function
that included a linear and a squared term. To assess the effect of injury and respiratory gas
composition on both τE,TOT and τE,RS, linear mixed-effects regression models were used to assess
group differences in the average profile and variability of the change of log(τE) over volume
segment. Details of the statistical methods used in this process may be found in Supplementary
Materials 2 - Statistics.

Results
Before induction of experimental lung injury, the animals demonstrated a PaO2 of
185±37mmHg while receiving an FiO2 of 0.5. After injury, PaO2 decreased to 68±16 mmHg
(P<0.001 compared with pre-injury values) while receiving an FiO2 of 0.5 as an N2/O2 mixture.
Relative to pre-injury, cardiac output and oxygenation were reduced post-injury (P=0.042 and
P<0.001, Table 4.1). Physiologic dead space, alveolar dead space and shunt were significantly
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increased after injury when compared with before injury (P=0.002, P<0.001 and P=0.002, Table
4.1). Changes in inhaled gas density did not alter any of these variables.
Pulmonary mechanics
The FRC prior to the induction of experimental lung injury was 519±91 ml and decreased
to 314±96 ml following experimental injury (P=0.002). ERS and RRS both increased with
experimental injury for all gas conditions. These changes were driven by significant increases in
EL and RL. ECW and RCW did not change significantly following injury for any gas condition. All
descriptive pulmonary mechanical data are presented in Table 4.2.
Time constants of the total system
Prior to injury, τE,TOT was greater for SF6 than for He or N2 (P = 0.0004 and < 0.0001,
respectively, Figure 4.2 and 4.3) and not different between He and N2 (P = 0.57, Figure 4.2 and
4.3); there were no statistically significant differences in the progression of τE,TOT over volume
segments between any of the gases before injury. After injury, τE,TOT was greater for SF6 than for
He or N2 (P = 0.002 and 0.008, Figure 4.2 and 4.3) and not different between He and N2 (P =
0.42); there were no statistically significant differences in the progression of τE,TOT over volume
segments between He and N2 (P = 0.25) or between He and SF6 (P =0.35). The progression of

τE,TOT over volume segments was less steep for SF6 than for N2 (P=0.036). Raw data for τE,TOT1
to τE,TOT5 as well as the component R and E values are displayed in Supplementary Material 3 Data.
Time constants of the respiratory system
For all three gas conditions the variability between the curves increased after injury (P <
0.001, Figures 4.4 and 4.5). Prior to injury, τE,RS was greater for SF6 than for He (P<0.0001) or
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N2 (P < 0.0001) and greater for N2 than for He (P =0.0016, Figure 4.4). After injury, τE,RS for SF6
was greater than for He (P < 0.001, Figure 4.4) or N2 (P < 0.001, Figure 4.4) and greater for N2
than for He (P =0.002, Figure 4.4). The progressive increases in τE over volume segments τERS1
to τERS5 were not different between He and N2 (P=0.66) prior to injury. The increase in τE,RS over
volume segments prior to injury was less steep for SF6 compared with He (P=0.0027) and N2
(P=0.052). After injury, the progressive increases in τE,RS over volume segments τE,RS1 toτE,RS5
were not statistically different between He and N2 (P=0.14) or between He and SF6 (P=0.078)
after injury. The progression of τE,RS over the volume segments for SF6 was less steep than for N2
(P=0.0003). Raw data for τE,RS1 to τE,RS5 as well as the component R and E values are displayed
in Supplementary Material 3 - Data.

Discussion
The main findings in the current study are threefold: i) when a multiple segment model
was used, τE values decreased from before to after injury and the absolute value was affected by
the gas density, ii) sequential values of τE increased throughout expiration both before and after
injury, and the rate of increase in τE was decreased by SF6 but not affected by other gas mixtures.
The interposition of an endotracheal tube largely obscured the changes in τE during expiration
before and after injury, and this effect was not altered by the gas density, and iii) altering inhaled
gas density did not alter indices of oxygenation or shunt. Collectively, these findings
demonstrate that gas density alters the pattern of passive expiration before and after injury and
that SF6 decreases the difference in τE values between early and late expiratory volume segments.
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Therefore, SF6 produces a series of τE segments with more similar values than those produced by
He or N2, meaning that gas volume will differ less between lung units with SF6 than with other
gases as lung units will fill and empty more homogenously with SF6 than with He or N2. With
respect to our hypotheses, we demonstrated that values of RL and EL and their heterogeneity are
greater in injured compared with uninjured lungs. Moreover, τE was more heterogeneous in
injured lungs compared with uninjured lungs (as characterized by greater differences between the
τE of early versus late segments of an expiration). We further demonstrated that interventions that
alter regional RL, such as alterations in gas density, alter τE values but do not alter indices of
oxygenation, shunt and dead space.
Injury and gas density alter expiratory time constants
In the current experiment, changes in RRS and ERS were driven entirely by changes in RL
and EL, and not by changes in RCW or ECW, indicating that the injury used in our experimental
model was confined to the lungs (Table 4.2). As the increases in EL were greater than the
increases in RL, τE,RS decreased after injury. Lung compliance (the reciprocal of EL) has been
demonstrated to increase throughout passive expiration, which will cause τE to increase
throughout expiration (38). However, although lung injury is conceptualized as a process that
increases elastance, three to four-fold increases in resistance have been observed (50, 87, 98,
100). While this is primarily due to changes in the viscoelastic qualities of the lung, a doubling of
airflow resistance may occur (151, 189, 207). Due to its high density, SF6 will increase airflow
resistance thereby increasing the time required for passive expiration, and He, with its relatively low
density, will have the opposite effect. The slope of the V̇V curve during passive expiration and
derived values of resistance and elastance have been used to describe τE (1, 132, 216, 217). Other
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methods to assess τE include calculating the ratio of peak expiratory flow and volume exhaled
(36) and multiplying respiratory system resistance and elastance as measured by the interrupter
technique (73, 74). Common to all of these techniques is the assumption that a single
compartment model can accurately describe the entirety of passive expiratory gas flow despite
evidence that there is meaningful regional variation in ventilation in healthy lungs (202).
Similarly, when expiration in our animals was considered using a single compartment model, τE,TOT
and τE,RS increased with increasing gas density, demonstrating the importance of airflow
resistance and gas density. However, single compartment models of τE will disproportionately
reflect lung units with small time constants (121). Lung units with large τE will be represented by
a later portion of the expiratory V̇V curve than those with small τE. A single τE measure based on
the single compartment model will not reflect the mechanical conditions of either large or small

τE. It follows that a method of differentiating the τE of faster emptying lung units (those with
small τE) from those of slower emptying units (larger τE) would allow the quantification of τE
heterogeneity within the lung. Unfortunately, previous studies have not assessed the differences
in τE in the same subjects before and after injury, nor have they assessed the possibility that
altering RL might alter τE heterogeneity.
Gas density alters expiratory time constants and their heterogeneity
In our animals, both before and after injury, the increase in τE,RS from segment τE,RS1
through τE,RS5 was less steep for SF6 than for N2. Before injury, the increase in τE,RS from
segment τE,RS1 through τE,RS5 was less steep for SF6 than for He, but this finding was not
significant after injury (Figures 4.4 and 4.5, and Figure 4.6 in Supplementary Materials 2).
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Collectively, our experimental observations demonstrate that the τE,RS for early and late
emptying lung units were more similar with SF6 than for He or N2. It is interesting to note that
SF6, the gas with the longest average τE, is also the gas that demonstrated the least difference in
the lengths of τE,RS1 through τE,RS5 before and after injury. This may be due to the non-linear
relationship between gas density and expiratory flow resistance. Thus, SF6 will slow the early,
faster emptying units to a greater extent than the later, slower emptying units when compared
with N2 or He. Accordingly, gas volume will differ less between lung units with SF6 than with
other gases.
In their initial analysis of the relationship between expiratory volume and τE in
mechanically ventilated lung injury patients, Guttmann and colleagues observed that the τE for
sequential volume segments (equivalent to τE,TOT1 through τE,TOT5 in the current study) were
almost identical throughout expiration, a finding contrary to their expectations (81). As in our
data, this was due to the significant flow resistance of the endotracheal tube and ventilator (RETT)
(82, 208). As RETT and thus RTOT increases with flow, τE,TOT must also increase with flow. In our
data, the presence of an endotracheal tube and ventilator did not completely obscure the effect of
injury in decreasing τE,TOT or the ability of increasing gas densities to increase τE,TOT (Figures 4.2
and 4.3). Given that flow is greatest at the beginning of passive expiration, the contribution of
RTOT has a large effect on τE,TOT in early expiration and less in late expiration, creating similar
values for each segment of expired volume in both Guttmann’s data and our animals. For
example, when comparing Figures 4.3 and 4.5, it may be seen that the steady upward progression
in τE segments in τE,RS data is lost in the τE,TOT data. With respect to the effect of gas density when
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the endotracheal tube and ventilator apparatus were included, SF6 increased τE,TOT compared
with He and N2 both before and after injury. However, SF6’s effect on the heterogeneity between
values of τE,TOT1 through τE,TOT5 was less evident. As with τE,RS, SF6 produced more similar τE,TOT
segments after injury than the other two gases, but this effect was not found prior to injury.
In injured lung parenchyma, strain is no longer homogenously distributed throughout
tissue, but are rather concentrated around areas of relative over- or under-distension (63, 163),
which may lead to injury. Altering the pattern of expiration to decrease the variability between
early and late expiring lung units, as done in the current experiment with SF6, could mitigate this
heterogeneity of distension and thereby mitigate injury. For example, in a recent experiment
altering the pattern of passive expiration by controlling expiratory flow in pigs led to decreased
physiologic and biochemical markers of lung injury (69). Cyclic recruitment and derecruitment
of alveoli in injured lung has been postulated to lead to new lung injury (46, 181). Animal
models provide evidence that this may be mitigated by increasing extrinsic PEEP, presumably by
decreasing the fraction of alveoli that collapse with each expiration. Similar experiments have
shown that increasing intrinsic PEEP (by increasing respiratory rate, thereby preventing full
expiration) or altering the I:E ratio alter the shunt fraction and may improve oxygenation in lung
injury models (29). Prolonging τE could be anticipated to decrease cyclic derecruitment and thus
improve shunt, deadspace and oxygenation. Contrary to our expectations this was not seen in our
subjects before or after injury, suggesting that altering the pattern of τE may not significantly
affect end-expiratory alveolar recruitment and shunt. Similarly, expiratory flow limitation (EFL)
may occur in humans with lung injury, at least under conditions of no PEEP. However, it is
unclear that similar limitations occur in other species. For example, Guérin and colleagues found
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no EFL at zero PEEP in a porcine model of lung injury (77). This difference between humans
and pigs may be due in part to differences in the mechanical properties of the chest wall and
lungs. In Guérin’s study (77) , the ratio of ECW to EL was 0.25 after injury, a value that may help
maintain end-expiratory small airway patency (2). In humans with lung injury, this ratio has been
reported to be as high as 0.57 (65). In the current study this value was 0.38, suggesting that
species’ specific respiratory mechanics may have prevented the development of EFL. Consistent
with this possibility, examination of V̇V curves did not reveal sudden changes in the expiratory
slope, a finding that would indicate flow limitation. Second, we did not observe gas flow at the
end of expiration in the ensemble V̇V curves, a finding, that if present, might suggest the
accumulation of gas within the injured lungs and the presence of intrinsic PEEP.
Study limitations
Four potential limitations of the current study must be recognized. First, the early portion
of passive expiration may reflect viscoelastic and inertial effects and some authors (81, 106)
have therefore removed this portion of V̇V curves from their analyses. To ensure that this effect
did not confound our data, we performed our analysis on all five volume segments (as described)
and on only the last four volume segments for all conditions of respiratory gas and injury state
(data not shown). There was no substantive difference between the results of these two analyses.
Second, our experiments were short term in nature and did not use a specifically lung-protective
ventilation strategy. Moreover, a model with more severe injury and hypoxia might demonstrate
greater alterations in mechanics and physiologic variables than were seen in the present
experiment. Our data need elaboration in a more long-term study that focusses on the effects of
gas density on inflammatory response and injury under the conditions of lung protective
ventilation modes. Third, if manipulations of gas density alter ventilation heterogeneity, this
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finding could potentially have been clarified by the addition of imaging modalities such as
computerized tomography or electrical impedance tomography. Finally, while animal models
and experimental methods of injury are widely used to investigate lung injury, neither provides
an ideal replacement for human lung injury, and data generated from experimental animal
models must be applied cautiously to human patients.

Conclusions
The use of SF6 in ventilating gas mixtures lengthens total expiratory time constants
before and after lung injury compared with both N2 and He mixtures. Importantly, SF6 mixtures
also decrease the difference and variability of τE between fast and slow emptying compartments
before and after injury when compared when nitrogen and helium mixtures. These effects, as
well as the true shape of the τE curve, are obscured when measurements are made distal to an
endotracheal tube. Both indices of gas exchange (oxygenation, shunt fraction and dead space)
and the shape of the τE curve changed from before to after injury. However, alterations in gas
density did not appear to affect indices of gas exchange either before or after injury. We have
demonstrated that manipulations of gas density may alter the expiratory V̇V curve. Further
investigation of these effects in future studies will help clarify whether gas density manipulation
to improve pulmonary mechanics in lung injury alters clinical outcomes.
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Tables
Table 4.1 Selected cardiorespiratory variables before and after injury with each gas
mixture

Gas

Pre

Post

P-value for
interaction
between injury
and gas

1.40±0.16
1.12±0.41
1.35
±
0.21
1.15±0.15
0.55
Cardiac output
-1
(L∙min )
1.33±0.19
1.26±0.15
P-value before vs. after injury = 0.042
Mean Arterial
He
80 ± 4.0
80 ± 6.0
0.67
Pressure
N2
84 ± 2.6
83 ± 6.8
(mmHg)
SF6
77 ± 3.2
84±10.3
P-value before vs. after injury = 0.62
He
20 ± 1.0
35 ± 2.2
Mean
N2
21 ± 1.8
34 ± 2.5
Pulmonary
0.18
SF6
21 ± 1.46
31 ± 1.5
Arterial Pressure
(mmHg)
P-value before vs. after injury < 0.001
He
189±35
72±18
N2
185±37
68±16
0.63
PaO2 (mmHg)
SF6
189±46
78±21
P-value before vs. after injury < 0.001
He
0.18±0.04
0.37±0.15
N2
0.29±0.19
0.40±0.09
0.38
Physiologic dead
space (L)
SF6
0.17±0.09
0.25±0.08
P-value before vs. after injury = 0.002
He
0.11±0.03
0.27±0.10
N2
0.10±0.05
0.25±0.06
0.3
Alveolar dead
space (L)
SF6
0.08±0.06
0.16±0.04
P-value before vs. after injury < 0.001
He
0.09±0.05
0.11±0.02
N2
0.09±0.03
0.12±0.04
0.48
Shunt fraction
(%)
SF6
0.07±0.04
0.11±0.03
P-value before vs. after injury = 0.002
He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre, before injury;
Post, after injury. All data presented as mean ± standard deviation.
He
N2
SF6

89

Table 4.2 Pulmonary mechanical data before and after experimental lung injury with
different inspired gas mixtures

He, Pre
He, Post
N2, Pre
N2, Post
SF6, Pre
SF6, Post

ERS

RRS

EL

RL

ECW

RCW

(cmH20.L-1)

(cmH20.L-1.sec-1)

(cmH20.L-1)

(cmH20.L-1.sec-1)

(cmH20.L-1)

(cmH20.L-1.sec-1)

35±7
83±27*
39±8
80±26*
36±10
85±48*

4±1
12±6*
4±1
14±6*
5±1
16±9*

20±9
64±24*
24±11
66±31*
26±8
71±33*

2±3
12±5*
3±1
13±6*
4±1
15±8*

15±4
18±12
15±6
14±7
14±4
21±14

1±0
2±4
1±0
1±1
1±1
1±1

ERS, elastance of the respiratory system; EL, elastance of the lung; ECW, elastance of the chest
wall; RRS, resistance of the respiratory system; RL, resistance of the lung; RCW, resistance of the
chest wall; He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre,
before injury; Post, after injury; All values were calculated using tracheal pressures. * P<0.05 for
difference between before and after induction of experimental acute respiratory distress
syndrome. All data presented as mean ± standard deviation.
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Figures

Figure 4.1 Graphical representation of determination of segment values for expiratory time
constants (τE)
A: flow-volume (V̇V) curve (black line), a pressure-volume (PV) curve using pressures measured
at the ventilator wye and included the effects of the endotracheal tube and ventilator apparatus
(dotted line), and a PV curve using tracheal pressures that excluded the effects of the
endotracheal tube and ventilator apparatus (gray line) were created for each animal. Each
ensemble from maximum expiratory flow to end expiration was divided into 5 equivolumetric
segments. B: For each segment the V̇V curve was replaced by a least-squares fitted straight line.
C: The slope of each straight line gives the τE of the corresponding volume segment (τE, TOT1
through τE,TOT5 and τE, RS1 through τE,RS5 for the total system and respiratory system, respectively).
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Figure 4.2 Values for τE,TOT1 to τE,TOT5 before and after injury are displayed as median
values with interquartile ranges
He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre, before injury;
Post, after injury.
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Figure 4.3 Values for τE,TOT1 to τE,TOT5 using the fitted model before and after injury
He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre, before injury;
Post, after injury.
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Figure 4.4 Values for τE,RS1 to τE,RS5 before and after injury are displayed as median values
with interquartile ranges
He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre, before injury;
Post, after injury.
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Figure 4.5 Values for τE,RS1 to τE,RS5 using the fitted model before and after injury
He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluoride-oxygen; Pre, before injury;
Post, after injury.
Supplementary Materials 1 –Methods
Measurement of pulmonary mechanics
Inspiratory and expiratory flows ( V̇I and V̇E) measured using a heated pneumotachograph
(Model 3813, Hans Rudolph, Kansas City, MO). Expiratory volume (V) was obtained by
numerical integration of the flow signals. Airway pressure (PAW) was measured at a port distal to
the ventilator wye. Tracheal pressure (PTR) was measured using a fenestrated polyethylene
catheter placed 2 cm past the distal end of the endotracheal tube. Oesophageal pressure (POES)
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was measured using a balloon-tipped catheter (no. 47-9005, Ackrad Laboratory, Cranford, NJ)
placed in the lower third of the oesophagus and was assumed to approximate pleural pressure
(PPL). To calibrate the flow signals for different gas mixtures, the pneumotachograph was
removed from the ventilator circuit and attached to an isolated closed circuit with an evacuated
balloon. For each gas mixture, the entire apparatus was flushed with the experimental gas. A
calibrated syringe filled with the appropriate gas mixture was then attached and used to inject 1 L
of gas through the pneumotachograph.
Airway pressure (PAW) was measured at a port distal to the ventilator wye. Tracheal
pressure (PTR) was measured using a fenestrated polyethylene catheter placed 2 cm past the distal
end of the endotracheal tube. Oesophageal pressure (POES) was measured using a balloon-tipped
catheter (no. 47-9005, Ackrad Laboratory, Cranford, NJ) placed in the lower third of the
oesophagus and was assumed to approximate pleural pressure (PPL). A modification of the
Baydur test (21) was used to assess balloon position, which was further verified by the presence
of cardiac pulsation in the trace and by the adequacy of waveform shape during mechanical
ventilation (188). The PAW, PTR, and POES pressures were measured using calibrated piezoelectric
pressure transducers (Raytech Instruments, Vancouver, BC, Canada) and referenced to
atmospheric pressure. An integrated 16-channel data acquisition and recording system
(PowerLab/16SP model ML 795 and Chart v7, ADI, Colorado Springs, CO) was used to collect
and record all data at a sampling frequency of 200 Hz.
Descriptive measures of whole breath pulmonary mechanics were calculated using
previously described methods and end-inspiratory plateau pressures (20, 90). Total system
elastance (including the endotracheal tube and ventilator apparatus) for the whole expiration was
called ETOT and was calculated as ΔPAW/ΔV. Elastance of the respiratory system (that is, without
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the interposition of the endotracheal tube or ventilator apparatus) for the entire expiration was
called ERS and was calculated as ΔPTR/ΔV, Whole expiration lung elastance (EL) was calculated
as ΔPTP/ΔV where PTP is PTR – POES. Whole expiration chest wall elastance (ECW) was calculated
as ΔPOES/ΔV. The whole expiration resistance of the total system including the endotracheal tube
and ventilator apparatus (RTOT) was calculated as ΔPAW/ΔV̇. The flow dependent resistance of the
endotracheal tube and ventilator apparatus alters values of R measured distal to the endotracheal
tube. We therefore calculated the whole expiration resistance of the respiratory system without
the effect of the endotracheal tube and ventilator (RRS) as ΔPTR/ΔV̇. Similarly, whole expiration
lung resistance (RL) was calculated as ΔPTP/ΔV̇ where PTP is PTR – POES. Whole expiration chest
wall resistance (RCW) was calculated as ΔPOES/ΔV̇. Functional residual capacity (FRC) was
measured before and after injury using a previously described helium dilution method (145).
Characterization of the pattern of expiratory time constants
While descriptive whole breath measures of pulmonary mechanics (above) were
measured and calculated using differences between end-expiratory and end-inspiratory
measurements, characterization of the expiratory flow pattern occurred using methods similar to
those of Guttmann (81) and Kondili (106) wherein the expiratory breath is subdivided into
segments. Specifically, we combined ten individual breaths to create ensemble V̇V and PV
curves for each animal for all combinations of injury state and gas mixture (Figure 4.1A). Using
the V̇, V and P values for each segment, we calculated ETOT and RTOT using the equation:
V(t)×ETOT +V̇(t)×(RETT(V̇)+REX) = ΔPAW
To account for the effect of the flow dependent resistance of the endotracheal tube and
ventilator apparatus, one set of V̇V and PV traces were created using PAW and a second set with
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PTR. If PAW was used, then the values derived were ETOT and RTOT, while if PTR was used to
generate values, the values created were ERS and RRS.
To allow the assessment of τE heterogeneity, the V from the point of maximum
expiratory flow to the end of expiration for each ensemble was divided into five segments of
equal size as defined by expired volume (Figure 4.1B). We chose to use five segments in keeping
with methods published in previous similar studies (81, 106).
Each segment was assumed to have ETOT, RTOT as well as flow-dependent resistance
caused by the endotracheal tube and ventilator apparatus (RETT) values that did not vary
throughout the duration of the segment. For each V segment, the τE was calculated as the
resistance of the total system (RTOT) during the relevant volume portion divided by elastance of
the total system (ETOT) during the same volume segment:

τE = (RTOT)/ETOT
This method allowed the calculation of unique respiratory system time constants for each
of the five volume segments (τE,TOT1 through τE,TOT5) from peak expiratory flow to end
exhalation (Figure 4.1C). Using the airway pressure measured at the outer end of the
endotracheal tube the analysis gives the volume-dependent resistance including RETT; using the
directly measured tracheal pressure gives the volume-dependent resistance of the respiratory
system alone. We therefore repeated the same series of calculations to create values of τE, for the
respiratory system, excluding the endotracheal tube and ventilator apparatus (τE,RS). The five
segments generated by this method were τE,RS1 through τE,RS5.
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Supplementary Materials 2 – Statistics
We summarized the profile of log(τE) over volume segment with a polynomial function
that included a linear and a squared term. To assess the effect of injury and respiratory gas
composition on both τE,TOT and τE,RS, linear mixed-effects regression models were used to assess
group differences in the average profile and variability of the change of log(τE) over volume
segment. All equations were fitted using restricted maximum likelihood methods and with the
assumption of normality for the error term, and log transformation was used to reduce.
Experimental condition (type of gas), volume segment (1 to 5, treated as continuous) and volume
segment squared were included as fixed effects and group-specific intercepts and slopes were
employed. Random effects included condition-specific intercepts and slopes for volume segment.
A random effect of volume segment squared was not needed. The model used can be specified
as:
𝑙𝑜𝑔 ( 𝑡𝑎𝑢𝑗𝑘(𝑖) ) = 𝛽0𝑖 + 𝛽1𝑖 𝑉𝑆𝑗 + 𝛽2𝑖 𝑉𝑆𝑗2 + 𝑏0𝑘(𝑖) + 𝑏1𝑘(𝑖) 𝑉𝑆𝑗 + 𝜀𝑗𝑘(𝑖)
where log(𝑡𝑎𝑢𝑗𝑘(𝑖) ) represents the natural log of tau for the kth pig in the ith group at volume
segment j. The model is presented graphically in Figure 4.6 for He pre injury. There is an
average curve (thick grey line) for the group of animals, which is represented by the fixed
effects:
𝑙𝑜𝑔 ( 𝑡𝑎𝑢𝑗𝑘(𝑖) ) = 𝛽0𝑖 + 𝛽1𝑖 𝑉𝑆𝑗 + 𝛽2𝑖 𝑉𝑆𝑗2
about which the individual animals are allowed to vary (thin grey lines). For example, the curve
for the first pig would be:
𝑙𝑜𝑔 ( 𝑡𝑎𝑢𝑗1(𝑖) ) = (𝛽0𝑖 + 𝑏01(𝑖) ) + (𝛽1𝑖 + 𝑏11(𝑖) )𝑉𝑆𝑗 + 𝛽2𝑖 𝑉𝑆𝑗2 + 𝜀𝑗1(𝑖)
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The animal-specific regression parameters (i.e. the random effects) b0k and b1k reflect the natural
heterogeneity in the animals.

Figure 4.6 Demonstrating the relationship between individual animals (thin grey lines) and
the group (thick grey line) in the model
Comparison of the fixed effects between groups was achieved by comparing the average
curves. Comparison of the random effects was achieved by comparing the variability estimates.
For example, comparing the intercepts β0.HE and β0.N2, compared the average starting level of the
two groups He and N2. Comparing the coefficient “sets” (β1.HE, β2.HE) and (β1.N2, β2.N2) compares
the evolution over volume segment of the groups (i.e., the combined linear and quadratic trends).
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Differences in the average response profiles of the three groups can be assessed by pair-wise
comparisons of 𝛽0𝐻 , 𝛽0𝑁 , 𝛽0𝑠 and (𝛽1𝐻 , 𝛽2𝐻 ), (𝛽1𝑁 , 𝛽2𝑁 ), (𝛽1𝑠 , 𝛽2𝑠 ); the latter assessing the rate
of change in log(tau). Differences in the variability of the response about their respective average
curves can be assessed from the random effects.
The profile of log(τE) over volume segment was summarized with a polynomial function
that included a linear and a squared term. We used the logarithmic transformation to reduce the
heteroscedasticity (increasing variance with increasing mean). Comparing the average profiles
between gases or between injury states allows for a more parsimonious comparison than
comparing groups at each volume segment value.

Supplementary Material 3 – Data
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Gas

Segment

He

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

N2

SF6

Gas

He

N2

SF6

Segment

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

RRS
(cmH20.L1.sec-1)
2.21±0.42
2.13±0.39
2.74±0.35
2.69±0.42
3.06±0.71
3.53±0.47
3.21±0.38
3.41±0.49
3.89±0.48
2.93±0.75
5.48±0.60
4.51±0.48
5.17±0.52
5.53±0.65
5.93±1.01

RTOT
(cmH20.L1.sec-1)
13.34±2.09
13.44±2.20
13.61±2.25
12.48±2.20
10.32±1.30
17.94±2.90
17.49±2.96
16.50±2.98
15.97±2.55
9.40±1.02
27.55±4.06
26.35±4.05
25.42±3.84
23.69±3.70
16.73±1.52

PRE
ERS
(cmH20.L-1)

τE ,RS
(msec)

25.86±3.92
22.25±2.95
24.18±1.90
19.07±1.52
14.83±2.55
33.27±2.77
28.17±2.01
25.18±2.18
23.84±1.58
12.61±2.50
31.06±2.82
24.35±1.77
24.23±1.34
21.79±1.72
17.54±1.86

86.33±5.29
94.37±6.25
111.66±8.20
137.55±11.12
194.71±19.48
104.07±5.86
112.19±6.90
131.95±8.93
160.49±12.07
221.55±20.22
174.97±7.68
183.04±9.33
210.04±11.93
249.88±16.20
324.20±27.10

PRE
ERS
(cmH20.L-1)

τE,TOT
(msec)

25.86±3.92
22.25±2.95
24.18±1.90
19.07±1.52
14.83±2.55
33.27±2.77
28.17±2.01
25.18±2.18
23.84±1.58
12.61±2.50
31.06±2.82
24.35±1.77
24.23±1.34
21.79±1.72
17.54±1.86

742.35±278.83
700.71±176.52
557.57±79.51
676.33±126.80
832.43±188.42
529.62±57.46
604.76±71.66
636.28±77.56
654.13±75.08
701.76±50.06
912.23±129.90
1086.50±146.90
1031.30±125.25
1089.90±158.27
1010.40±132.27

RRS
(cmH20.L1.sec-1)
5.62±0.82
3.97±0.44
3.58±0.30
4.74±0.61
3.61±0.77
7.29±1.24
4.31±0.52
4.11±0.48
5.15±0.43
6.09±1.69
11.05±1.77
7.62±1.14
6.54±0.91
7.21±1.31
7.18±1.67

RTOT
(cmH20.L1.sec-1)
19.69±2.15
18.86±2.19
18.07±2.21
18.50±2.41
9.43±1.10
23.99±2.40
21.68±2.29
20.86±2.59
20.82±3.10
12.97±1.89
39.88±3.92
36.90±3.81
35.58±3.73
31.67±3.25
19.17±2.17

POST
ERS
(cmH20.L-1)

τE ,RS
(msec)

76.58±9.09
51.52±7.08
39.43±5.24
47.79±13.63
21.99±4.67
77.27±11.68
42.62±4.44
32.89±2.72
34.15±4.98
31.29±11.76
76.39±13.66
52.72±10.18
39.40±6.81
39.71±12.53
31.50±11.50

73.63±6.05
80.16±7.73
98.05±11.72
123.35±16.57
180.96±28.04
93.54±4.12
101.10±5.02
124.50±9.28
162.38±16.81
262.56±49.79
149.96±13.69
153.53±14.24
176.40±19.21
212.35±25.89
272.66±37.81

POST
ERS
(cmH20.L-1)

τE,TOT
(msec)

76.58±9.09
51.52±7.08
39.43±5.24
47.79±13.63
21.99±4.67
77.27±11.68
42.62±4.44
32.89±2.72
34.15±4.98
31.29±11.76
76.39±13.66
52.72±10.18
39.40±6.81
39.71±12.53
31.50±11.50

272.33±32.97
387.95±46.98
496.62±73.08
547.64±117.83
513.60±80.78
338.53±39.37
530.45±64.48
625.56±45.95
628.89±65.91
759.26±197.42
694.22±206.73
894.62±223.56
1106.00±271.12
1390.50±520.63
894.01±199.56

Table 4.3 Supplementary unlogrithmatized pulmonary mechanical data for the respiratory
system and total system before and after experimental lung injury with different inspired
gas mixtures
ERS, elastance of the respiratory system; EL, elastance of the lung; ECW, elastance of the chest
wall; RRS, resistance of the respiratory system; RL, resistance of the lung; RCW, resistance of the
chest wall; τE,TOT, expiratory time constant of the total system; τE, RS, expiratory time constant of
the respiratory system; He, helium-oxygen; N2, nitrogen-oxygen; SF6, sulphur hexafluorideoxygen; Pre, before injury; Post, after injury; All data presented as mean ± standard deviation.
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Chapter 5: Effect of Tidal Volume and Positive End Expiratory Pressure on
Expiratory Time Constants in Experimental Lung Injury

Introduction
Acute respiratory distress syndrome (ARDS) is a lung injury characterized by hypoxia
and impaired pulmonary mechanics. The associated histologic changes, such as alveolar flooding
and collapse, airway edema, and altered surfactant function, are heterogeneous in distribution
within the lungs (43). Because of this heterogeneity, some lung units have abnormal values of
resistance (R) and/or elastance (E), while others have values that are similar to those found in
healthy lung (50, 98, 100, 135, 143, 177). The R and E of a lung unit determine it’s time
constant (tau [τ]), which is defined as the time required to inflate or deflate 63% of the volume of
a given lung unit. The regional variation of R and E of lung tissue implies that there is regional
heterogeneity in expiratory time constants (τE).
Currently, there is scant information regarding the extent to which the pattern of τE is
altered by the development of lung injury in a given subject. We have recently demonstrated that
the τE pattern of lung passive expiration in the same subject differs with injury status and that these
patterns can be altered by manipulating the density of the ventilating gas (89). Kondili and
colleagues have examined changes in τE due to manipulation of positive end-expiratory pressure
(PEEP) following lung injury (106). They found that in patients with ARDS at zero PEEP, τE
increased throughout expiration due to progressive increases in respiratory system resistance
(RRS). The application of PEEP decreased RRS (primarily in late expiration), resulting in τE values
that were smaller and less varied throughout lung emptying. Similarly, Kondili and colleagues
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found that the addition of PEEP increased respiratory system elastance (ERS) and τE during the
early portion of expiration.
No studies have documented the role of altering PEEP or tidal volume (VT) on the pattern
of τE in the same subject before and after injury. This is relevant, as a more complete understanding
of how PEEP and VT interact with injury status may allow clinicians to more accurately choose
strategies for mechanical ventilation. For example, the optimal combination of PEEP and VT may
differ in the same patient as lung injury evolves and resolves. Recognition of these changes may
allow clinicians to optimize the pattern of lung emptying and minimize the risk of new ventilator
induced lung injury.
We reasoned that interventions that alter regional E and R, such as alterations in VT or
PEEP, should alter τE values and the pattern or passive expiration. We hypothesized that the
effects of both PEEP and VT on τE would differ between the uninjured and injured states. To this
end, we undertook to characterize the effects of changes in PEEP and VT on τE, RRS and ERS
before and after the induction of an experimental model of lung injury.

Methods
Animals and instrumentation
The Animal Research Committee of the University of British Columbia (certificate #:
A12-0272) reviewed and approved the experimental procedures. Anesthesia was induced with
inhaled isoflurane (3-5% in oxygen) after sedation with telazol (4-6 mg/kg intramuscular
injection) in 6 adult female Yorkshire X pigs (weight, 31.42 ± 5.42 kg). After tracheal intubation,
inhalational anesthesia was discontinued once total intravenous anesthesia was established with
midazolam (0.1 mg/kg intravenous) and a propofol infusion (200 mcg/kg/min and adjusted to
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between 150 and 300 mcg/kg/min). The adequacy of anesthesia was assessed every fifteen
minutes using assessment of vital signs, physical examination and electrocardiography. The
animals were mechanically ventilated (Puritan-Bennett 7200, Covidien, Ireland) with 0 cm H2O
of PEEP using an inspired oxygen fraction (FiO2) of 0.5 and VT of 10 cc/kg. Breathing frequency
was initially set at 15 breaths/minute and was adjusted to maintain end-tidal CO2 between 35-45
mmHg with an inspiratory flow of 45 L/minute. A right femoral artery catheter was used to
collect arterial blood samples into pre-heparinized syringes, which were immediately analyzed
by calibrated blood gas analyzer (ABL 80 CO-OX Flex). Neuromuscular blockade was induced
when needed prior to all measurements of pulmonary mechanical parameters using pancuronium
(0.05 to 0.1 mg/kg intravenous) after a bolus of intravenous midazolam (0.1 mg/kg). Paralysis
was monitored by assessment of response to train-of-four stimulation using a peripheral nerve
stimulator. At the end of the experiment, euthanasia was achieved with pentobarbital sodium
(120 mg/kg intravenous). Death was confirmed by the absence of a pulse and cardiac electrical
activity on continuous surface electrocardiography.
Induction of lung injury
We used a previously published method (87) of lung injury that that satisfies the current
American Thoracic Society’s guidelines for a high quality model of ARDS and that demonstrates
a profound neutrophilic alveolitis with diffuse alveolar damage (128). 1% sodium polyacrylate
gel in aqueous solution was injected through the endotracheal tube and was manually dispersed
throughout the lungs by bagging. One 5 ml aliquot was given every five minutes until an arterial
oxygen tension (PaO2) of less than 150 mm Hg, while receiving a fraction of inspired oxygen
(FiO2) of 0.5 was observed. The ratio of PaO2/FiO2 less than 300 was chosen to be consistent
with current definitions of ARDS (162).
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Interventions
Prior to and subsequent to experimental lung injury, animals were ventilated in a
computer generated random order with six different combinations of VT and PEEP: VT of 5, 10,
12 and 15 cc/kg all at 0 cmH2O PEEP along with 5 and 10 cmH2O PEEP at 12 cc/kg. PEEP and
VT levels were chosen to allow the assessment of a range of clinically relevant PEEP and VT
values and reflect those used in recent similar studies (106, 148). Prior to each set of
measurements, the animals were ventilated for twenty minutes at each combination of VT and
PEEP to eliminate the effect of volume history.
Measurement of pulmonary mechanics
All data was collected and recorded digitally (PowerLab/16SP model ML 795 and Chart
v7, ADI, Colorado Springs, CO). Using heated pneumotachographs (Model 3813, Hans
Rudolph, Kansas City, MO), inspiratory and expiratory flows (V̇I and V̇E) were measured and
subsequently integrated to determine inspiratory and expiratory volumes (VI and VE). Airway
pressure (PAW) was measured at a port distal to the ventilator wye and pleural pressure was
assumed to be approximated by the measurement of esophageal pressure (PES) with a balloontipped catheter (Ackrad Laboratory, Cranford, NJ). The catheter was positioned in the lower
third of the esophagus and balloon position was verified by the presence of cardiac pulsation in
the trace and the adequacy of waveform shape during mechanical ventilation (21, 188). PAW and
PES were referenced to atmospheric pressure and measured using calibrated pressure transducers
(Raytech Instruments, Vancouver, BC, Canada).
Tracheal pressure (PTR) is often assumed to be estimated by PAW. This assumption may
not be valid under dynamic conditions such as when flow dependent resistance across the
endotracheal tube creates a time-dependent pressure drop across the endotracheal tube (PETTV̇(t)).
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The drop in pressure causes PTR to differ significantly from PAW (194). To overcome this, PTR at a
specific time (PTRV(t)) may be measured directly or calculated at any time point given that
(PTRV(t)) = PAW(t) – (PETTV̇(t)) (82). To calculate PTRV(t) we used a previously validated multifactor
formula that estimates the pressure drop across the endotracheal tube from three known values:
the endotracheal tube length and diameter, V̇V and PAW (81, 82). The model is defined as: PTRV̇( t) =
PAW(t) – K1.V̇ K2 where K1 and K2 are empirically derived values from previous work (82).
Elastance of the respiratory system (ERS), that is, without the interposition of the
endotracheal tube or ventilator apparatus for the entire expiration, was calculated as ΔPTR/ΔV.
Lung elastance (EL) was calculated as Δ (PTR – PES) /ΔV. Chest wall elastance (ECW) was
calculated as ΔPES/ΔV. Descriptive ERS, EL and ECW data (as opposed to that used to calculate τE)
were collected during end-inspiratory plateau conditions. As the flow dependent resistance of the
endotracheal tube and ventilator apparatus alters values of R measured distal to the endotracheal
tube (82, 208), we calculated the resistance of the respiratory system without the effect of the
endotracheal tube and ventilator (RRS) as ΔPTR/ΔV̇E. Transpulmonary pressure (PTP) was defined
as PTR – PES and lung resistance (RL) was calculated as ΔPTP/ΔV̇E. Chest wall resistance (RCW)
was calculated as ΔPES/ΔV̇E. Functional residual capacity (FRC) was measured before and after
injury using a previously described helium dilution method (145). Arterial blood gas analysis
was performed prior to injury, after injury and at the end of the experimental session.
Calculation of expiratory time constants
Calculating a single value for τE assumes that all lung units inflate and deflate as a single
compartment and does not allow differentiation between fast and slow filling/emptying units (1,
36, 132). The assumption that a single all lung units have identical τE may have important
consequences; heterogeneous rates of alveolar filling/emptying can create localized areas of high
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tissue strain, which may cause new lung injury and/or exacerbate existing injury (158). To address
this issue, we and others have utilized a multi-compartment model to describe lung emptying
during passive deflation by partitioning the expiratory flow-volume (V̇ V) curve into multiple
discrete segments and individually calculating τE for each these segments (81, 89, 105, 106, 114).
The multisegment method allows a more nuanced description of the changes in τE throughout
expiration, and therefore facilitates better understanding of the physiology of passive expiration
than does a single compartment model.
We combined ten individual V̇V and pressure-volume (PV) traces taken at the end of 20
minutes of ventilation at each PEEP and VT combination using methods described by Guttmann
(81) and Kondili (106). From this data, we created ensemble V̇V and PV curves for each animal
for all combinations of injury state, each combination of VT and PEEP. From this data, we
calculated values for τE of the respiratory system excluding the endotracheal tube and ventilator
apparatus using PTR. To allow the assessment of τE heterogeneity, the VE from the point of
maximum V̇E to the end of expiration (defined as V̇E less than 0.05 L/s) for each ensemble was
divided into five equal volume segments (VE1-VE5). We chose to use five segments in keeping
with methods from similar studies (81, 106). Each of the five VE segments was assumed to have
E and R values that did not vary throughout the duration of the segment. Therefore for each VE
segment, the τE was calculated as the quotient of RRS and ERS. RRS was calculated as (PTR -PATM)/
V̇E and ERS as ∆PTR /∆VE for the VE segment in question. This method allowed the calculation of
unique respiratory system time constants for each of the five VE segments (named τE1 through
τE5) from the point of maximum V̇E to end expiration (Figure 5.1).
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Statistical analyses and model
Values are displayed as mean and 95% confidence intervals (CI). Continuous variables
were analyzed using paired t-tests (within animal) or two-sample t-tests (between animals) where
appropriate. All tests were two-sided and the statistical significance was defined at P<0.05.
Statistical analyses were performed using STATA 10.0 Statistical Software (StataCorp, College
Station, TX) and SAS (SAS Institute, Inc., NC).
Expired time constants values were analyzed by linear mixed-effect model, including a
random effect for each animal and fixed effects for segment, PEEP, VT, and pre-post injury.
Significance of model coefficient estimates, least squares means, and differences in least
squares means were determined by T-test. Main effects and interactions were confirmed by use
of F-tests with Type III sums of squares. All tests were performed at the 0.05 significance level.
Differences in least squares means were adjusted for multiple testing using the Tukey-Kramer
adjustment.

Results
Before lung injury, the animals demonstrated a PaO2 of 197±51mmHg while ventilated
with a VT of 10cc/kg, 0 cm H2O PEEP and an FiO2 of 0.5. Thirty minutes after injury, PaO2
decreased to 68±10mmHg and was 69±19mmHg prior to euthanasia (p<0.01 for both time points
compared to pre-injury values). During the same pre-injury ventilation conditions, FRC was
14.3±2.5 ml/kg and decreased to 9±2.9 ml/kg after injury (p<0.01). ERS and RRS both increased
with experimental injury due to significant increases in both EL and RL (p<0.01 for both) and no
changes in ECW or RCW (p>0.05). Descriptive pulmonary mechanical data are presented in Table
5.1.
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Effect of injury status, PEEP and tidal volume on expiratory time constants
Under all conditions of PEEP and VT, τE increased throughout expiration both before and
after injury (Table 5.2 and Figure 5.2). Segmented τE values increased throughout expiration
with a slope that was different than zero (p<0.01). The expired time constant increased by an
average of 45.08 msec per segment when τE segment was treated as a continuous variable (36.07,
54.08; 95% CI). The model used for this analysis included an interaction between segment and
injury. The main effect of segment as a continuous covariate was significant with and without
interaction terms. Congruent with these findings, τE1 and τE2 were significantly smaller than τE4
and τE5, τE3 showed significant difference from τE4 and τE5, and there was a difference between
τE4 and τE5 (p<0.01 for all comparisons). When an interaction between injury status and τE
segment was included in the model, it was found to be significant (p<0.05), indicating that later
segments had higher τE values post injury. Examining the difference between segments within
injury status yielded nearly identical results to those cited over all injury states; only pre injury
τE3 was no longer significantly different from pre injury τE4.
Higher PEEP and VT values were associated with higher τE values (Figures 5.3 and 5.4).
The increase in τE per 1ml/kg increase in VT and 1 cmH2O increase in PEEP and were 5.97 msec
(3.23, 8.70; 95% CI) and 4.53 msec (2.34, 6.72; 95% CI), respectively. No evidence was found
for an interaction between injury status and VT, or between injury status and PEEP.
Effect of injury status, PEEP and tidal volume on resistance and elastance
To further clarify the causative factors behind changes in τE segments throughout
expiration, we analysed RRS and ERS on a per segment basis using the same methods applied to τE
segments τE1 to τE5. Both RRS and ERS were significantly increased after injury compared to
before injury in early VE segments (Tables 5.3 and 5.4). Segment values for RRS and ERS after
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injury were statistically similar to values before injury (p>0.05). The raw segment values for
RRS, ERS and τE are shown in Table 5.5.

The differing values for RRS and ERS between pre and post injury status was confirmed by
the presence of a significant interaction effect between injury status and segment (p<0.01). The
effect of segment on RRS as a continuous variable was not significant. However, segment as a
categorical covariate was significant (p <0.01) in determining the value of RRS. The estimated
slope of ERS by segment was -6.76 (-10.14, -3.38; 95% CI) and was significant (p <0.01).
Segment remained a significant continuous covariate when included in the model for ERS without
an interaction term. No evidence of other interactions was found.
Relative values (comparing post-injury to pre-injury state) for RRS and ERS for each
volume segment are shown in Figure 5.5, while raw values are shown in Table 5.5. Over both
states of injury, RRS1 is significantly different from all subsequent segments except for RRS5
(p<0.01), as is the difference between RRS5 and RRS1- RRS4 (p <0.01). However, the differences in
RRS by segment may have been driven by post injury values, as no significant differences were
found between RRS segments pre-injury. Post injury, RRS1 differs from all other segments post
injury (p<0.01). For ERS, ERS1 and ERS2 were significantly different from ERS3, ERS4, and ERS5
(p<0.01), as is the ERS3 from ERS4 and ERS5 (p<0.01). Within injury state, post injury differences
again outnumbered the pre injury segment differences; Post injury, ERS1 is different from all
others (p<0.01), ERS2 is significantly different from ERS3, ERS4, and ERS5 (p <0.01), and ERS3 and
ERS5 are different (p<0.01). Pre injury, only ERS1 is significantly different from ERS4 and ERS5 (p
<0.05).
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Finally, we found that changes in PEEP or VT altered RRS and ERS. A one cmH2O
increase in PEEP increased RRS by 0.21 cmH2O/L/sec (0.09, 0.33; 95% CI), and increased ERS
by 1.21 cmH2O/L (0.34, 2.08; 95% CI). A one ml/kg increase in VT increased RRS by 0.24
cmH2O/L/sec (0.09, 0.38; 95% CI) but did not have any significant effect on ERS.

Discussion
The current study has three main findings. First, consistent with our previous work (89),
τE increased throughout expiration, and injury increased the difference between late and early τE
segments compared to before injury. These changes were due to increases in both RRS and ERS.
Second, we found that manipulating PEEP or VT did not have a differential effect on τE between
injured and uninjured states in a segmented model of expiration. Third, increases in both PEEP
and VT increased RRS, a finding that is somewhat counterintuitive and that has potential clinical
implications for the choice of mechanical ventilation strategy in patients with ARDS or lung
injury.
Injury and time constants
Using a single compartment model rather than a segmented model, we observed that
injury decreased average segmental τE values compared with before injury (Table 5.2). The
decreased τE observed in the post-injury state is related to increases in both RRS and ERS.
Following lung injury, we found that increases in RRS and ERS were driven by increases in RL and
EL with no significant changes in RCW and ECW. Accordingly, the absence of mechanical
alterations to the chest wall suggests that the injury used in this model was confined to the lungs
(Table 5.1). When assessed from the perspective of a single compartment (that is, not
segmented), increases in EL were greater than those in RL and therefore τE decreased after injury.
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Many methods of calculating τE assume that all lung units inflate and deflate as a single
compartment and are thus unable to distinguish between units that fill/empty quickly and units
that require greater time. We therefore employed a segmental method can be used to more
accurately describe the pattern of lung emptying during passive expiration, potentially providing
more insight into the degree of pulmonary mechanical heterogeneity than is afforded by a single
compartment model (81, 89, 105, 106, 115). When a segmented model was used to analyse our
data, we were able to observe the mechanical properties of passive expiration with a higher
degree of resolution than is afforded by the single compartment model. In a segmented model,
injury increased the difference between later versus earlier segment τE values - that is, injury
decreased the average τE in early segments, and increased the average τE for later segments
compared to the uninjured state (Table 5.2 and Figure 5.2).
When compared with uninjured values, both RRS and ERS after injury are roughly threefold higher at the beginning of expiration (Panel A, Figure 5.5) before returning to values similar
to those in uninjured lungs by the end of expiration. While both RRS and ERS increased postinjury, the increase in ERS in absolute terms was greater, causing early τE values (for example τE1
in Table 5.2) to be smaller after injury compared to before injury. Throughout expiration, values
of ERS decreased more rapidly than RRS, causing late τE segment values to be higher (for example
τE5 in Table 5.2).
PEEP and tidal volume
We found that increasing both PEEP and VT increased τE, but that these effects did not
differ between the uninjured and injured states (Figures 5.3 and 5.4). We demonstrated that
increases in PEEP increased RRS and increased ERS while increases in VT increased RRS alone.
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The independent effects of PEEP and VT on τE segments appeared consistent throughout
expiration, that is they were not confined to early or late τE segments.
It is instructive to compare our results with those of other investigators. Kondili and
colleagues reported effects of PEEP that differed from ours (106). They found that in subjects
with ARDS who were ventilated without PEEP, τE and RRS increased significantly in late
expiration and that the addition of PEEP eliminated these findings. One result of the application
of PEEP is that small airways are “splinted” open, and are less likely to close prematurely. The
increased patency of small airways may allow more rapid exhalation, thereby resulting in smaller
τE values with higher PEEP, particularly in late expiration. This widely accepted concept
supplies a satisfying explanation for the effect of PEEP in Kondili’s results. However, other
authors have found patterns of expiration and effects of applied PEEP that are more similar to
our results. Pesenti and colleagues found that PEEP increased RRS in patients with ARDS and in
normal controls (150). In patients with ARDS, Mols and colleagues observed that the pattern of
τE1-5 and RRS1-5 was highly variable, with patients demonstrating steady increases, steady declines
or no discernible pattern during passive expiration (136). Similarly, other authors have
demonstrated that increases in PEEP and VT increase RRS in subjects with lung injury or
ARDS(11, 146, 190).
There are several possible explanations for the finding that increases in PEEP or VT may
increase RRS. First, injured lung is characterized by inhomogeneity of distension, and high levels
of PEEP could further over-distend some units, thereby increasing time constant inhomogeneity.
Second, increased RRS at higher PEEP or VT values may in part be due to stress adaptation
phenomena and specifically increases in viscoeleastic resistance at higher PEEP values and lung
volumes (146, 150). Third, it has been suggested that the longitudinal stretching of airways at
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high PEEP and VT levels may narrow their cross-sectional area and thus increase resistance to
gas flow (49). Given these data, observation of the pattern of τE during expiration may facilitate
the choice of less injurious strategies of mechanical ventilation during the care of patients with
ARDS or lung injury.
Limitations
The current experiment reveals novel findings regarding the relationships between lung
injury, the parameters of mechanical ventilation, and the pattern of VE. However, several
limitations must be considered. First, we did not measure PTR directly in this experiment. Instead,
like Guttmann, we estimated PTR from PAW using a previously validated method (81, 82, 213).
Guttmann and colleagues measured PAW at the ventilator wye and observed that the calculated τE
for sequential volume segments in mechanically ventilated ARDS patients were almost identical
throughout expiration (81). The similar τE was due to the significant flow-dependant resistance
of the endotracheal tube and ventilator (RAW)(82, 208). Given that flow is greatest at the onset of
passive expiration, the relative contribution of RAW on τE is higher during early expiration and
lower in late expiration, which masks the influence of RL (82, 208). When they eliminated the
effect of the endotracheal tube by estimating PTR and used these values to calculate segmental
values for τE, Guttman and colleagues found a pattern of steadily increasing τE throughout
expiration. Similarly, our data demonstrates that τE increases steadily throughout expiration when
a segmented model that excludes the resistance of the endotracheal tube was used (Figure 5.2).

Conclusions
Our study provides several novel insights into the details of expiratory gas flow in animals
before and after experimental lung injury. It has previously been observed that τE values are smaller
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in subjects with injured lungs when compared to controls. However, we are the first to demonstrate
this change within subjects and that τE increased throughout expiration both before and after injury
when examined with a multiple compartment model. Finally, we have demonstrated that increases
in PEEP or VT increased τE throughout expiration, but did not appear to have effects that differed
between the uninjured and injured state. Whether incorporating the pattern of τE, will improve
strategies of mechanical ventilation in lung injury and ARDS needs to be assessed in future studies.
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Figures

A

B

Figure 5.1 Graphical representation of the method used to derive segmental expiratory
time constants (τE) values
A: flow-volume (V̇ V) curve (black line), a pressure-volume (PV) curve using pressures
measured at the ventilator wye and including the effects of the endotracheal tube and ventilator
apparatus (dashed line), and a PV curve using tracheal pressures excluding the effects of the
endotracheal tube and ventilator apparatus (dotted line) were created for each animal. Each
ensemble from maximum expiratory flow to end expiration was divided into 5 equivolumetric
segments. B: For each segment the expiratory V̇ V curve was replaced by a least-squares fitted
straight line. The slope of each segment provides the τE for that segment. In this figure only the
expiratory time constant of the respiratory system (τE, RS) is displayed.
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Figure 5.2 Values for τE,RS1 to τE,RS5 before and after injury are displayed as mean values ±
95% confidence interval.

118

Figure 5.3 Values for τE,RS1 to τE,RS5 at each positive end expiratory pressure (PEEP) setting
are displayed as mean values ± 95% confidence interval.
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Figure 5.4 Values for τE,RS1 to τE,RS5 RS5 at each tidal volume (VT) setting are displayed as
mean values ± 95% confidence interval.
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Figure 5.5 Relative values (comparing post injury to pre injury state) for RRS and ERS for
each equivolemic segment
Values are displayed as the mean of all positive end expiratory pressure (PEEP) and tidal volume
(VT) values (Panel A), and for individual combinations of PEEP and VT (Panels B through G).
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Tables

Table 5.1 Pulmonary mechanical data before and after experimental lung injury
ERS
RRS
EL
RL
ECW
RCW
(cmH20/L)

(cmH20/L/sec)

(cmH20/L)

(cmH20/L/sec)

(cmH20/L)

(cmH20/L/sec)

7.1±1.6
18.2±5.7
0.0026

25.5±10.0
55.4±27.8
0.011

6.1±1.6
16.9±5.4
0.0024

12.1±4.7
10.2±3.3
0.16

1.0± 0.3
1.3±1.0
0.29

Before Injury 37.6±11.9
65.6±27.6
After Injury
0.010
P-value

ERS, elastance of the respiratory system; EL, elastance of the lung; ECW, elastance of the chest
wall; RRS, resistance of the respiratory system; RL, resistance of the lung; RCW, resistance of the
chest wall. Elastance data for this table were collected during end-inspiratory plateau conditions.
All data presented as mean and 95% confidence intervals. P-value compares before and after
injury values.
Table 5.2 Effect of Injury by Expired Volume Segment on τE

τE,RS1

τE,RS2

τE,RS3

τE,RS4

τE,RS5

(msec)

(msec)

(msec)

(msec)

(msec)

Before Injury

95.1
105.1
126.9
168.9
288.6
(46.6, 143.7) (56.5, 153.7) (78.3, 175.4) (120.4, 217.5) (240.1, 337.2)

After Injury

86.4
99.1
121.8
173.7
342.4
(37.9, 135.0) (50.6, 147.7) (73.2, 170.3) (125.2, 222.3) (298.9, 391.0)

Difference

-8.7
(-67.8, 50.4)

-6.0
(-65.1, 53.1)

-5.1
(-64.2, 53.9)

4.8
(-54.2, 63.9)

53.8
(-5.3, 112.9)

τE,RS1-5, expiratory time constant for expired volume slice 1 through 5; msec, milliseconds. All
data presented as mean and 95% confidence intervals.
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Table 5.3 Effect of Injury by Expired Volume Segment on RRS
RRS1
RRS2
RRS3
Before Injury
After Injury
Difference

RRS4

RRS5

(cmH20/L/sec)

(cmH20/L/sec)

(cmH20/L/sec)

(cmH20/L/sec)

(cmH20/L/sec)

5.3
(3.6, 7.0)
14.3
(12.6, 16.1)
9.1
(5.9, 12.2)

4.6
(2.9, 6.4)
9.4
(7.7, 11.2)
4.8
(1.7, 7.9)

4.4
(2.7, 6.1)
7.0
(5.3, 8.7)
2.6
(-0.5, 5.7)

4.8
(3.0, 6.5)
6.9
(5.1, 8.6)
2.1
(-1.0, 5.2)

7.4
(5.7, 9.1)
8.5
(6.7, 10.2)
1.1
(-2.0, 4.2)

RRS1-5, respiratory system resistance for expired volume slice 1 through 5. All data presented as
mean and 95% confidence intervals.

Table 5.4 Effect of Injury by Expired Volume Segment on ERS
ERS1
ERS2
ERS3
(cmH20/L)

Before Injury
After Injury
Difference

54.1
(39.6, 68.5)
159.8
(145.4, 174.3)
105.8
(82.3, 129.2)

(cmH20/L)

(cmH20/L)

ERS4

ERS5

(cmH20/L)

(cmH20/L)

45.1
36.5
30.5
27.6
(30.6, 59.5) (22.0, 50.9) (16.0, 44.9) (13.1, 42.0)
96.1
60.6
42.8
27.5
(81.7, 110.6) (46.1, 75.0) (28.4, 57.3) (13.0, 41.9)
51.0
24.1
12.3
0.1
(27.6, 74.5) (0.6, 47.5) (-11.1, 35.8) (-23.4, 23.5)

ERS1-5, elastance for expired volume slice 1 through 5. All data presented as mean and 95%
confidence intervals.
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Table 5.5 Raw values for selected pulmonary mechanical variables by Expired Volume Segment
PRE
VT
PEEP
Volume
RRS
ERS
τE
RRS
(cmH2O) Segment
(cmH2O/L/sec)
(cmH2O/L)
(msec)
(cmH2O/L/sec)
5ml/kg

0

10ml/kg

0

12ml/kg

0

5

10

15ml/kg

0

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

2.80±0.78
2.93±0.67
3.45±1.01
4.01±0.86
5.47±1.78
3.97±1.14
3.65±0.87
3.99±0.73
4.34±0.89
6.31±2.13
4.79±1.52
4.33±1.30
3.89±0.66
4.60±1.20
7.02±3.12
5.89±2.06
4.99±1.39
4.45±1.39
5.24±2.29
10.97±8.69
8.05±2.39
6.87±2.26
6.08±2.43
5.81±3.13
7.31±4.39
6.17±2.01
5.06±1.59
4.42±0.77
4.57±0.84
7.24±2.80

41.02±12.76
39.58±8.56
38.42±8.20
34.15±8.08
28.79±9.36
43.59±9.64
39.42±9.94
36.90±5.81
31.50±6.15
28.98±5.92
49.16±14.25
43.62±15.65
33.10±6.27
30.53±6.70
28.20±6.36
57.53±19.26
45.84±14.11
34.34±8.30
29.66±6.76
30.06±9.71
75.98±21.50
56.84±15.54
41.77±11.06
29.11±6.42
22.53±4.86
57.13±14.99
45.10±14.08
34.44±6.90
27.95±4.40
26.82±5.27

70.39±12.51
75.49±13.32
91.35±19.74
124.90±38.10
203.46±75.87
90.02±14.92
94.65±17.13
110.96±23.21
144.29±39.92
238.36±107.91
96.79±14.43
103.16±18.40
121.45±25.22
156.62±44.02
266.85±127.02
101.23±13.41
113.16±27.05
138.47±53.03
195.02±106.88
359.14±252.48
106.19±22.35
129.55±57.07
165.48±102.51
221.92±150.90
375.12±271.56
106.23±15.33
114.58±20.68
133.52±27.92
170.75±46.66
288.82±134.81

9.25±4.48
6.28±2.20
6.35±2.34
7.00±1.92
7.37±2.09
9.65±2.68
7.51±1.78
6.24±0.89
6.47±0.81
8.16±1.82
14.14±7.69
9.21±3.12
6.95±1.09
6.81±1.05
9.21±2.85
17.02±8.87
10.85±3.48
7.33±1.70
6.53±1.39
7.75±2.66
18.52±10.52
12.95±4.26
8.71±2.10
7.75±3.05
8.39±3.98
17.41±13.24
9.80±3.24
6.50±1.07
6.64±1.03
9.95±3.11

POST
ERS
(cmH2O/L)
143.01±60.48
90.55±33.48
74.13±27.15
58.07±18.76
33.58±11.70
116.61±16.97
85.30±23.93
60.46±13.97
45.90±10.33
31.82±7.39
149.95±71.98
91.07±27.21
59.02±12.42
41.89±8.06
28.92±5.94
176.77±78.07
98.40±31.72
54.73±14.47
35.94±9.40
22.59±5.16
211.11±84.45
122.80±36.86
64.25±17.74
36.93±11.97
19.05±5.50
162.55±100.61
88.55±26.18
50.90±10.48
38.17±7.34
29.07±7.90

τE
(msec)
62.76±11.61
70.29±11.82
87.62±16.56
126.16±24.62
235.24±53.06
80.98±13.73
91.18±16.95
108.93±21.88
150.71±35.35
284.91±100.36
91.99±13.97
101.98±16.63
121.86±18.84
169.40±32.67
338.55±114.55
94.50±19.94
112.23±13.84
138.95±25.55
194.97±55.95
366.49±126.25
89.93±26.05
106.62±16.74
139.31±20.17
216.26±64.67
440.72±139.74
98.47±19.98
112.34±21.17
133.88±28.33
184.88±48.11
388.69±153.55
124

VT, tidal volume; ml/kg; milliliters per kilogram of body weight; RRS, resistance of the
respiratory system; ERS, elastance of the respiratory system; τE, time constant of expiration; PRE,
before injury; POST, after injury. All data presented as mean and 95% confidence intervals.
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Chapter 6: Conclusions

Overall Summary
Acute respiratory distress syndrome (ARDS) is a lung injury characterized by hypoxia
and impaired pulmonary mechanics. The associated histologic changes, such as alveolar flooding
and collapse, airway edema, and altered surfactant function, are heterogeneous in distribution
within the lungs (43).
The awareness of anatomical heterogeneity in ARDS has led to meaningful
improvements in patient care. The use of small tidal volumes, PEEP, assessment of FRC and the
calculation of stress and strain have gained adoption in the clinical management of ARDS.
Unfortunately, all of these measures are “whole lung” measurements, and none account for the
local heterogeneity of mechanical characteristics found in injured lung. Because of this
heterogeneity, some lung units have abnormal values of R and/or E, while others have values
that are similar to those found in healthy lung (7, 13, 20, 29). It is therefore possible that
susceptible lung units are subject to critically injurious forces even when global measures of
volume, pressure, stress and strain appear acceptable (133).
Recent physiological and clinical trials have demonstrated that careful attention to the
mechanical ventilation pressures and volumes can improve outcomes in patients with ARDS (8,
78, 187). In this thesis, I have provided evidence that whole lung measures of τE and ε do not
reliably reflect regional measures, and that regional values may substantially exceed the average
values described by conventional measures. This raises the concerning possibility that clinicians
may be continuing to place patients at risk of VALI when using global measures of ε and τE to
guide ventilation management. Regional variation in ε may be assessed using anatomic imaging
(as in Study 1, Chapter 2), or by using surrogate techniques such as FRC measurement or
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EIT(40, 198, 205). Similarly, regional τE may be assessed using the application of computational
fluid dynamics to imaging data (Study 1, Chapter 2), or may be inferred from the dissection of
the flow-volume curve during passive expiration (Studies 3 and 4, Chapters 4 and 5). The data
provided in this thesis provide support for the idea that, at least in some lung regions, regional τE
and ε are correlated (Study 1, Chapter 2). This raises the possibility that the continuous bedside
measurement of τE using a multi-compartment model could alert clinicians to episodes of
abnormal regional ε.
This thesis provides evidence that whole lung measures of ε and τE poorly reflect regional
values, and that regional values may be affected by manipulating ventilatory variables such as
VT, PEEP and inspired gas density. However, it is not obvious how clinicians could modify
regional values independent of other regions to mitigate the impact of abnormal τE and ε.
Furthermore, while it is tempting to believe that regional abnormalities would lead to VALI, this
hypothesis has not been well explored or demonstrated. The work contained in this thesis was
undertaken in an attempt to lay the groundwork for future research into this question.

Strengths and Limitations
The program of research outlined in this thesis has several strengths. First the use of
novel assessment techniques, such as the computational fluid dynamics to develop a model of
FRI allowed the detailed assessment of pressure, flow and volume characteristics within lung
regions. This led to novel insights into the relationships between regional ε, regional τE and
PEEP.
Second, the studies described in this thesis undertook careful physiological measurements
that provided data that is often not measured in similar studies. Specifically, it is necessary to
account for the flow-dependent resistance of the endotracheal tube in any evaluation of
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expiratory mechanics in ventilated patients. While several similar past studies have failed to do
this, the studies in this thesis either directly measured tracheal pressure, or calculated it from
previously validated research (82).
There are some limitations to the studies presented in this thesis, and the data presented
should therefore be interpreted cautiously. First, it must be recognized that cadaveric models,
particularly isolated lung models, do not reflect all of the pulmonary mechanical forces found in
live, whole animals. Specifically, the lack of a chest wall may substantially alter the forces that
lung tissue is subject to during mechanical ventilation. Second, while pig lungs are similar to
human lungs, differences in the lung architecture means that the findings generated from live
animal models may only partially reflect the events that might occur in human lungs before and
after injury (77). Finally, the experimental model of lung injury used in this thesis largely creates
an epithelial injury (87). ARDS in humans often has a significant endothelial injury component
(129). To the extent that ARDS in humans differs from this model in animal subjects, the results
demonstrated in this thesis should be interpreted with caution.

Future Research
There are several unanswered questions related to this thesis that merit investigation in
the future. For example, even if regional variation in lung ε and τE can be reliably assessed, does
altering these improve clinical outcomes? It is by no means clear that high local ε or τE causes
VALI, or that, even if they do, that these manipulations can alter the process of new injury.
This thesis has focuses on τE and normal ε. Future investigations into shear stress and shear strain
may provide novel insights into dynamic tissue injury during mechanical ventilation. At this time
the evaluation of shear forces within whole animals or humans is difficult, but recent advances in
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minimally invasive techniques and advanced imaging modalities may allow these forces to be
more thoroughly evaluated.
Moreover, while ARDS is the focus of this thesis, and continues to be a highly lethal
form of lung injury, there are other pulmonary disorders that could benefit from investigation in
a manner similar to the studies presented in this manuscript. For example, it is not known what
regional forces are at play in patients with pulmonary fibrosis or cystic fibrosis. While chronic
obstructive pulmonary disease (COPD) and asthma are well studied, to date little research into
regional forces within the lungs of patients with COPD or asthma has occurred.

Overall Conclusion
The purpose of this thesis was to evaluate the regional heterogeneity of pulmonary
mechanical values within models of lung injury. We observed that regional variation of ε and τE
occur, and that PEEP can decrease these values in a cadaveric model. We further observed that in
a live porcine model of ARDS, that manipulations of PEEP, VT and PEEP were able to alter the
pattern of passive expiration and decrease the post-injury abnormalities in τE in the same model.
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