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nova perspectiva de pesquisa, e ao Tilo Winkler. Thank you Tilo, more than what

I learned about imaging processing, our discussions were very pleasant. And I have

also to thanks Tilo’s wife, Tila, for the talk and the food. Deixo também o muito

obrigado as andorinhas do PUBBoston representados por Alexandre, Diego, Dirson,

George e Getúlio.
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Resumo da Tese apresentada à COPPE/UFRJ como parte dos requisitos necessários

para a obtenção do grau de Doutor em Ciências (D.Sc.)

HETEROGENEIDADE PULMONAR E LESÃO INDUZIDA PELA

VENTILAÇÃO MECÂNICA

Gabriel Casulari da Motta Ribeiro

Junho/2018

Orientadores: Alysson Roncally Silva Carvalho

Alessandro Beda

Programa: Engenharia Biomédica

A expansão pulmonar regional durante um ciclo respiratório é heterogênea, com

posśıveis consequências para o resultado da ventilação mecânica. Essa tese estu-

dou essa heterogeneidade em um modelo animal nas primeiras 24 h de ventilação

mecânica de pulmões inicialmente normais e em um modelo teórico da manobra de

lavagem de N2 em múltiplos ciclos. Os experimentos em animais compararam duas

condições iniciais de expansão pulmonar, posição prona (homogênea) ou posição su-

pina (heterogênea). O parâmetros ventilatórios seguiram a prática cĺınica, aumen-

tando a relevância translacional. Imagens de tomografia computadorizada e por

emissão de pósitrons foram utilizadas para quantificar a expansão estática (aeração)

e dinâmica (strain) em cada voxel e a atividade metabólica (ligada a inflamação)

regional. Animais em supino apresentaram deterioração progressiva da mecânica

regional, com heterogeneidade espacial na (leve) inflamação e lesão, bem como na

expressão gênica, do tecido pulmonar. Em contraste, a posição prona resultou em

inflamação e perda de aeração leves, sem alteração na distribuição espacial. Um novo

modelo para explicar a manobra de lavagem de N2 foi proposto. Este considera o

pulmão como compartimentos em paralelo e um espaço morto em série. Comparado

ao modelo clássico, o novo modelo impõe menos restrições aos ciclos respiratórios

durante a manobra, sendo mais adequado ao uso durante ventilação mecânica. Si-

mulações numéricas e experimentos em bancada mostraram que o modelo proposto

tem melhor desempenho que o clássico na reconstrução de distribuições de ventilação

espećıfica (ligada a expansão dinâmica). Os resultados obtidos auxiliarão a definição

de estratégias ventilatórias em pacientes sem lesão pulmonar inicial e o avanço da

monitorização à beira do leito, com potencial impacto na prática cĺınica.
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Lung expansion during a respiratory cycle is spatially heterogeneous with possi-

ble consequences for the outcome of mechanical ventilation. This thesis studied this

heterogeneity in a large animal model of the first 24 h of mechanical ventilation of

initially normal lungs, and in a theoretical model of gas mixing during a multiple-

breath N2 washout maneuver. The animal experiments compared two initial states

of lung expansion, prone position (homogeneous) and supine position (heteroge-

neous). The ventilator settings were in accordance to current clinical practice, in-

creasing the translational relevance. Computed and positron emission tomography

were used to asses voxel-level distribution of static (aeration) and dynamic (strain)

lung expansion, and regional metabolic activity (marker of inflammation). Supine

animals showed progressive deterioration of regional lung mechanics resulting in

spatially distinct mild tissue injury and inflammation, as well as gene expression.

In contrast, the prone position had mild inflammation and loss in aeration without

increase in heterogeneity. A new model to explain the N2 washout maneuver was

proposed. This considers the lungs as parallel compartments with a series dead

space. Compared to the classical model, the new model imposes fewer restrictions

on the ventilatory cycles during the maneuver, potentially allowing its application

in mechanically ventilated patients. Computational simulations and bench exper-

iments demonstrated that the proposed model outperforms the classical in the re-

construction of distributions of specific ventilation (linked to dynamic expansion).

The current findings will help to define mechanical ventilation strategies for patients

without initial lung injury and advance bedside monitoring, with potential impact

on clinical practice.
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Chapter 1

Introduction

Lung static (aeration) and dynamic (ventilation) expansions are spatially hetero-

geneous. In a macroscopic view, the elastic characteristic (relationship between

pressure and volume) of lung tissue is homogeneous, i.e. large random samples of

tissue in an individual lung would show the same characteristic if tested ex vivo.

However, even with slow breaths (flow rate <0.5 L s−1), when airway pressure could

be considered equally distributed in the lungs, healthy humans present differences in

aeration between apex and basal lung regions in upright position [1]. This difference

in aeration can be interpreted as difference in alveolar sizes and are explained by

the vertical gradient in the pressure in the pleural space (between parenchyma and

chest wall), as the alveolar pressure = airway - pleural. This difference in pleural

pressures depends on the shape of the chest-wall [2] and the lungs [3, 4], and the lung

weight [5]. Aeration can also be influenced by the alveolar surfactant layer, which

changes the tissue surface tension and consequently the lung elastic recoil [6]. The

distribution in ventilation is a consequence of the non-linear elastic characteristic

of the lung tissue. Without alveolar collapse or airway closure, the lung regional

pressure-volume relationship can be modeled by an exponential function [7]. For

the same variation in pressure, the change in volume of regions with higher initial

volume are smallest. Therefore, the initial aeration determines the regional stiffness

and the less aerated dependent (i.e. lower in the direction of gravity) regions of

normal lungs expand more than non-dependent regions during tidal breathing [1].

In addition, the pattern of bifurcations of the airway tree [8] and regional differ-

ences in airway caliber due to airway-parenchyma interdependence [9] influence flow

distribution. Of note, in a microscopic view, the composition of the extra cellular

matrix generates heterogeneity in lung parenchyma mechanics [6].

In mechanically ventilated lungs, the spatial heterogeneity of expansion increases.

Patients are generally lying supine (or semi-supine with the torso tilted upward) on

the bed. Consequently, the diaphragm and the heart are compressing the dorsal

regions of the lung [10, 11]. Intubation for invasive mechanical ventilation is ac-
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companied by sedation and often muscle paralysis that decrease the stiffness of the

chest wall and diaphragm, reducing their elastic recoil and thus the lung volume [12].

The reduction in lung volume aggravates the regional differences in aeration [1] and

decreases the diameter of airways, potentially leading even to airway closure [13].

Because during mechanical ventilation most of the work of breathing comes from

the positive pressure delivered by the ventilator, the relaxed diaphragm counteracts

the expansion of dorsal regions [10].

Cells sense and respond to mechanical forces and deformation in a process called

mechanotrasduction [14]. This mechanism is extremely relevant to the lungs, where

the air movement and lung change in size at each breath are constantly providing

mechanical stimuli to the cells. Mechanotransduction is known to regulate lung de-

velopment [15], epithelial cell differentiation and apoptosis [16], alveolar fluid clear-

ance [17], and surfactant [18] and inflammatory cytokines [19] release. Lung cells

respond to both high and low deformation, for example, surfactant release is de-

creased if not enough or excessive stretch is applied to epithelial cells [20]. The lung

cells are also sensible to the peak, tidal amplitude, and frequency of deformation [21].

Mechanical ventilation can induce lung injury or aggravate a primary injury,

what is known as Ventilator Induced Lung Injury (VILI). VILI is an inflammatory

process that causes and is affected by systemic dysfunctions [22–25]. Mechanotrans-

duction seems to play an important role in the development of VILI. Reducing the

amplitude of lung tissue cyclic stretch through a reduction in tidal volume (VT),

which should decrease the release of inflammatory cytokines, improve outcomes for

mechanically ventilated patients with both injured [26, 27] and normal lungs [28–34].

The injured lungs can have a highly heterogeneous distribution of aeration, charac-

terized by an affected non-aerated region and an aerated region with normal elastic

characteristics [35]. In this condition, choosing VT without taking into account the

size of the actually ventilated lung may result in excessive cell stretch, even if the

VT is within the range of normal spontaneous (physiological) breath. This lung-size

dependence for setting of VT can be enclosed in the concept of strain. Strain is a

measure of deformation relative to a reference state. In the lungs, it is the ratio of

volume change to a rest volume [36].

As highlighted in the beginning of this chapter, pressure and volume are partially

related trough the elastic properties in the lung, similar to the stress-strain relation-

ships studied in solid materials. The lung injury could be a consequence of one or

both the stress or the strain on lung tissue. In this thesis, strain will be considered

as the injurious variable because it is more practical to be assessed in a regional

level, mechanical ventilation to the same peak pressure with different VT result in

different degrees of injury [37], and surface strain is the input used in most isolated

cell mechanotransduction experiments [15–19]. In some places plateau pressure (the
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pressure measured during a breath hold at end-inspiration) will be used as a marker

of overall peak lung stretch, and driving pressure (plateau – end-expiratory pres-

sure) will be considered as a rough surrogate of strain [38]. This is because driving

pressure represents VT normalized by lung compliance, which is correlated to the

aerated lung volume [39].

The magnitude of global strains required to generate lung injury in experimental

studies is unlikely to happen during mechanical ventilation of patients with normal

lungs [40]. PROTTI et al. [41] observed that healthy-lung pigs would not develop

lung injury during 54 h of mechanical ventilation if the global strain (VT/functional

residual capacity) was below 1.5. Yet, strains above 2.0 would always result in injury

(mostly lethal) within the same 54 h. Therefore, they determined the existence of a

strain threshold between 1.5 and 2.0 leading to injury exclusively by excessive tissue

stretch. These strain levels correspond to a unphysiological lung inflation, requiring

VTs of (22± 8) mL kg−1. In fact, experimental studies on the effects of VT in normal

lungs usually employed very large global strains (VT>15 mL kg−1) [23, 37, 41–43].

This setting is far from the recommended for clinical mechanical ventilation and

rare in the actual practice [44]. In consequence, the translation of those studies to

interpret VILI in patients is limited. This is evidenced by the observation of VILI

in patients with VT lower than the experimental [28]. The assumption invoked to

reconcile the experimental results and clinical observation is that due to the spatially

heterogeneous expansion of the lungs, regional strain can be markedly different from

the mean (determined by VT). Thus, the exaggerated experimental VT tries to

model the injurious processes that develops in lung regions present in the tail of

lung expansion distribution, where strain is unphysiological.

The relationship between aeration and strain heterogeneities and VILI has been

previously studied using positron emission tomography (PET) scans with the tracer

2-deoxy-2-[(18)F]fluoro-d-glucose (18F-FDG) to measure regional metabolic activity,

an index of inflammation [45–48] and early biomarker of acute respiratory distress

syndrome (ARDS) [49]. Briefly, this technique quantifies the glucose uptake of

tissue as a combination of a volume of distribution (non-metabolized 18F-FDG in-

side cells) and the rate of the phosphorylation of 18F-FDG (the first step for the

conversion of glucose in energy). COSTA et al. [50] ventilated endotoxemic sheep

(intravenous infusion of lipopolysaccharide, LPS) for 2 h using high VT (plateau

pressure of 30 cm H2O and zero pressure at end-expiration) and found increased
18F-FDG uptake rate compared with a non-endotoxemic group. The regional up-

take rate in the LPS group was linked to the local aeration and perfusion, without

assessment of dynamic expansion. WELLMAN et al. [51] studied the influence of

regional strain on local inflammation in six regions-of-interest (three equal-height

regions along the ventro-dorsal axis divided in two in the cephalo-caudal axis) and
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three different experimental conditions: high VT with and without endotoxemia

(same settings as above), and low VT with endotoxemia. After 3 h of ventilation,

in both high VT groups, 18F-FDG phosphorylation rate was correlated to regional

strain and presence of endotoxin increased the slope of this relationship.

The magnitude of strain heterogeneity and its consequence to inflammation dur-

ing mechanical ventilation with clinical settings are unknown. The two previously

described studies demonstrated that regional mechanical and functional parameters

are relevant for the development of VILI. Nevertheless, the applicability of the results

for determining a preventive mechanical ventilation strategy is limited. While the

ventilator settings used resulted in clinically acceptable plateau pressures, the high

VT (average ∼18 mL kg−1) was higher than current practice [44]. In addition, driv-

ing pressures of 30 cm H2O are normally avoided, especially after the recent works

linking high driving pressure to worse outcomes in patients with ARDS [38] or nor-

mal lungs [52]. The low-VT group in WELLMAN et al. [51] suggests that at small

magnitudes, the strains measured in the 6 regions-of-interest are not correlated with

local inflammation. However, this group used high positive end-expiratory pressures

(PEEP) of (17± 3) cm H2O, uncommon in patients with normal lungs [44, 53]. This

PEEP may have influenced the results by homogenizing the distributions of aeration

and strain. Moreover, due to limitations of the imaging technique and device, the

authors could not determine strain in smaller regions-of-interest. The size of struc-

tures (length-scale) determining the tissue strain heterogeneity is unknown, but as

mentioned before it can decrease down to the cellular level. Therefore, it is unde-

fined if the absence of direct relationship between local strain and inflammation in

the low-VT group was because this association occurs in regions smaller than the

assessed by the authors (median volume 89 mL). The range of strains resulting from

the combination of high PEEP and low VT was small compared to the variability

in inflammation, reducing the power for measuring correlation. Thus, the study

of WELLMAN et al. [51], does not answer if despite a global “safe” value of tidal

strain, lung heterogeneity could result in high injurious local tidal strains sufficient

to start the inflammatory process leading to ARDS. Additionally, the duration of

those experiments may have been short to observe significant effects of small me-

chanical stimuli [54], even in the presence of endotoxemia that sensitizes the lung to

stretch [22] (and the results of the high VT + LPS group in [51]). If the mechanical

lung injury or the effect of systemic inflammation over the lungs have a cumulative

characteristic, or lung heterogeneity increases along time, longer experiments would

be required.

The heterogeneity of dynamic lung expansion has been little explored so far

in clinical practice. Experimentally, such heterogeneity was assessed using differ-

ent variables and imaging techniques: specific ventilation (ratio of volume of fresh
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gas entering a region to the regional end-expiratory gas volume) derived from PET

[55–57], computed tomography (CT) [58, 59] and magnetic resonance [60, 61]; ven-

tilation distribution using Electrical Impedance Tomography (EIT) [62]; and strain

using PET transmission scans [51, 63] or CT [58, 64–67]. However, only EIT, which

is relatively new as a commercially available technology, can be applied at the bed-

side. Also, the non-imaging technique of Multiple-Breath N2 Washout (MBN2W)

maneuvers allows for bedside estimation of the heterogeneity of regional specific

ventilation. This maneuver consists in measuring the inspired and expired concen-

trations of N2 (or other inert gas, i.e. a gas not participating in gas exchange with

blood) after a step change in the inspired concentration. From a MBN2W it is pos-

sible to estimate the End-Expiratory Lung Volume (EELV) [68–70], several indexes

of specific ventilation heterogeneity [70, 71], and the distribution of specific ventila-

tion [72]. However, despite the promising initial studies [73–76], this last technique

has been almost forgotten. One reason could be that the classical equation used to

identify specific ventilation during MBN2W requires constant VT, equal inspired and

expired volumes, and a perfect step in the concentration of N2 to start the washout.

These three conditions are almost impossible to obtain in a clinical scenario. Addi-

tionally, the classical model considers all ventilation units, including the dead space

(conducing airways), to be positioned in parallel [73]. This inconsistency with the

existence of a non-negligible series dead space can lead to deviations from the real

specific ventilation distribution [77].

1.1 Objectives

Mechanical ventilation is needed in a large number of patients in critical care without

a primary lung disease [78] and for the millions of major surgery procedures executed

annually worldwide [79]. We hypothesize that in these patients with normal lungs

the regional deformation (characterized by the tidal strain) plays an important role

in the development of VILI even with low (i.e. “protective”) VTs. Even if the local

expansion is not large enough to cause physical injury, the regional mechanotrans-

duction may activate inflammatory pathways and act synergistically with systemic

stimuli. Yet, the experimental studies performed so far on this matter used ventila-

tory settings not compatible with clinical practice, limiting the clinical applicability

of the results. Additionally, characterization of the heterogeneity of dynamic expan-

sion at bedside is currently limited to EIT or single parameters trying to summarize

the local phenomena [71], while a simple maneuver of MBN2W could provide a good

surrogate for tidal strain distribution [58]. The main objectives of this thesis were:
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1. to investigate the effects of regional mechanotransduction in the early phase

of VILI development during mechanical ventilation with clinically relevant

settings, and specifically

(a) to apply high-resolution CT analysis in order to quantify the spatial dis-

tribution of aeration and tidal strain in mechanically ventilated normal

lungs, and to determine how these spatial distributions change in the

early stages of lung injury;

(b) to establish topographical relationships between mechanical and func-

tional parameters of the lung with biological processes of injury through

analyses of PET scans and gene expression;

2. to improve the current mathematical models of the MBN2W maneuver for

estimation of specific ventilation distribution, by introducing less stringent

requirements for their use, allowing for example automated and unsupervised

tracking of lung dynamic expansion heterogeneity of patients under assisted

ventilation, and specifically:

(a) to formulate and test in silico a generalized mathematical model of the

maneuver as well as a data-fitting algorithm;

(b) to compare in vitro the proposed and the classical washout mathematical

models.

1.2 Thesis overview

The remaining of the thesis manuscript is organized in six chapters. The first chap-

ter (Chapter 2) is an overview about compartmental modeling for PET and image

registration. The text of each of the next four chapters corresponds to a paper sub-

mitted for publication during the Doctorate period. The last chapter (Chapter 7)

presents a final discussion considering practical implications of the main results. Fol-

lowing, an overview of the thesis is presented, highlighting its original contributions

and my specific contribution in each one of the reported works.

Chapter 3 There is a common assumption that the spatially heterogeneous lung

expansion during mechanical ventilation allows for regional strains significantly

larger than the global strain, which is controllable by mechanical ventilator set-

tings. However, there is no measurement of the distribution of lung expansion

during mechanical ventilation using clinically relevant settings, and how this

distribution changes with development of lung injury in the time periods ob-

served in clinical practice. Hence, it is unknown if that assumption about the

heterogeneity holds true or if other factors are necessary to explain the ob-

served VILI in healthy lung patients. Because mechanotransduction produces
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an inflammatory response during VILI, its development can be monitored in

vivo by PET scan. Image analysis can be applied to obtain high-resolution aer-

ation and strain from CT scans. In this chapter, these imaging techniques were

combined to compare the effects of supine (heterogeneous aeration) and prone

(homogeneous aeration) positions in the development of lung injury. The de-

pendence of the regional tissue inflammation on regional aeration, strain and

blood volume was assessed making use of a new technique to define regions-

of-interest for PET analysis. This technique consistently samples the lung in

small volumes while keeping reliable fitting of 18F-FDG compartmental model,

increasing the resolution of the analysis. The regional aspects of VILI were

further assessed with analysis of tissue expression of selected genes. The use

of PET/CT allowed for longitudinal measurements revealing new information

about deterioration of lung mechanics and early tissue injury in a mechani-

cal ventilation strategy considered protective with implications to the clinical

practice. Published as [80] and reproduced with editors authorization. (Ob-

jective 1)

Specific contributions: I participated in two of the ten experiments reported

in the manuscript. I was responsible for all the image analysis, including

the proposition and implementation of the new method to define regions-of-

interest, and also statistical analysis and interpretation of all results. I created

the figures and wrote the drafts and final version of the manuscript.

Chapter 4 The different sources of aeration and strain heterogeneity specified be-

fore indicate the presence of different physical scales for these heterogeneities.

However, there is no quantification of aeration and strain heterogeneity at dif-

ferent length-scales in normal lungs, neither during the initial stages of VILI.

This knowledge contributes to the understanding of the spatial progress of

injury and may suggest anatomical structures relevant to the injury process.

In this chapter, high-resolution aeration and strain derived from CT images

were analyzed with the low-pass filtering technique [81] comparing heterogene-

ity in length-scales from 5 mm to 90 mm in supine and prone positions. The

injury caused by different regional mechanical forces due to the heterogeneous

lung expansion potentially results in different biological processes. The kinetic

analysis of dynamic 18F-FDG PET scans gives parameters related to differ-

ent aspects of the tissue metabolic activity (linked to inflammation), which

were explored to help in pathway identification from data of transcriptome

wide microarray gene expression. This combination of functional parameters

and gene expression allows for comparisons between regions known to be dif-

ferent, avoiding the reduction of the heterogeneous biological process to a
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single sample. Additionally, it helps to interpret the complex multifactorial

gene expression possibly narrowing the different causes/consequences of single

pathways. Accepted for publication in Academic Radiology and reproduce in

the pre-print version according to the editor rules. (Objective 1)

Specific contributions: the data for this chapter is from a previously published

paper [49] and the first eight animals of Chapter 3. I was responsible for all the

analysis, including the proposition of the method for pathway identification

using topographical correlation with 18F-FDG-PET kinetics parameters. I

interpreted the results, created all figures and wrote the drafts and final version

of the manuscript.

Chapter 5 The classical multicompartmental model for the MBN2W maneuver

considers all lung units in parallel with mixing of their contents only in the

expired gas. This is fundamentally different from the anatomical character-

istics of the lung where the alveolar gases mix in the conducing airway with

the mix being partially re-inhaled in the next cycle. That classical model as-

sumes constant VT that is equal during expiration and inspiration. Reaching

such conditions on VT requires the active control of breath by the patient or

anesthetized and paralyzed patients under monotonous controlled ventilation

modes. Finally, in the classical model the inspired N2 concentration should

change as an instantaneous step at the beginning of the maneuver. This is not

achievable in the current mechanical ventilators where the inspiratory gases

need do move from the machine through the inspiratory limb of the respira-

tory circuit. In this chapter, a new generalized model for the MBN2W was

proposed. This new model allows for variable VT and differences between in-

spired and expired volumes (variable EELV), does not assumes an ideal step

change in the tracer gas and includes a common dead space in series with the

parallel lung compartments. The model equations were derived in incremental

complexity steps ending in a general description of individual compartments

and measured gas at the mouth (compartments and dead space mixing) that

reduces to the classical model if its assumptions are applied. The new model

was evaluated in simulations of uni- and bimodal distributions of specific venti-

lation considering measurement noise. The simulations also explored different

parameters for the reconstruction algorithm, including constraints that are

made possible by the consideration of the series dead space. The simulated

results show adequate recovery of specific ventilation distributions with noisy

data and indicate the settings to be adopted in the reconstruction algorithm
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in real measurements. Published as [82] and reproduced under the Creative

Commons Attribution 4.0 International License.1 (Objective 2-a)

Specific contributions: part of the proposed model was published before by

two of the co-authors [83]. The theoretical concept of the complete model was

developed together by the authors, and I proposed the solution for tracking

the changes in EELV and formulated the final set of equations. I created all

the simulations and final figures, helped to interpret the results and wrote the

drafts and final version of the manuscript.

Chapter 6 The generalized model for MBN2W proposed in Chapter 5 has less re-

strictions over the maneuver than the classical model [72, 74, 84] and restores

the dead space to its anatomical position, i.e. in series with the ventilation

compartments. The location of the series dead space has direct impact on the

estimated distribution even in the ideal maneuver considered by the classical

model. Using the equations describing the generalized and all-parallel mod-

els it can be analytically demonstrated that for a single compartment lung,

ignoring the mixing in the dead space results in the estimation of a compart-

ment with a lower specific ventilation. As shown in this chapter, this shift

is not equal for all compartments resulting in a change in the breadth of the

distribution. This difference of estimated distributions by the generalized and

classical models was experimentally observed using physical single- and four-

compartments models with known specific ventilations. The results demon-

strate for the first time the theoretical predictions for the effect of ignoring

dead space in the classical model and the practical applicability of the gener-

alized model. Published as [85] and reproduced under the Creative Commons

Attribution 4.0 International License.1 (Objective 2-b)

Specific contributions: the experiments were planned and executed together

with one co-author. I developed the analytical results, performed all the data

analysis, created the figures and wrote the drafts and final version of the

manuscript.

The texts of Chapters 3 to 6 are composed by the papers’ main text2 with

minimal edition to comply with formatting rules. In general, the abstracts were

omitted and each section of the chapters corresponds to a section in the paper

(introduction, methods, results, discussion and conclusion3). Figures and tables

numbers, and references were altered to be consistent and continuous along the

text. Abbreviations were also uniquely defined (and nomenclature was unified) at

1https://creativecommons.org/licenses/by/4.0/
2i.e. sections as Funding Sources, Conflict of Interest, Data Availability, etc. were omitted
3In Chapter 3 Conclusion is merged in the Discussion
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the first appearance in the thesis. For completeness, the supplementary digital

contents accompanying the papers were reproduced as appendix with the same type

of modifications.
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Chapter 2

PET Compartmental Model and

Image Registration

The results about regional tissue expansion and the consequences of regional

mechanotransduction to lung injury, presented in Chapters 3 and 4, are based pri-

marily in image processing of PET/CT scans. The two main methods applied are

compartmental modeling for kinetic analysis of dynamic PET data, and image reg-

istration for voxel level estimation of lung tissue deformation. Both methods are

briefly described here.

2.1 PET compartmental model

The PET is a functional image, i.e. provides spatial localization and quantification

of biological processes. The function being quantified depends of the radioactive

tracer used [86]. Here the focus will be the 18F-FDG that is widely used in oncology

[87] and was established as a marker of lung neutrophilic inflammation [47, 48].

2.1.1 The 18F-FDG

The 18F-FDG is a molecule analogous to the glucose where the hydroxyl of the

carbon 2 is substituted by an 18F (Fig. 2.1). Hence, 18F-FDG follows a similar

metabolic path to glucose while emitting protons from the decay of the fluorine,

which allow its imaging with PET. Glucose is the main source of energy to a cell

and will be uptake faster during high metabolic states (e.g. tumor cell proliferation,

inflammation). The glucose uptake can be simplified in two steps, the transport to

the cell and the phosphorylation. The transport is active trough membrane proteins

(GLUT 1–7) activated by insulin and that function in both ways from the highest

to the lowest concentration of glucose [87]. Once inside the cell, the glucose can be

phosphorylated by the hexokinase (Fig. 2.1). The glucose-6-phosphate that results

11



from the phosphorylation will no more interact with the GLUT, staying inside the

cell and continuing the glycolysis (or the pentose phosphate) pathway. Because

the 18F-FDG lacks the hydroxyl in the carbon 2, the new molecule resulting from

phosphorylation (2-deoxy-2-F-glucose-6-P) cannot be further metabolized and the
18F will remain trapped inside the cell. Of note, the 2-deoxy-2-F-glucose-6-P can be

dephosphorylated returning to 18F-FDG, which could leave the cell. In the lungs,

the expression of the enzyme promoting the dephosphorylation is very low and this

process is negligible.

Figure 2.1: Representation of the cellular uptake of the 18F-FDG. The molecule is
actively transported through membrane proteins (GLUT) and the phosphorylated
by hexokinase. Adapted from [87] with permission.

The described metabolism of 18F-FDG in the cellular level is then controlled

by the expression and activity of both GLUT and hexokinase. As said before, the

transport of glucose through the cell membrane depends on a gradient, so 18F-FDG

uptake depends of the availability of this molecule to the tissue. Because 18F-

FDG is transported in the plasma, availability is proportional to perfusion and the

permeability of the vessels.

2.1.2 The models

Compartmental model is a modeling technique used, among other fields, in pharma-

cokinetics. The objective is to describe the dynamics of a substance inside functional

units of the body. Functional units are not restricted by anatomical structures, rep-

resenting different states of the substance. Each compartment, models a pool of the

original substance or the byproducts of its metabolism. The kinetics is given by

the chemical reaction (or series of reactions) that transform the tracer between this

compartments. Therefore, it is parameterized by transport rates in the forward and
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backward reaction directions. The number of compartments and interpretation of

the transport rates depends of the tracer and organ being modeled.

The most common model for the kinetics of 18F-FDG is the three-compartment

model proposed by SOKOLOFF et al. [88] for study brain metabolism with 14C-

deoxyclucose. This is the minimal model to represent the two main processes of

facilitated transport and phosphorylation. The three compartments are the plasma

(Cp), the extravascular compartment (CE), i.e. tissue cells, and a metabolized com-

partment (Cm) representing the phosphorylated 18F-FDG (Fig. 2.2A). The exchange

between these compartments is given by four rate constants: K1 and k2 representing

the transport from the plasma to the tissue, and the inverse direction; and k3 and k4

representing the phosphorylation and dephosphorylation rates (k4 is normally not

considered). The net uptake rate (Ki = F e · k3) is given by the product of the
18F-FDG available for phosphorylation (inside cells) and k3. The amount of tracer

available for phosphorylation (Fe) is the fractional volume of Ce, which is given by

the balance of tracer flowing in and out (Fe = K1/(k2+k3)). The fifth parameter of

the model is the fraction of the region-of-interest occupied by blood (volume of Cp)

represented as Fb.

Because advanced stages of lung injury are characterized by interstitial or alveo-

lar edema, the 18F-FDG may leave the plasma but not be available for phosphoryla-

tion. To model this condition a new compartment must be added [46]. The exchange

of 18F-FDG between this new extra vascular-extra cellular compartment (Cee) and

Ce is modeled by the rates k5 (to Cee) and k6 (from Cee) (Fig. 2.2B). The fractional

volume of the cellular compartment remains equal Fe in the three-compartment

model. The fractional volume of Cee is given by Fee = F e · · · k5/k6.
These three- and four-compartment models consider that the input function (see

below) and the tracer kinetics in the region-of-interest are synchronized in time. This

is normally not the case and exist a delay between these curves due to the physical

distance between the sample sites (Fig. 2.2C). Modeling this delay may have a

significant effect in the estimated Fb and early kinetic parameters (K1 and k2) [89].

Moreover, because regional perfusion is a function of the local volume and transit

time, the estimated delay and Fb allow for calculation of relative perfusion to the

region-of-interest [89]. This three-compartment model with delayed input function

was used in his thesis due to the expectation of mild injury (no significant edema)

in the experimental model. Importantly, the lack of edema was confirmed with

histology and wet-to-dry lung weight ratios (see Chapter 3), and the appropriateness

of this model was assessed comparing the Akaike information criteria resulting from

non-delayed three- and four-compartment models [46, 89].
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Figure 2.2: Block diagrams representing three possible compartmental models for
the 18F-FDG kinetics in the lungs. (2.2A) Classic three compartments (Sokoloff)
model; (2.2B) four compartments model; and (2.2C) three compartments with de-
layed input function. Cp = plasma compartment; Ce = extravascular compartment
where 18F-FDG is available for phosphorylation; Cee = extra vascular- extra cel-
lular compartment (18F-FDG cannot be phosphorylated); and Cm = metabolized
compartment (after phosphorylation). K1 = facilitated transport rate from blood
to tissue; k2 = transport rate from tissue to blood; k3 = phosphorylation rate; k4 =
dephosphorylation rate; k5 = transport rate from the cellular to the extra-cellular
compartment; k6 = transport rate from the extra-cellular to the cellular compart-
ment; and td = blood travel time between the right heart and the region-of-interest
(ROI).
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Input function

The compartmental model is an input-output model; therefore, it is necessary to

know the input function for data analysis. The compartmental model does not

include the mixing of the injected 18F-FDG in the blood, nor the uptake of tracer in

regions outside the region-of-interest. These effects vary among subjects and within

a subject according to their metabolic condition, avoiding an a priori description of

the input function. Thus, to estimate this input, sequential arterial blood samples

are drawn and their tracer concentration is determined [45, 90]. Normally, a large

number of samples must be used to have a correct description of the shape of the

curve for interpolation, especially at the first minutes when the changes are faster

(Fig. 2.3). In order to reduce the number of samples, image derived methods were

proposed [91, 92].

Figure 2.3: Representation of the lung 18F-FDG kinetics after a pulse injection of the
tracer. The curve measured in a region-of-interest within a PET image (ROI, thick
black) may be fitted (Model, light gray dashed) to a sum of three compartments:
the plasma (Cp, dark gray), a pool of 18F-FDG available for phosphorylation (Ce,
light gray continuous) and the phosphorylated tracer (Cm, black with triangles).

In such imaging guided approaches, the activity in a region-of-interest represent-

ing a blood poll before the analyzed region (for the lung it is commonly the right

heart) is used to determine the shape to the input curve. The magnitude is then

calibrated using the tracer concentration in a few blood samples. Three PET image

characteristics should be considered during the calibration: the signal to noise ratio,

the partial-volume effect, and the spillover between neighbor regions. This imposes
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somewhat conflicting constraints. The signal to noise ratio increases for large num-

ber of voxels (volume), which will normally lead to regions-of-interest close to the

anatomical boundaries of the blood pool. This in turn, increases the partial-volume

and spillover. To mitigate these last two effects, SCHROEDER et al. [91] proposed

to calibrate the input function magnitude using a two-compartment model

Cblood−pool = RCCp (t) + SC

∫
Cp (t) dt

where Cblood-pool is the tracer activity measured in the image and Cp the activity in

the plasma samples. The constants RC and SC represent, respectively, the recovery

coefficient that quantifies the geometrical partial-volume, and spillover coefficient.

RC and SC are adjusted to the data in an iterative search to approximate the

integral term, initially assuming that the Cp kinetics is equal CROI [91]. This was

the method used in this thesis.

2.1.3 Experimental interpretation

The constant rate K1 models the transport of 18F-FDG from the blood to the tis-

sue, than should be correlated with perfusion and tissue expression of the GLUT

proteins. Indeed, measurements of 18F-FDG kinetics and 15O-water (which uptake

is proportional to local perfusion [93]) show that K1 is correlated with perfusion in

breast cancer [94, 95]. This was true at baseline and in treatment follow-up [94].

Measurements in patients with cancer showed that the K1 from tracer kinetics is

correlated with GLUT gene expression of tumor cells samples [96].

The association of k3 and hexokinase activity was also demonstrated experimen-

tally. Similar to the result about K1, the k3 measured in PET kinetics of cancer was

correlated with hexokinase activity in samples of the tumor cells [96, 97]. Moreover,

k3 is shown to be a marker for tumor staging and response to treatment [97, 98],

reinforcing its importance to characterize metabolic activity. The other component

of the net uptake rate, the Fe, was shown to correlate to neutrophils counts in histol-

ogy slides of lung tissue [47], indicating that an increase in the number of this highly

metabolic cells is associated with increased volume of distribution of 18F-FDG.

In the context of lung injury, the metabolic activity measured with 18F-FDG-

PET is associated with the level of inflammation, especially neutrophilic inflamma-

tion. Ki is shown to be increased in different models of VILI [47, 49, 50], differentiat-

ing lung regions and cause of injury. High levels of 18F-FDG uptake are also present

in lungs of patients before and after established ARDS [99, 100]. The regional k3

was shown to be correlated with gene expression of inflammatory markers in lung

tissue [47]. The association between 18F-FDG uptake and neutrophilic inflammation
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was proposed by CHEN e SCHUSTER [45]. Different lung injuries show correlation

of 18F-FDG uptake and neutrophil migration into the lungs [45, 47, 101, 102]. Di-

rect association of 18F-FDG uptake and neutrophil activity was demonstrated in an

experiment with autoradiography. It showed that in tissue slides of inflamed rats’

lungs, neutrophils were the cells with the highest accumulation of 18F-FDG [103].

Another rat experiment showed a parallel of increased 18F-FDG and myeloperoxi-

dase (an enzyme mostly expressed in neutrophils) activity in the lungs after systemic

administration of LPS [48]. In this same paper, in vitro activated human neutrophil

showed increased accumulation of glucose, and elevated expression of GLUT and

hexokinase proteins and genes when compared to non-activated neutrophils [48].

From these findings, the measure 18F-FDG uptake is considered to reflect a combi-

nation of the neutrophil infiltration (Fe) and activation (k3), although not strictly

specific. Of note, the number of cells in a region-of-interest of a PET image can

be large because of more neutrophil infiltration of increase in tissue density (dere-

cruitment), thus it is important to account for differences in tissue content when

comparing regions with different levels of aeration.

2.2 Image registration

Image registration is the process of transforming the data in an image to a new

coordinate system. More specifically, the goal is to match spatial features between

two images. As an example, consider the use case of this thesis: register an image

of the same lung at two different phases of the respiratory cycle.

In Fig. 2.4 one slice of an end-expiratory CT scan and one of an end-inspiratory

scan are shown. The later was visually matched to the first. In consequence, there is

a good agreement of the large vessels and airways present in the dorsal regions of both

images, although their shapes and positions are noticeably different. Differences

that more remarkable are observed in the overall shape of the lungs. In the end-

inspiratory image the lungs (and the chest wall) are more round and have a larger

area. In the ventral regions the dense structures (light colors) are clearly different

between both slices and the end-inspiratory lung is located in a more apical region

of the heart. These differences are captured when the end-inspiratory image is

subtracted from the end-expiratory generating large positive and negative errors

(light and dark gray in Fig. 2.4).

The application of image registration (to the whole images as a 3D procedure)

will estimate a transformation applied to each voxel of the end-inspiratory image in

order to revert the described differences. The resulting transformed image is notably

closer to the end-expiratory CT, generating a blunted difference image (Fig. 2.4).
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Figure 2.4: Schematic example of image registration applied to lung computed to-
mography (CT). The objective of image registration is to find a transformation that
matches the spatial data of the end-inspiratory to the end-expiratory CT scan. The
inspiratory slice before registration was visually matched to the expiratory slice.
Some difference are clearly noticed, at inspiration: the area of the lungs is larger,
the lungs and chest wall are more round, the lungs is positioned closer to the heart
apex, and the anatomical structures (vessels and airways) in the ventral region are
different from expiratory image. The two difference images at the bottom of the
figure are in the same color scale.
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Importantly, on top of the registration errors and noise, the difference in aeration

between both lung states prevents a zero difference.

2.2.1 Applications

Image registration is applied in the medical field in order to provide spatially com-

parable images in longitudinal studies, and between different subjects and image

modalities. In the field of neuroimaging, for example, the evaluation of brain degen-

eration can be performed by comparison of the patient magnetic resonance image

to a template with annotated anatomical regions [104]. In the pulmonary field, this

direct spatial comparison is normally performed through parametric response maps

of aeration.

Parametric response maps are scatter plots of CT voxels in two different levels

of lung inflation. They summarize the distribution of aeration in both lung sates,

as well as the regional changes in aeration. As they are derived from CT scans,

the voxels identified as having special characteristics can be mapped to the origi-

nal image providing anatomical information about the observed mechanisms [105].

Parametric response maps are used primarily in chronic obstructive pulmonary dis-

ease (COPD) where it can identify functional small airway disease (fSAD, voxels’

Hounsfield units (HU)<− 856 at end-expiration and >− 950 at full inspiration) and

emphysema (voxels’ HU<− 950 in both lung inflations), the two main components

of COPD [105]. A recent application of prametric response maps is for identifi-

cation of areas in risk of VILI (injury defined irreversible low gas content regions,

voxels’ HU>− 300 during the whole breath cycle) after a injury insult with acid

aspiration [106]. In experimental measurements in rats such areas in risk of injury

were determined as having large tidal changes in density, from −600 < HU < 0 at

end-expiration to −700 < HU < −300 at end-inspiration [106].

To study mechanotransduction, more relevant than spatially matched images, is

the estimated transformation by itself. The output of an image registration proce-

dure is a vector field (T(x)) that maps the location of each voxel from one image to

the other. When generating the transformed image, the voxels are moved to their

new positions and the intensity values are interpolated in a new image with the

same voxel grid than the original CT. When considering a voxel together with its

neighbors, the final transformed voxel has an effective shape and volume that are

potentially different from the grid in the CT scan (Fig. 2.5). The T(x) provides

information about deformation, and hence strain, in the resolution of voxels.

Voxel level strain can be calculated from the determinant of the Jacobian matrix

of T(x), which is an infinitesimal local approximation of the vector function [58].

Importantly, the strain calculated from the Jacobian is referred to the total voxel
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Figure 2.5: Representation of the volumetric deformation assessed by image regis-
tration. From end-expiration to end-inspiration, each voxel can be translated to a
new location by a transformation T(x) and the movement of neighbor voxels may
result in rotation and change in volume.

volume (tissue+air), differing from other strain estimations based on changes in

gas content [51, 67]. It is possible to calculate a gas based voxel level strain as

the image registration gives spatially matched expiratory and inspiratory images.

However, this measure is more sensitive to noise than the Jacobian, resulting in

poor reproducibility [107].

2.2.2 Methods

As shown in the example in Fig. 2.4, the lung expansion during inspiration results not

only in movement in the cephalo-caudal axis and expansion of the rib cage, but also

in out-of-plane movements (ventral and dorsal regions do not match in the same slice

between both inflation states). Consequentially, registering two lung images requires

an elastic registration, which allow for local deformations. There is a variety of such

methods proposed in the literature. These methods are mainly differentiated by the

type of transformation (e.g. diffeomorphic, thin-plate), the regularization (e.g. B-

spline, greedy symmetric) and cost function (e.g. tissue preserving, voxel intensity,

cross-correlation). One list of methods in the perspective of pulmonary imaging is

found in [108].

In this thesis, all the image registrations were performed using the open-source

Advanced Normalization Tools (ANTs)1. It provides a set of choices for the three

characteristics listed above, from which was chosen a diffeomorphic transform with

1Available at stnava.github.io/ANTs/ in May/2018
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B-spline regularization minimizing the cross-correlation between neighbor voxels.

By definition, diffeomorphic transforms are smooth with smooth inverse, presum-

able characteristics of elastic tissue deformation. B-spline regularization guarantee

continuity of the deformation field and are computationally efficient for problems

requiring high amount of regularization [104]. The cross-correlation is not affects

by multiplication by a constant, being more robust to expected changes in voxels

intensity due to differences in lung aeration at expiration and inspiration.

2.2.3 Validation

The primary method for evaluation of the results of the image registration is the

landmark distances. A set of landmarks (characteristic points that are present in

both images) is defined in both end-inspiratory and end-expiratory images in a

paired way. After image registration, T(x) is applied to one of these sets of points

generating the transformed landmarks. In a perfect registration this transformed

set is exactly superimposed to the one in the reference image, than the distance

between transformed and reference landmark positions is a figure of merit of the

registration procedure.

Two methods were previously proposed for defining the paired landmarks in

lung images: bifurcations of the airways and vessels trees [109], and a semiautomatic

visual matching [110]. Here the second was used because the performance of airways

and vessels segmentation is poor for large slice thickness [111]. The semiautomatic

landmark definition was performed using the public available software isiMatch2.

First, the reference landmark set is automatically generated as distinctive points,

i.e. points in sharp intensity transitions that can be differentiated from its neighbors

within a given sphere [110], in one of the images (Fig. 2.6, left). Then, each landmark

is sequentially displayed in axial, sagittal and coronal views and using the same

views of the other image, the user can manually select the point corresponding to

the landmark (Fig. 2.6, right). During the matching process the isiMatch generates

a thin-plate transformation to try to predict the location of the next points, after

a user defined threshold of consecutive confirmed guesses, it automatically defines

the rest of the matches in the landmark set. The final matched landmarks should

be verified by the user. Results for landmark analysis applied to the set of images

of this thesis are shown in Appendices A and B.

Other methods to validate the results of lung image registration include measures

of the superposition of lung masks [112] and the positioning of lung fissures [108]. In

2010, an image registration challenge was proposed [108]. It compared 34 methods of

image registration in a common set of lung images. Of note, the ANTs registration

2Available at http://isimatch.isi.uu.nl in May/2018
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Figure 2.6: Example of matched landmarks in the expiratory (left) and inspiratory
(right) images.
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algorithm adopted here was later included in the analysis and positioned in 3rd at

the time the data processing for the thesis was initiated.

The three methods commented above (landmark, Dice distance and fissure lo-

cation) provide a metric for the spatial matching between the reference and trans-

formed images globally and in sparse points. Therefore, they are only an indirect

measurement of the accuracy in estimation of local volume changes. As these re-

gional volumes are the variable of interest when studding mechanotransduction, here

a directed assessment of average regional expansion was proposed. The volumetric

deformation calculated from image registration was compared to references derived

from using the same images: the whole lung inspiratory and expiratory masks; large

regions-of-interest comprising 1/15th of the total lung tissue at end-expiration and

end-inspiration either in the ventro-drosal (Fig. 2.7, left) or latero-lateral (Fig. 2.7,

center) axis; and in tetrahedra defined between the landmarks (Fig. 2.7, right). In

all cases, the image registration derived deformation (Jacobian = final/initial vol-

ume) was the mean of voxels within the region-of-interest (for the tetrahedra the

center of the voxel was considered). The data was from eight animals mechanically

ventilated with low VT (∼8 mL kg−1) and PEEP (5 cm H2O) in supine (n=5) and

prone (n=3) positions from the experiment described in Chapters 3 and 4. In all

animals, there was three pairs of CT scans: at baseline, and after 6 h and 24 h of me-

chanical ventilation. Landmarks where available for three animals (2 supine and 1

prone) at baseline and 24 h, and one supine animal at 6 h (chosen because presented

the largest change in volume).

Figure 2.7: Reference regions-of-interest for evaluation of regional deformation esti-
mation by image registration. The recovery of spatial distributions of relative defor-
mations by image registration was validated in 15 large regions-of-interest with equal
mass defined in the ventro-dorsal (left) and latero-lateral (central) axis. For smaller
length-scales, tetrahedra (right) were defined between landmarks semi-automatically
matched in the expiratory and inspiratory images.
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Whole lung

For the whole lung, the reference was the ratio of the number of voxels in the inspi-

ratory to the number of voxel in the expiratory mask. The comparison showed that

the average deformation estimated with image registration represented the different

expansions in the 24 images, although with a systematic lower magnitude (difference

= −0.90± 0.04, (−7± 2) %, Fig. 2.8). Additionally to an error in the registration,

this difference in magnitude also reflects uncertainty in lung segmentation. There

was a proportional bias, with the difference between the Jacobian and the mask

deformation increasing for the largest differences between expiratory and inspira-

tory volumes. A decrease in performance (assessed by landmark distances) of image

registration with increasing lung volume variation was reported before with a dif-

ferent registration method [113], being inherent of the current available registration

techniques. For the cases in this thesis, a factor that may have contributed to this

proportional error is that the field-of-view of the CT did not include the whole lung

with a possible movement of tissue to outside the image during inspiration.

Figure 2.8: Bland-Altman plot for the comparison of the whole lung average expan-
sion estimated with image registration and the volume change between expiratory
and inspiratory masks. The image registration is sensible to difference in expansions
between animals. However, the accuracy decreases for larger deformations.

Iso-tissue regions-of-interest

The goal with the iso-tissue regions-of-interest was to identify if the image reg-

istration could represent the spatial profiles of lung expansion. To generate the

references, the tissue content of each row or column of voxels within the lung masks
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was calculated and lines or columns were grouped to account to as close as possible

1/15th of total tissue, without superposition and including the whole masks. Be-

cause the resolution of the reconstructed image was low in the cephalo-caudal axis

(slice thickness = 2.5 mm) the variability of tissue between regions-of-interest would

be large and this direction was not considered. The reference expansions were the

ratio of corresponding regions-of-interest in both lung states.

The Jacobian provided regional deformations that followed the heterogeneous

spatial distribution in supine and the homogeneous distribution in prone. This was

true for both vertical and lateral directions in the three time points (Fig. 2.9). Again,

the magnitude of the deformation from image registration was lower than the direct

obtained from the regions-of-interest. Furthermore, it seemed to increase for larger

deformations.

Figure 2.9: Examples of lung expansion profiles along the ventro-dorsal and latero-
lateral axis during mechanical ventilation in supine and prone positions. The curves
represent the deformation of 15 equal tissue regions-of-interest in each axis. Note
that despite the difference in magnitude, average voxel level deformation (dashed
lines) followed the spatial pattern of the reference regions-of-interest (solid lines).
Data is for one supine and one prone animal at baseline (0), and after 6 h and 24 h
of mechanical ventilation.

Tetrahedra

The tetrahedra were used to assess deformations in length-scales smaller than in

the iso-tissue references. The vertices were automatically defined using Delaunay

triangulation constrained to the left and right lung boundaries to avoid tetrahedra
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partially outside the lung. The vertices defined in the expiratory landmarks were

repeated for the inspiratory to reassure matching. Tetrahedra with height lower

than 2.5 mm were excluded. The reference expansion was the ratio between the

volume of the inspiratory and expiratory tetrahedra.

In a first moment, the small length-scale deformation assessed with the tetra-

hedra pointed to low agreement between image registration and the reference

(Fig. 2.10, Pearson correlation r=(0.24± 0.12) [range 0.09 to 0.46]). This result

did not seem to be compatible to the landmark distance ((1.6± 1.4) mm, below

the slice thickness of 2.5 mm). The apparent disagreement in the data leads to a

close examination of the tetrahedra that showed a difference in the tissue amount

represented by the corresponding expiratory and inspiratory tetrahedra. The cor-

rection for this tissue difference clearly increased the correlation (r=(0.51± 0.17)

[0.19 to 0.66, Fig. 2.10 lower panel). This improvement indicates that there was

an important contribution of tissue warping to regional lung deformation. Thus,

the planar faces of the tetrahedra were not preserved from expiration to inspiration

as imposed in uncorrected data. Interestingly, in the iso-tissue ROI a correction

for differences in tissue content at both lung states (there could be differences in

the lung inside the field-of-view and variations due to the discrete tissue increments

restricted to one row/column) also improved the agreement between the Jacobian

and the reference (r=(0.54± 0.34) [−0.43 to 0.95] before and r=(0.75± 0.23) [0.14

to 0.98] after tissue correction). Therefore, warping seems to be relevant also for

large regions-of-interest.

Overall the results of this internal comparison demonstrated that image registra-

tion estimation of lung deformation provides information about: (1) the variation

in regional expansion within the lungs; (2) differences in expansion among animals;

and (3) changes in expansion for the same lungs at different time points (and degree

of injury). Hence, this is an adequate method to be applied in the investigation of

progression of spatial distribution of tidal strain during development of VILI.
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Figure 2.10: Correlation of local lung deformation estimated from image registration
and from tetrahedra between matched landmarks. Correction of reference values by
the ratio of end-expiratory and end-inspiratory lung tissue within the tetrahedra
improved the correlations. This indicates the presence of significant warping of the
planar faces of the tetrahedra. The dashed line represents the identity. Data is from
three animals at baseline (0) and 24 h and one animal at 6 h.
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Chapter 3

Deterioration of regional lung

strain and inflammation during

early lung injury

3.1 Introduction

Recent clinical trials and large registry studies have shown benefits of protective ven-

tilatory strategies in patients without lung injury at the onset of mechanical ventila-

tion both in intensive care units [28, 30, 31, 114, 115] and operating rooms [29, 32–

34, 116]. However, the mechanisms causing lung injury remain unclear, and there is

no known optimal strategy to prevent injury in these patients. Limiting tidal volume

(VT) has been proposed as the main intervention [117, 118]. In contrast, data are

conflicting for strategies aiming at homogenizing lung aeration such as prone posi-

tion and higher positive end-expiratory pressure (PEEP). In critically ill patients,

these interventions are predominantly directed to severe cases of the ARDS despite

calls for early use [119, 120] and adverse results of aggressive PEEP strategies [121].

In surgical patients, while intraoperative low PEEP is still prevalent worldwide [53],

intermediate levels have been associated with better pulmonary outcomes [122].

At least three factors could contribute to the injurious effect of heterogeneous

lung aeration in initially uninjured lungs. First, regional parenchymal stretch could

exceed the global strain (change in total lung volume/resting volume) during tidal

breathing because of atelectasis, airway closure or heterogeneity in regional ven-

tilation. Data are scant in this field, and it has been argued that experimen-

tal global strain thresholds for lung injury (=1.5 to 2.0 applying VT≥20 mL kg−1

for (28± 17) h) [41] would not occur in human healthy lungs even with moderate

VT [40]. Second, sepsis, surgical inflammatory response, and other injurious insults

could increase the susceptibility of lung parenchyma to mechanical stretch (two-hit

28



mechanism). Third, a mechanism linked to regional blood volume or flow could

affect susceptibility to injury or its progression [123]. Knowledge on such factors is

essential to guide early management and prevent ARDS in those patients. Although

animal experiments provided information on the first two factors [22, 51], a combi-

nation of exaggerated VT, short experimental times and use of small animals limit

their extrapolation to conditions comparable to those present in humans.

Computed Tomography allows for high resolution assessment of regional lung

deformation [58, 64–66]. Neutrophilic inflammation is a major process in early

lung injury quantifiable with PET [45, 47–50]. Using hybrid PET/CT methods,

we tested the hypotheses that (1) mechanical ventilation strategies consistent with

clinical practice do not protect from worsening in regional lung strains during early

lung injury, and (2) local neutrophilic inflammation is associated with local strain

and blood volume at global strains below an injurious threshold [41]. We investi-

gated these hypotheses in a large animal model comparable to human lung inflation

pursuing the following goals: 1) to quantify the spatial distribution of aeration and

tidal strain during the first 24 h of mild endotoxemia and mechanical ventilation. To

study the effect of aeration heterogeneity on strain distribution, we compared the

usual heterogeneous lung aeration (supine) with a standard homogeneous condition

(prone); and 2) to establish the topographical relationship between regional neu-

trophilic inflammation as well as gene expression markers of lung inflammation and

injury with strain and blood volume. Our results, reinforced by data in critically ill

patients, support the concept of applying lung homogenization strategies before the

onset of ARDS.

3.2 Methods

The Subcommittee on Research Animal Care at the Massachusetts General Hos-

pital approved the experimental protocol. Ten female sheep ((15.7± 2.6) kg) were

anesthetized, paralyzed, intubated and mechanically ventilated for 24 h using the

ARDSNet lower PEEP table [27] and low VT adjusted to reach an alveolar plateau

in the volumetric capnogram. After prone lung recruitment, animals were divided

into: supine (N=5) or prone (N=5) positions. Intravenous endotoxin was started af-

ter baseline data collection (2.5 ng kg−1 min−1, Escherichia coli O55:B5, List Biologic

Laboratories Inc, Campbell, CA). Methods are detailed in Appendix A.

3.2.1 CT Imaging

At baseline, 6 h and 24 h, CT images were acquired during end-inspiratory and

end-expiratory breath holds for aeration and strain analysis; and at mean lung
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volume (tidal breathing, 2 min) for PET attenuation correction and delineation of

regions-of-interest. Voxel gas fraction was quantified considering air Hounsfield units

(HU)=− 1000 and tissue HU=0 as Fgas = voxelHU/− 1000.

We used image registration of the end-inspiratory to the end-expiratory CT

images to calculate voxel level tidal strain (voxel volume change/end-expiratory

volume including lung tissue+air) [58, 64–66]. Registration accuracy was validated

using landmarks (Appendix A Fig. A.2). To compare animals and time points,

strains were normalized by CT-measured global inspired air volume. Heterogeneity

of aeration and tidal strain were assessed by the variance normalized by the squared

mean.

3.2.2 PET Imaging

At baseline and 24 h, we acquired dynamic PET images of 18F-FDG to measure tissue

glucose metabolism, a biomarker of early ARDS [49]. Kinetics parameters reflective

of net uptake, phosphorylation rate, and volume of distribution and blood volume

[124] were calculated for the whole lung and multiple small cylindrical regions-of-

interest (∼1.4 mL).

3.2.3 Tissue Samples

At 24 h, lung tissue was sampled from ventral, mid and dorsal regions. From the

left lung we assessed histological lung injury score [125] and from the right lung,

wet-to-dry ratios and gene expression.

Gene Expression Analysis

Using real-time reverse transcription quantitative PCR (RT-qPCR), we measured

tissue expression of genes related to inflammatory cytokines (IL-1β, IL-6, CXCL-8),

neutrophilic inflammation (ICAM-1, CD11B) and epithelial (RAGE) and endothe-

lial (amphiregulin, PAI-1) cell injury.

3.2.4 Human Data

PET/CT images were acquired for two septic patients after informed consent from

their surrogates. Both were mechanically ventilated (<96 h) in supine position

with low VT (5.0 mL kg−1 and 7.0 mL kg−1) and moderate PEEP (8 cm H2O and

13 cm H2O).
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3.2.5 Statistical Analysis

Data are mean±SD or median [25th-75th percentile] as appropriate. Two-way re-

peated measures ANOVA was used for comparisons within and between groups, ap-

plying aligned rank transformation if needed. Multiple comparisons p-values were

calculated from a multivariate t-distribution or adjusted by Benjamini-Hochberg.

Determinants of change in 18F-FDG phosphorylation rate from baseline to 24 h

were assessed through mixed-effects linear regression. Tests were two-tailed and

performed in R 3.3.1(R Foundation for Statistical Computing, Vienna, Austria).

Significance was set at p<0.05.

3.3 Results

Mechanical Ventilation and Mild Endotoxemia Produced Mild ARDS in

24 h

PaO2/FIO2 ratios decreased in supine animals with gas exchange criteria for mild

ARDS reached at 6 h and worsening despite increased FIO2 (Fig. 3.1A, Appendix A

Tables A.3 and A.4). Supine animals presented lower systemic blood pressure than

prone despite their higher cardiac output (Appendix A Table A.5).

Histology showed mild-moderate injury scores in both groups, with more marked

ventral-dorsal score gradients in supine animals (Fig. 3.1F). The main factor for

those scores was neutrophilic infiltration (interstitium¿air spaces, Fig. 3.1G, Ap-

pendix A Table A.6). Hyaline membranes while infrequent, were more prevalent in

dorsal areas of supine sheep. Wet-to-dry ratios showed no group effect (supine 5.9

[5.7 to 6.1] and prone 5.6 [5.4 to 5.8]).

Transpulmonary Pressures were Higher in Heterogeneously Aerated

Supine Lungs in the first 24 h of Lung Injury

Transpulmonary and driving pressures increased continuously during the 24 h.

Transpulmonary pressures were higher in supine (heterogeneously aerated) than

prone (homogeneously aerated) sheep (Fig. 3.1C). In contrast, no difference

was observed for driving pressures (Fig. 3.1C). This was explained by the

higher lung elastance in supine while prone sheep with supported abdomen had

higher chest wall elastance (Fig. 3.1D-E). Only after 6 h lung elastance in prone

((48.7± 24.8) cm H2O L−1) deteriorated to values comparable to those present at

baseline in supine animals ((44.2± 7.9) cm H2O L−1). Resistances were comparable

between groups (Appendix A Table A.7).
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Figure 3.1: Ratios of arterial oxygen tension to inspired oxygen fraction (PaO2/FIO2,
3.1A) and peripheral blood neutrophils counts (3.1B) at baseline, and after 6 h
and 24 h of low tidal volume mechanical ventilation and mild endotoxemia. (3.1C)
Driving pressure (ERS · V T, solid line) and delta transpulmonary pressure (EL · V T,
dashed line). The equal driving pressure with different transpulmonary pressure in
supine and prone positions was explained by the difference in lung (EL, 3.1D) and
chest wall elastances (ECW , 3.1E). ˆ prone and ‘v’ supine vs baseline. # prone and
* supine vs 6 h. One symbol p<0.05 and three symbols p<0.001. Gray square =
prone; black circle = supine. Histological findings showed regional differences in
lung injury. (3.1F) Boxplot of lung injury score evaluated in three regions from
ventral to dorsal in supine (black) and prone (gray) animals. # vs ventral region,
p<0.05. (3.1G) Examples of H&E staining in high-power (400X) fields for each one
of the regions in one supine and one prone animal.
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Deterioration in the Spatial Distribution of Aeration was Substantial in

Supine but not in Prone Animals

Nonaerated tissue fraction in supine animals increased slightly in the first 6 h and

evidently at 24 h, particularly in dependent regions (Fig. 3.2A-B). In contrast, non-

aerated regions were absent in prone animals (Fig. 3.2C). Hyperaeration was minimal

in both groups even at end-inspiration (Appendix A Table A.8).

The effect of position was even more marked on the progression of spatial het-

erogeneity of aeration. This was not only substantially higher in supine than prone

animals, but worsened over 24 h more in supine (Fig. 3.2D). Importantly, the dif-

ference in aeration heterogeneity between groups was only partially explained by

larger gravitational effects in supine animals, with (32± 9) % represented by non-

gravitational aeration heterogeneity (Appendix A Fig. A.3), suggesting effects of

gravity-dependent heterogeneity extended to the iso-gravitational level.

Spatial Heterogeneity of Lung Strain Increased Predominantly in Supine

Lungs with Maximal Strain Still Below Measures of Excessive Lung Strain

at 24 h

Spatial heterogeneity of tidal strain computed at the voxel level had a significantly

different time course in supine vs. prone sheep. Strain heterogeneity was similar for

groups at baseline (Fig. 3.3B), despite their marked differences in aeration distribu-

tion (Fig. 3.2D). Yet, at 24 h strain heterogeneity increased substantially in supine

but not in prone animals (Fig. 3.3B). This resulted in larger regional tidal strains

in supine than prone sheep at 24 h, with the 95th percentile of the strain distribu-

tion increasing from 2.0± 0.1 to 2.4± 0.1 times the mean strain in supine animals

(Fig. 3.3C). Instead, prone sheep had no change (Fig. 3.3C). Absolute strains (i.e.,

regional volume change/regional volume) for that 95th percentile were 0.25± 0.03,

substantially lower than currently proposed global injurious values. Spatial distri-

bution of tidal strain differed between groups, with variability in isogravitational

regions (Fig. 3.4, Appendix A Fig. A.4). Regions of relative high and low strain

were large and concentrated in supine, and small and homogeneously distributed in

prone (Fig. 3.3A and 3.4).

To study the relationship between regional strain and aeration, we examined den-

sity plots of those variables computed at the voxel level (Fig. 3.5). Supine animals

presented a reproducible inverted U-shaped curve (Fig. 3.5 for end-inspiratory aera-

tion, Appendix A Fig. A.5 for end-expiratory): strains increased with aeration from

low- toward normally-aerated regions. As regional aeration exceeded ∼0.6, strains

decreased with aeration (Fig. 3.5). Compared to baseline (dashed line, Fig. 3.5),

at 24 h median strains decreased in poorly-aerated areas and increased in areas of
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Figure 3.2: Lung aeration decreased faster in supine than prone conditions when
a mechanical ventilation strategy compatible with clinical practice using low pos-
itive end-expiratory pressure and tidal volume was applied for 24 h to mild endo-
toxemic animals (3.2A). In the supine lung, on average 48 % of regions are either
non- or poorly aerated at the end of 24 h of mechanical ventilation and endotox-
emia (3.2B) while in prone animals 27 % of the lung is poorly aerated and none
nonaerated (3.2C). Non-aerated = FGAS<0.1, poorly-aerated = 0.1 ≤FGAS<0.5,
normally-aerated = 0.5 ≤FGAS<0.9 and hyper-aerated = 0.9 ≤FGAS. (3.2D) Aera-
tion heterogeneity, measured as the variance normalized by the squared mean along
time. There is marked contrast between the progressions of aeration heterogeneity
in supine versus prone animals, with increase significantly only in supine. Values
computed at end-expiration. Group effect is indicated in the figure. # represents
comparison among time points, ## p<0.01 and ### p<0.001. Prone animals had
no difference between time points. Gray squares = prone; black circles = supine.
All data refer to the whole lung.
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Figure 3.3: Normalized strain computed from measurements at the voxel level in
supine and prone animals at baseline and after 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. (3.3A) A transverse slice at approx-
imately 2/3 of the cephalo-caudal axis is presented along time showing voxel level
strain in a cold to hot color scale (dark blue=compression/no strain, red=higher
strain value within the image) superimposed on the CT. Note the heterogeneous
spatial distribution of strains in supine animals, in contrast to the more homoge-
neous distribution in prone sheep, also shown in the normalized strain distribution
presented for each animal (different colors). Heterogeneity (variance normalized by
squared mean strain) increased in the supine position (3.3B), leading to an increase
in the ratio of maximum (95th percentile) to mean strain in this group (3.3C).
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Figure 3.4: Normalized strain in one supine (upper panels) and one prone (lower
panels) animal at baseline and after 24 h of low tidal volume mechanical ventilation
and mild endotoxemia. Strains are color coded from low and slight compression
−1 L−1 (blue) to expansion 3 L−1 (yellow). Values at the ends of the scale were
highlighted making the center (1 L−1) transparent with a gradual increase in opacity
for both sides, as shown in the color bars associated with the strain histograms in the
right panels. In both groups, there was heterogeneity in isogravitational levels. Note
the larger heterogeneity in the spatial distribution of strains in the supine position,
with more extreme values seen in subdiaphragmatic (dark blue) and nondependent
(yellow) regions, while a more homogeneous pattern is observed in prone conditions.

normal-high aeration. In contrast, prone animals displayed a markedly homoge-

neous spatial distribution of strain vs aeration, slightly spread at 24 h (Fig. 3.5).

Parametric response maps showed irreversibly low gas content regions present only

in supine animals (Appendix A Fig. A.6).

Increased Lung Tissue 18F-FDG Uptake at 24 h of Lung Injury was As-

sociated with Regional High-Aeration, Blood Volume and Tidal Strain

Whole lung metabolic activity estimated from 18F-FDG uptake in-

creased significantly at 24 h in both groups ((0.23± 0.04)× 10−2 min−1 to

(0.34± 0.09)× 102 min−1, Fig. 3.6A). This increase was due mostly to an in-

creased phosphorylation rate ((1.9± 0.2)× 10−2 min−1 to (2.6± 0.5)× 10−2 min−1,

Fig. 3.6B), indicating more cellular activation than increased 18F-FDG volume of

distribution (Fig. 3.6C). The circulating neutrophil counts increased in both groups

(Fig. 3.1B).

Spatial distribution of 18F-FDG uptake rate was homogeneous for both groups at

baseline. At 24 h, it remained homogenous in prone, but showed a vertical gradient

for supine sheep (Fig. 3.6D, Appendix A Fig. A.7). This gradient was not only due

to higher density in dependent atelectasis, as tissue-normalized uptake increased

more in atelectatic than in continuously normally aerated regions (FGAS=0.5 to
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Figure 3.5: Voxel level normalized strain versus end-inspiratory aeration (fraction
of gas, FGAS) at baseline and after 6 h and 24 h of mild endotoxemia and low tidal
volume mechanical ventilation. Data refers to all animals in supine (upper panels)
and prone (lower panels). The boxes represent median (red) and interquartile range
of strains for voxels in the aeration intervals: <0.1; 0.1 to 0.3; 0.3 to 0.5; 0.5 to 0.7;
0.7 to 0.9; >0.9, centered in the mean aeration within each aeration interval. Voxels
between the 5th and 95th strain percentiles are depicted in a two-dimensional his-
togram, with the gray scale indicating the fraction of total lung volume represented
by a pair of strain and aeration (black is highest). Gray scale is the same within
groups. In the supine animals (upper panels), strain-aeration relationships showed
an inverted U-shaped pattern. Strain increased with aeration up to an FGAS∼0.6
followed by a decrease with aeration for FGAS above that value. This pattern was
consistent across time points, with progressive decrease in median strain at low aer-
ations and increase at high aerations when compared to median strain at baseline
(dashed line). The decrease in gray scale for prone (lower panels) at 24 h indicate a
slight spread of the distribution.
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Figure 3.6: After 24 h of low tidal volume mechanical ventilation and mild endo-
toxemia, 18F-FDG uptake rate, a marker of inflammation, was increased relative
to baseline both in animals in supine and prone positions (3.6A). This increase
was due more to an increase in the phosphorylation rate (3.6B) than to volume of
distribution (3.6C), indicating predominance of cellular metabolic activation. At
baseline, 18F-FDG uptake rate spatial distribution was mostly homogeneous in both
groups. After 24 h, it remained homogeneous in prone, but showed a vertical gradi-
ent in supine (3.6D). Not only the tissue density increased, but regions that became
atelectatic (3.6E, <0.1) had higher increase in tissue-normalized uptake when com-
pared to regions of constant normal (6E, [0.5, 0.7]) aeration. Within aerated regions,
1st (light blue) and 3rd (dark blue) tertile of strain had no difference in normalized
uptake increase (3.6F). ** (p<0.01) and *** (p<0.001) vs normally-aerated region.
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0.7, Fig. 3.6E). Interestingly, the high aerated regions (FGAS>0.7) also had higher

normalized uptake increase (Fig. 3.6E). In both aerated regions, normalized uptake

increased equally for the high and low tertile of tidal strains (average of baseline

and 24 h) (Fig. 3.6F).

To study the determinants of regional inflammation in aerated areas (FGAS>0.1)

we tested the effect of regional aeration, strain (mean and standard deviation,

SDstrain) and blood volume on the change in phosphorylation rate from baseline

to 24 h. The interaction between blood volume and strain (blood volume×strain,

p=0.010), strain (p<0.001), and SDstrain (p<0.001) were related to phosphorylation

rate change. Such finding suggests that higher regional blood volume increased

tissue metabolic response to strain. Details in Appendix A.2 - Determinants of

Inflammation.

Regional Gene Expression at 24 h was Heterogeneously Distributed in

The Lungs and Consistent with Activation of Locally Distinct Inflamma-

tory Pathways

Regional lung tissue gene expression of a subset of markers relevant to lung injury

was heterogeneous and consistent with heterogeneous local mechanical forces and

blood volume. ICAM-1 (adhesion molecule) gene expression was larger in dorsal

than ventral regions in supine animals and not in prone (region-group interaction

p=0.028, Fig. 3.7). This pattern was also present in the expression of the leuko-

cyte adhesion mediator CD11b (p=0.274), which was upregulated in all animals

(Fig. 3.7). CXCL8 (encodes neutrophil chemokine IL-8) expression was consistently

lower in prone than supine animals, and largest in ventral and dorsal regions. PAI-1

(secreted by the endothelium and thought to promote inflammation-mediated tissue

thrombosis) expression was highest in ventral regions (=high aeration, moderate

strain, low blood volume, Appendix A Fig. A.8). The RAGE (felt to partake in bar-

rier disruption in lung injury) gene, although in general downregulated, was more

expressed also in ventral and dorsal regions, with a trend to higher expression in

ventral than dorsal regions of supine sheep (4 of 5 animals, p=0.073). IL-6 was

upregulated in ventral and dorsal supine regions. IL-1β(pro-inflammatory cytokine)

was upregulated nearly two-fold though appeared to have lower expression in prone

animals. In contrast, amphiregulin (modulator that might dampen the inflamma-

tory response) expression was downregulated.
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Figure 3.7: Gene expression in three regions with different aeration, blood volume
and strain conditions after 24 h of low tidal volume mechanical ventilation and mild
endotoxemia. In prone animals, sampled regions were selected to match the three
regions along the gravitational axis sampled in the supine animals. Note that mid
regions have more samples than dorsal and ventral as tissue was sampled at mid
and caudal zones, which showed no difference in a paired Wilcoxon test and were
treated as one region. Points are a dotplot representation of fold change relative
to β-Actin and a control non-injured animal measured with RT-qPCR, gray lines
indicate median (horizontal), first and third quartiles. Comparison between regions
in the same group: * p<0.05, ** p<0.01 and *** p<0.001.
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Septic Patients Mechanically Ventilated for Less than 96 h Showed Ele-

vated Strain with High Normalized 18F-FDG Uptake in Highest Aeration

Regions

A later stage of injury was studied in two septic patients. Both had a bimodal

aeration distribution with predominance of high-normal aeration and no-aeration

(Appendix A Table A.9 and Fig. A.9). Consistent with the animal experiments,

the median of the strain-aeration distribution increased from low toward normal

aeration (Fig. 3.8A). Of note, median strain continued to increase with aeration at

highly aerated regions including hyperaerated (FGAS>0.9) areas (Fig. 3.8A). Such

trend matches the increased median strains at higher aeration observed at 24 h

in supine animals (Fig. 3.5) indicating a progressive distribution of tidal strains to

regions of larger static strains (aeration). Both patients had elevated whole lung 18F-

FDG uptake (0.37× 10−2 min−1 and 0.40× 10−2 min−1). Regions of higher normal

aeration (FGAS>0.7) had larger tissue-normalized blood volume (Fig. 3.8C) and

uptake than those in the lower half of normal aeration (FGAS=0.5 to 0.7, Fig. 3.8B).

3.4 Discussion

In the first 24 h of lung injury produced by mild systemic endotoxemia and me-

chanical ventilation using typical clinical PEEP and VT in animals with lung size

comparable to that of humans: (1) spatial heterogeneity of tidal strain worsened in

supine but not in prone lungs, with increased regions of relative high strain-aera-

tion and of derecruitment; (2) these regions presented biological signs of injury with

increased in vivo metabolic activity, representative of inflammation. Derecruited

regions showed increased gene expression of adhesion molecules and inflammatory

cytokines. In relative high strain-aeration regions, gene expression of endothelial

and epithelial stretch markers, and neutrophil chemokine were increased; (3) re-

markably, these regions were more frequent in two septic patients in the first 96 h

of mechanical ventilation and associated with increased regional inflammation; and

(4) regional strain-blood volume interaction and small length-scale strain hetero-

geneity were associated with neutrophilic inflammation These results indicate that

current mechanical ventilation methods do not prevent lung biomechanical dete-

rioration, and support the relevance of interventions preceding ARDS aiming at

homogenizing lung aeration to minimize lung injury.

Optimizing mechanical ventilation in patients with normal lungs is greatly im-

portant since ∼20 % of ventilated patients in intensive care have no primary lung

disease [78] and∼230 million patients undergo major surgeries worldwide [79]. While
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Figure 3.8: Two septic patients at the first 96 h of mechanical ventilation had rela-
tionships between voxel level normalized strain and end-inspiratory aeration (frac-
tion of gas, Fgas) consistent with the relationships observed in the animal experi-
ments. Strain increased from lowest aeration toward normal aeration but did not
decrease in more aerated regions (3.8A). The boxes represent median and interquar-
tile range of strains for voxels in the aeration intervals: <0.1; 0.1 to 0.3; 0.3 to 0.5;
0.5 to 0.7; 0.7 to 0.9; and >0.9, centered in mean aeration within ranges. Voxels
between the 5th and 95th percentiles of strain are depicted in a two-dimensional his-
togram, with the gray scale representing the fraction of total lung volume in each bin
(black is highest). End-inspiratory aeration was chosen to emphasize hyperaerated
regions. Inspiratory images were transformed to the expiratory CT references using
the same transformation estimated by elastic image registration in order to calculate
the voxel level strain. (3.8B) Normalized 18F-FDG uptake and (3.8C) blood volume
per gram of tissue in atelectatic (<0.1), normal (0.5 to 0.7) and high aeration (>0.7)
regions. In both patients, regions of high aeration and potential hyperinflation have
higher normalized uptake and blood volume than normally aerated regions.

42



there is agreement on the benefit of limiting VT and driving pressures, less is known

on interventions aimed at homogenizing lung aeration. In critical care, prone posi-

tion and evidence for high PEEP benefit are restricted to severe ARDS[126, 127].

Low stretch strategies with low PEEP have actually been defended [121, 128]. In

contrast, early prone position has been proposed for comatose [120] and recently for

all ARDS patients [119]. In surgical patients, a recent meta-analysis concluded that

recruitment maneuvers and PEEP should accompany low VT [129]. Yet, permissive

atelectasis with low PEEP has been defended for open abdominal surgery [118].

Also, despite recommendations in favor of postoperative lung expansion[130], its

implementation is poor with important negative consequences [131].

Using CT measurements, we found a markedly different spatial distribution of

strains in supine versus prone lungs. Importantly, our assessment of strain was

based on voxel level measurements of distances between lung structures in contrast

to previous quantifications based on gas volumes and fractions in larger regions-of-

interest [67]. In supine, the inverted U-shaped pattern of tidal strain-aeration was

consistent with local sigmoid-shaped pressure-volume curves having maximal slope

(compliance) and strain at normal aeration ∼0.6, and lower compliance and strain

at low (derecruitment) and high (hyperinflation) aeration.

Notably, worsening of strain heterogeneity along 24 h was pronounced only in

supine lungs. Increased strain heterogeneity was paralleled by increased no- and

poor aeration, indicating redistribution of VT from regions of low to higher aera-

tion. This reveals the inability of PEEP levels prescribed in the utilized protocol,

usual in clinical care [44, 121], to protect the lungs against progressive biomechan-

ical deterioration. As a result, at 24 h lungs showed larger atelectatic regions and

increased median tidal strains in regions of higher aeration.

Atelectatic regions at 24 h had higher increase in normalized 18F-FDG-uptake

and expression of ICAM-1 gene, suggestive of neutrophil infiltration and inflamma-

tory activity, than normally-aerated regions. Such finding implies that a strategy

exclusively based on limitation of global cyclic stretch (VT) does not eliminate lung

injury risk, in contrast to a recent meta-analysis [118]. Given that derecruitment

and aeration heterogeneity were associated with cellular activation and worsening

of strain heterogeneity, early interventions aiming at homogenizing lung aeration

are likely important to mitigate injury progress [132, 133]. Importantly, 18F-FDG

measurements with PET provide a more comprehensive assessment of inflammation

than local measurements from tissue samples or bronchoalveolar lavage.

The two patients had inflamed lungs [100] and large fractions of relative high

strain-aeration regions. This was consistent with the progression of those regions

along the 24 h in supine sheep. Of note, such regions had larger normalized 18F-

FDG-uptake than normally aerated regions in both patients. This suggests local
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superposition of relative high tidal and static strains as a factor for lung injury, po-

tentially enhanced by the increased blood volume. Indeed, at 24 h sheep had ventral

regions with increased gene expression of markers previously associated with inju-

rious mechanical ventilation: PAI-1, RAGE and IL-8 [22, 47, 134–136] implying a

biological response to mechanical forces and onset of inflammation with neutrophil

recruitment. These findings align with the 20 h inflammatory differential gene ex-

pression response of ventral regions in a moderate endotoxemia model [49].

Previous experiments in initially normal lungs pointed to a protective role of

prone versus supine [23, 42, 43]. Yet, the applied exaggerated VT (≥15 mL kg−1)

and short duration limited their clinical translation. An underlying assumption for

those VT is that heterogeneous aeration results in regional strains conductive to me-

chanical injury despite low global strain. Surprisingly, while 5 % of our supine lungs

were submitted to tidal strains above ∼2.4 times mean values, the absolute magni-

tudes were below global strains reported as necessary to produce injury exclusively

by stretch [41]. Consequently, at the resolution of our CT images (2.5 mm), exag-

gerated strains do not occur when healthy or mild-endotoxemic lungs are ventilated

with typical clinical settings.

Regional metabolic activity was associated with the interaction of strain and

blood volume. Blood volume and flow (13N-saline PET [137]) were correlated in

7 studied sheep (r=0.77, p<0.001). Accordingly, both could have contributed to

that interaction. High regional blood volume could indicate larger endothelial sur-

face exposed to circulating inflammatory cells, mediators and endotoxin, and high

blood flow could enhance their local delivery. These interaction results suggest that

during early injury with limited VT and endotoxemia, regional differences in the

vascular component magnify the effect of strain on inflammation (“two-hit injury”).

Such mechanisms apparently differ from those present during high-VT injury [138].

Therefore, interventions beyond mechanical ventilation could prevent the develop-

ment of injury. The additional contribution of strain heterogeneity to regional in-

flammation indicates the potential effect of concentration of mechanical forces and

possibly even larger microscopic strain heterogeneity. Finally, because transpul-

monary pressures were higher in supine than prone sheep, higher energy delivered

to lung tissue could have additionally contributed to injury [139].

Limitations

The imaged lung may have changed from expiration to inspiration. We compensated

for this by visually matching the first and last CT slices. Tidal strain computed with

breath-holds could misrepresent fast dynamic phenomena. Also, due to a short in-

spiratory pause, plateau pressures and therefore inspiratory CT lung volume could

have been overestimated. Hence, we compared strains per unit of inspired volume
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and used measured VT to calculate absolute strains. Our VT range was above

6 mL kg−1. It was within clinical practice [44], and necessary due to high anatomi-

cal dead space in our sheep. Importantly, lower VT would further decrease regional

tidal strains, reinforcing our finding of strains below the proposed injurious limit.

Image registration is an ill-posed problem, the required regularization could under-

estimate heterogeneity. Additionally, the translation from voxel to cell deformation

is unknown. 18F-FDG is a glucose analogue and consequently not strictly specific

to neutrophilic activation.

In conclusion, during mild-endotoxemic lung injury, a mechanical ventilation

strategy that minimizes tidal strain without homogenizing aeration distribution from

the beginning of ventilation, before established ARDS, resulted in worsening of levels

and spatial distribution of strain and aeration. Atelectatic and relatively high-

aeration regions showed increased neutrophilic inflammation. This was dependent

on the blood volume-strain interaction and strain heterogeneity. Redistribution of

VT increased strains in those relatively high-aeration regions, which presented gene

expression consistent with a stretch response and distinct from atelectatic areas.

Those regions were also observed in mechanically ventilated septic patients and

associated with increased metabolic activation, indicative of inflammatory activity.

Accordingly, provided safe interactions with other organs, strategies that homogenize

lung aeration are likely beneficial at the earlier stages of mechanical ventilation in

the presence of systemic inflammation.
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Chapter 4

Spatial heterogeneity of lung

strain and aeration and regional

inflammation during early lung

injury assessed with PET/CT

4.1 Introduction

Excessive mechanical forces can produce lung injury during mechanical ventilation.

Indeed, regional strain (change in lung volume/resting lung volume) has been shown

to relate to local lung inflammation particularly in the presence of systemic inflam-

mation [51]. Excessive mechanical forces can occur not only at large lung areas

of hyperinflation [140] but also at the microscopic level. Experiments utilizing to-

tal lung capacity (TLC) maneuvers in excised dog lobes revealed heterogeneity of

regional gas volume changes in relation to gas volume at TLC at length-scales as

small as ∼2 mm [141]. In fact, pressure-volume relationships determining lung ex-

pansion are related to properties that scale down to the microscopic level of collagen

and elastin fibers [6]. A theoretical study indicated that alveolar mechanical stress

is significantly amplified around collapsed alveoli [142]. Despite the relevance of

such small length-scale phenomena, most studies on pulmonary static and dynamic

strain are based on whole lung [41, 136] or large regions-of-interest (ROI) [51, 67].

Given that heterogeneity of lung expansion is relevant to lung injury, it is important

to understand its topographic basis. Yet, information is scant on the length-scales

contributing to strain and aeration heterogeneity during mechanical ventilation. CT

imaging and elastic registration allow for estimation of a range of such length-scale

contribution by assessment of in vivo regional tissue strain and aeration.
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Lung injury results from complex interactions among mechanical and biolog-

ical factors [143]. The inflammatory response to local and global stimuli in-

cludes recruitment of cells such as neutrophils and affects pulmonary regional

metabolic activity, allowing for its in vivo assessment with the PET tracer 18F-

FDG [46, 47, 49, 91, 97, 98]. Recently, we showed that 18F-FDG-PET could provide

an early imaging biomarker for ARDS before this condition is clinically established,

as well as guide tissue sampling for gene expression analysis [49]. Of note, 18F-

FDG-PET kinetics allows for estimation of parameters characterizing tissue phos-

phorylation rate, associated with tumor aggressiveness and response to therapy in

oncological studies [97, 98] and with cytokine gene expression in experimental acute

lung injury (ALI) [47]. Accordingly, 18F-FDG-PET kinetics parameters could be a

promising tool to guide the analysis of gene expression datasets and identify path-

ways relevant to the mechanism and treatment of ALI.

We hypothesized that: (1) in normal lungs, small length-scales contribute sig-

nificantly to heterogeneity of parenchyma expansion and that these contributions

differ for aeration versus strain due to their anatomical and functional determinants;

(2) contribution of length-scales to total strain and aeration heterogeneity is affected

in the early stages of lung injury and depend on body position (supine versus prone);

and (3) the distinct regional processes leading to pulmonary inflammation during

early lung injury result in regional parameters of 18F-FDG-PET kinetics that sig-

nalize of gene expression patterns consistent with pathways relevant to lung injury.

We explored these hypotheses in sheep models of mild and moderate endotoxemia

during the first 20–24 h of mechanical ventilation with clinically relevant ventilatory

settings.

4.2 Materials and Methods

Data derived from two independent sets of sheep models of ALI with systemic in-

flammation (endotoxemia) and mechanical ventilation. Experimental protocols were

approved by the Subcommittee on Research Animal Care and in accordance with

the ”Guide for the Care and Use of Laboratory Animals” (National Institutes of

Health publ. no. 86–23, revised 1996).

4.2.1 Experimental protocol

All animals were anesthetized, paralyzed and ventilated with volume-controlled

ventilation and low VT according to the ARDSNet low PEEP protocol [27]. Ini-

tial settings were VT=6 mL kg−1 (adjusted to reach an alveolar plateau (phase III)

at volumetric capnography); PEEP=5 cm H2O; inspired oxygen fraction=0.3 (ad-
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justed to maintain arterial oxygen saturation ≥90 %); inspiratory-to-expiratory time

ratio=1:2; and respiratory rate aiming at an arterial carbon dioxide partial pressure

within 32–45 mmHg. An alveolar recruitment maneuver with application of airway

pressure at 40 cm H2O for 30 s was performed at baseline to expand lung units and

standardize lung history. Data were collected at baseline, 6 h and end of the exper-

iment (20 h to 24 h). After baseline measurements, endotoxin was intravenously

infused throughout the experiment to model either moderate (10 ng kg−1 min−1,

Escherichia coli O55:B5, List Biologic Laboratories Inc, Campbell, CA) or mild

(2.5 ng kg−1 min−1) endotoxemic states.

Moderate endotoxemia

Six sheep were anesthetized with ketamine, propofol and fentanyl, and paralyzed

with pancuronium. After 20 h of mechanical ventilation and endotoxemia, animals

were euthanized and imaging-guided tissue samples harvested for gene expression

analysis. Details on anesthetic and ventilatory management, and tissue sample

collection and RNA extraction have been previously described [49].

Imaging protocol and processing. The moderate endotoxemia experiment

was exclusively based on PET techniques. The PET camera (Scanditronix PC4096;

General Electric, USA) collected 15 transverse slices of 6.5 mm yielding a 9.7-cm-long

field-of-view (∼70 % of total lung volume) [55]. Images consisted of an interpolated

matrix of 128× 128× 15 voxels (2.0 mm× 2.0 mm× 6.5 mm). Scans were acquired

in stationary mode as:

1. Transmission scans: rotating pin-source (68Ge, 10 min) to correct for attenu-

ation in emission scans, calculate the gas fraction (FGAS) of ROIs from the

measured regional density [144] (FGAS=1–regional density), and delineate the

lung mask for image analysis. Reconstruction used filtered back projection

with a Hanning filter of 11.5 mm width (full width at half maximum, FWHM

13 mm [145]).

2. Emission scans: 18F-FDG tracer used to assess lung metabolic activity [89].20

Tracer dissolved in 8 mL saline (∼40 MBq at 0 h and ∼200 MBq at 6 h and

20 h) was infused at a constant rate through a jugular catheter for 60 s. Start-

ing with 18F-FDG infusion, dynamic PET scan was acquired for 75 min (40

frames: 9 s× 10 s, 4 s× 15 s, 1 s× 30 s, 7 s× 60 s, 15 s× 120 s, 1 s× 300 s and

3 s× 600 s). Plasma samples of 18F-FDG activity in pulmonary arterial blood

were measured at 5.5 min, 9.5 min, 25 min, 37 min and 42.5 min to calibrate an

image-derived input function [91]. Metabolic activity was estimated from the

regional 18F-FDG net uptake rate (Ki=Fek3) using a Sokoloff model, which

comprises the fractional distribution volume of 18F-FDG available for phos-
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phorylation (Fe) and the rate of phosphorylation (k3). Fe (=K1/(k2+k3))

increases with the 18F-FDG that enters tissue from blood at a rate K1 and

decreases when 18F-FDG returns to blood at a rate k2 or is phosphorylated.

In addition, this model provided Fb (ROI’s blood fraction), used to calcu-

late regional tissue fraction (FTIS=1–FGAS–Fb). The parameter identification

method also estimated the blood transit time (td) from the heart to studied

ROIs [89].20 Emission scans were reconstructed with a filter width of 6.4 mm.

Transcriptome-wide gene expression analysis. Gene expression in tissue

samples from dependent (dorsal) and non-dependent (ventral) regions were quan-

tified using species-specific microarray analysis (Agilent Technologies, USA). We

used fluorescence quantification, proportional to the amount of RNA hybridized

with 15 208 different single-stranded DNA. Genes already identified among that

DNA set were selected from a manufacturer’s updated list (July 3, 2017) exclud-

ing entries classified as predicted. There were 1033 unique genes available. Dor-

sal/ventral ratio of gene expression was correlated to corresponding ratios of k3,

FTIS and tissue-specific Ki (Kis=Ki/FTIS) and Fe (Fes=Fe/FTIS) estimated at 6 h.

For genes measured more than once in the array, the average expression was used.

Mild endotoxemia

Eight female sheep were studied for length-scale analysis of aeration and strain. An-

imals were sedated with intramuscular ketamine and midazolam, and anesthetized

with propofol, ketamine and fentanyl. Paralysis was established with rocuronium.

After intubation, lungs were mechanically ventilated with low-PEEP ARDSNet prin-

ciples [27] for 24 h in supine (N=5) or prone (N=3) position. Sheep were positioned

in the NeuroPET/CT scanner (Photo Diagnostic Systems Inc., USA) using CT

scans during controlled breathing to maximize lung volume within the field-of-view.

Details on anesthesia and mechanical ventilation are provided in Appendix A.

Imaging protocol. The mild endotoxemia experiment used PET/CT tech-

niques. CT scans (tube current of 7 mA and voltage of 140 kVp) were acquired dur-

ing breath holds at end-inspiration (plateau pressure) and end-expiration (PEEP)

for strain analysis. Mean lung volume CT images (120 kVp to 140 kVp) were ac-

quired during tidal breathing (2 min) for aeration analysis. Images comprised a

matrix of 512× 512× 82 voxels (0.49 mm× 0.49 mm× 2.5 mm) [146].21 CT images

were converted to FGAS considering tissue density equal to 0 Hounsfield units (HU)

and air density equal to −1000 HU, FGAS=HU/−1000.

Strain estimation. Voxel-level Strain was assessed using elastic image regis-

tration to identify the transformation T(x) that mapped each end-inspiratory image

back to the corresponding end-expiratory image. Before registration, images were
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rescaled to achieve within lung parenchyma a minimum of zero and a maximum of

one. Each dimension was cropped to the boundaries of the end-inspiratory mask

and padded with a margin of 50 voxels at each side. Registration was implemented

with diffeomorphic transforms and B-spline spatial regularization in a multistage

approach (increasing image resolution and decreasing B-spline knots’ distance), us-

ing the open source Advanced Normalization Tools (ANTs) [104].22 From T(x) the

volumetric deformation of each voxel was quantified by the determinant of the Ja-

cobian (directional derivative) matrix [58, 64–66]. This provides the ratio of the

final to the initial volume. Strain is then defined as Jacobian–1 and is referenced to

overall volume (tissue+blood+air) at end-expiration.

In the main analysis, the B-spline knots’ distance for the first stage was 26 mm

and was halved at each one of the three subsequent stages. We tested the influence of

that parameter in the contribution of different length-scales to strain heterogeneity

(see below, Section 4.2.4) by estimating T(x) with initial knots’ distances of 13 mm,

52 mm and 130 mm and the same strategy for distance reduction. Overall accuracy

of image registration with each knots’ distance was assessed by the standard method

of distance between landmarks. In three supine animals (two at baseline and 24 h

and one at 6 h) landmarks were automatically defined in the expiratory image and

semi-automatically matched in the inspiratory image [110]. A perfect registration

would result in a distance equal zero.

Image noise estimation. The level of noise in the mean lung volume CT at

full resolution was estimated by two different methods based on histograms of local

standard deviations (SD), i.e. estimated in a neighborhood of each voxel, within

homogenous ROIs. The first method used the difference between lines and columns

to suppress the influence of the image content on the SD [147]. The noise SD was

calculated from the parameters of an iterative fitting of the local SD distribution to a

chi-square. We implemented it slice-by-slice considering voxels within the lung mask

and the following control parameters: histogram limit kmax=number of voxel/200,

expansion factor α = 0.25·kmax/mean(voxels’ value) and fitting gain β=2.12. Global

SD was the mean of all slices. The second method calculated the local SD in each

slice and designated the global SD as the peak of the histogram in voxels classified

as soft-tissue (0<HU<100), considered homogenous [148]. We used a neighborhood

of 9 mm for the local SD estimation and a histogram of 200 bins.

4.2.2 Selection of voxels for analysis

Initial lung masks were generated by selecting aerated regions with a fixed threshold.

For the moderate endotoxemia experiments, this was combined with perfused regions

from 13N-PET scans [149]. For the mild endotoxemia experiments, non-aerated
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regions were manually delineated. All masks were manually refined to exclude large

bronchi and pulmonary vessels. Within the lung mask, regional 18F-FDG kinetics

were computed in three adjacent ROIs of equal height.

4.2.3 Aeration levels

FGAS images were divided into non- (FGAS<0.1), poorly- (0.1≤FGAS<0.5), normally-

(0.5≤FGAS<0.85) and hyper-aerated (FGAS>0.85) compartments expressed as a frac-

tion of lung mass [150].

4.2.4 Length-scale analysis

To quantify the size of sources of heterogeneity contributing to the total variability

within the lungs, we applied length-scale analysis [57, 149] to aeration and strain

images. In this technique, images are spatially low-pass filtered using a series of

pre-determined filter sizes. For each filter size, image heterogeneity is quantified as

the variance of the variable being studied (aeration or strain) normalized by the

squared mean, equivalent to the squared coefficient of variation. The contribution

of each length-scale range to total heterogeneity is calculated as the difference in

the normalized variances among consecutive filter sizes. We used a moving average

filter with a cylindrical kernel, height equal to the diameter, and sizes of 13 mm

to 91 mm (13 mm step) for aeration and 5 mm to 90 mm (5 mm step) for strain

(and aeration from CT). Results were expressed relative to the smallest length-scale

of each range to eliminate the effects of global heterogeneity changing along the

experiment. Linear vertical gradients due to gravity affecting aeration and strain

were subtracted from images before filtering [81, 149].

4.2.5 Statistical analysis

Data are expressed as mean±SD or median [25th-75th percentile]. All tests were two-

tailed and performed in R 3.3.1 (R Foundation for Statistical Computing, Vienna,

Austria), unless otherwise noted.

Aeration and strain analysis: Aeration compartments were compared between

time points and experimental conditions, and length-scales relative contributions

(aeration and strain) were compared between ranges and time points, using lin-

ear mixed-effects models (animal random intercept). Interactions were included

when significant. Multiple comparisons p-values were calculated from multivariate

t distributions. CT noise was compared between and within methods by repeated

measurements ANOVA. Significance was set at p<0.05.
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Gene expression analysis: we used Pearson correlation coefficient to determine

the association between dorsal/ventral ratios of microarray derived gene expression

and 18F-FDG-PET kinetics parameters k3, Fes, and Kis, as well as FTIS. Gene sets

for each of these parameters were produced by selecting correlations with significance

level p<0.1. Biological pathways derived from these gene sets were identified using

DAVID software [151] (National Institute of Allergy and Infectious Diseases, USA)

with default settings: at least two genes and EASE<0.1.

4.3 Results

Regional aeration differed among the experimental conditions. Supine mildly endo-

toxemic animals showed the largest fraction of lung mass regions with 0.1≤FGAS<0.5

throughout the experiment (Fig. 4.1A). Regions with FGAS<0.1 increased in both

supine groups (Fig. 4.1A). Only supine animals presented a vertical gradient of

aeration (Fig. 4.1B).

Figure 4.1: Lung aeration in sheep mechanically ventilated with low tidal vol-
ume and low to moderate positive and-expiratory pressure for 20–24 h. After the
first measurement, intravenous infusion of LPS was started to generate moderate
(10 ng kg−1 min−1) or mild (2.5 ng kg−1 min−1) systemic endotoxemia. Aeration was
quantified as the gas fraction (FGAS) in each voxel of transmission (moderate group)
and computed tomography (mild groups) scans during tidal ventilation. (A) Non-
(black), poorly- (dark grey), normally- (light grey) and hyper-aerated (white) com-
partments are expressed as a fraction of total lung mass. Irrespective of the en-
dotoxin dose, non-aerated regions increased after 20 h in supine, but not in prone
animals. For supine sheep, the spatial distribution of aeration followed a gravita-
tional gradient decreasing toward dorsal regions (B). Aeration level at 24 h * vs 0 h
and & vs 6 h for the same group; ˆ vs moderate and # vs mild-prone for the same
aeration compartment; one symbol p<0.05, two symbols p<0.001.
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4.3.1 Length-scales of aeration heterogeneity

In all cases, aeration heterogeneity at mean lung volume was predominantly present

at the 13–26 mm length-scales (Fig. 4.2). The relative contribution of larger length-

scales increased as lung injury progressed (Fig. 4.2). Of note, the higher the

mean aeration of an animal, the lower was the contribution of larger length-scales

(Fig. 4.2D). Mildly endotoxemic supine animals, which presented lowest mean aer-

ation, had the highest contribution of large length-scales, while prone animals had

the lowest (Fig. 4.2D).

Figure 4.2: Contribution of length-scale ranges to lung aeration heterogeneity. Sheep
with moderate (A, 10 ng kg−1 min−1 LPS) or mild (B-C, 2.5 ng kg−1 min−1 LPS) en-
dotoxemia were mechanically ventilated using low tidal volume and low to moderate
positive end-expiratory pressure. The contribution of a length-scale range was as-
sessed by the difference between the variances normalized by the square mean in
mean lung volume images filtered for effective resolutions from 13 mm to 91 mm.
Values were expressed relative to the smallest length-scale (13–26 mm). In both
endotoxemia levels and body positions (supine, A and C, prone, B), the largest con-
tribution to heterogeneity was in the length-scale 13–26 mm, with an increase in the
contribution of larger length-scales along time. Contribution of larger length-scales
decreased with the mean gas fraction (D).* p<0.05, ** p<0.01 and *** p<0.001 for
differences between consecutive length-scales.

High resolution CT acquired in the mildly endotoxemic sheep allowed us to

analyze length-scales smaller than those obtained with PET transmission scans in

moderately endotoxemic sheep, and to calculate voxel-level tidal strains. Increasing
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Table 4.1: Noise level estimate in the full resolution mean lung volume CT converted
to FGAS and the SD of voxels inside the lung mask after removing the gravitational
gradient and filtering with 5 mm kernel.

0 h 6 h 24 h p-values

IKEDA et al. [147] 0.021± 0.002 0.021± 0.002 0.021± 0.003 Time=0.376
Method<0.001CHRISTIANSON et al. [148] 0.027± 0.003 0.026± 0.003 0.025± 0.003

SD within lung
supine 0.094± 0.016 0.095± 0.013 0.127± 0.019

–
prone 0.069± 0.001 0.066± 0.005 0.078± 0.009

the resolution of the length-scale analysis reinforced the predominant contribution

of small length-scales to aeration heterogeneity, and the higher contribution of larger

length-scales in supine versus prone animals (Fig. 4.3). Importantly, the estimated

noise level in the CT images was similar with both estimation procedures, did not

change with time and was at least two-fold below the SD of voxels inside the lung

mask filtered with the 5 mm kernel (Table 4.1).

Figure 4.3: Contribution of length-scale ranges to lung aeration heterogeneity for
mildly endotoxemic sheep in prone (left) and supine (rigth) positions. Animals
were mechanically ventilated with low tidal volume and low positive end-expiratory
pressure for 24 h. The contribution of a length-scale range was assessed by the
difference between the variances normalized by the square mean in images filtered
for effective resolutions from 5 mm to 90 mm. Values were expressed relative to the
smallest length-scale (5–10 mm). While both body positions displayed their largest
contribution to heterogeneity in length-scale 5–10 mm, supine animals (right) showed
substantially higher contribution of larger length-scales than prone (left). ** p<0.01
and *** p<0.001 for differences between consecutive length-scales.
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4.3.2 Length-scales of tidal strain heterogeneity

Tidal strain heterogeneity was predominantly present at length-scales of 5–10 mm

(Fig. 4.4). Supine animals presented higher relative contributions of larger length-

scales than prone animals (Fig. 4.4). The two body positions differed in their time

course. The contribution of length-scales to tidal strain heterogeneity did not change

with time in prone animals (Fig. 4.4) despite change in their length-scales contribu-

tion to aeration heterogeneity (Fig. 4.2B and 4.3). In contrast, an increase of the

contribution of larger length-scales to strain heterogeneity was observed already at

6 h in supine animals, and more evident at 24 h (Fig. 4.4).

Figure 4.4: Contribution of length-scale ranges to lung tidal strain heterogeneity
for mildly endotoxemic sheep in prone (left) or supine (right) positions. Animals
were mechanically ventilated with low tidal volume and low positive end-expiratory
pressure for 24 h. The contribution of a length-scale was assessed by the difference
between the variances normalized by the square mean in images filtered for effective
resolutions from 5 mm to 90 mm. Values were expressed relative to the smallest
length-scale (5–10 mm). Supine had higher relative contributions of all length-scales
and showed significant change at 6 h and 24 h. Prone had no difference between time
points. * p<0.05, ** p<0.01 and ** p<0.001 for differences between consecutive
length-scales. Strain was calculated with an initial B-spline knot distance of 26 mm.

Before evaluating the effect of varying B-spline knots’ distances on the relative

contributions of length-scale ranges to strain heterogeneity, we tested the overall

accuracy of the different registration results using landmarks. The best agreement

was at 0 h (Fig. 4.5) and length-scales were compared only at baseline. Of note, for

all knots’ distances >13 mm, the 75th percentile of the combined landmarks distances

was below the largest dimension of a voxel (2.5 mm).
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Figure 4.5: Distance between landmark points matched in the expiratory and inspi-
ratory images before and after image registration using different distances for the
knots of the B-spline regularization (13 mm, 26 mm, 52 mm and 130 mm). Land-
mark distance was used as a measure of overall image registration accuracy. Data
correspond to two randomly selected supine sheep (S1 and S2) at the beginning
(0 h) and end of the experiment (24 h). These time points were chosen because they
represent the extremes in aeration and atelectasis. A measurement at 6 h of a third
sheep (S3) was added because it represented the study with the largest gas volume
difference between inspiratory and expiratory images. An average of 95.8 points
[range 74–122] were used for each animal-time point combination. Landmarks were
semi-automatically matched in each pair of images by one observer. Dotted line rep-
resents the largest dimension of image voxels (2.5 mm). The B-spline knots’ distance
corresponds to the first stage of registration.

The sizes of the features in strain images increased with the knots’ distance, as

expected (Fig. 4.6A). However, the relative contribution of length-scales was not

affected when initial knots’ distances of 13 mm or 52 mm were compared to the

26 mm used in our main analysis (Fig. 4.6B). The initial regularization to 130 mm

markedly altered the heterogeneity length-scales, increasing the contributions of all

ranges (Fig. 4.6B). With this regularization, after 24 h the increase in contribution

was significant for length-scales larger than 30 mm (Fig. 4.6C).

4.3.3 Regional phosphorylation rates and gene-expression

Regional kinetics of 18F-FDG in lung regions of distinct aeration (and likely distinct

tidal strain) was significantly different for phosphorylation rate (k3) and tissue-

specific 18F-FDG-uptake rate (Kis) at 6 h (Fig. 4.7). Therefore, while ventral

and dorsal regions had similar metabolic activity at 0 h and 24 h, changes in that

metabolic activity followed different temporal trajectories.

We tested if these different trajectories resulted from differences in regional bio-

logical processes correlating the dorsal/ventral ratio of 18F-FDG kinetics parameters

at 6 h and the gene expression from species-specific microarray analysis. The Kis was

correlated to 35 genes with an absolute correlation coefficient |r| = 0.81[0.78−0.85].

Ontology analysis of these genes revealed two pathways linked to metabolism (Ta-

ble 4.2). The tissue-specific 18F-FDG volume of distribution (Fes) showed 106 corre-
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Figure 4.6: Contribution of length-scale ranges to lung tidal strain heterogeneity.
Mildly endotoxemic (2.5 ng kg−1 min LPS) supine sheep were mechanically venti-
lated using low tidal volume and low positive end-expiratory pressure. Voxel level
strain was estimated using different distances between the knots of the B-spline reg-
ularization (13 mm, 26 mm, 52 mm and 130 mm in the first step). The contribution
of a length-scale was assessed by the difference between the variances normalized by
the squared mean in images filtered for effective resolutions from 5 mm to 35 mm.
Values are normalized to the 5–10 mm. Only the baseline data was analyzed, as
it was the time point with best agreement in landmarks distance between the four
regularization factors. (A) Examples of the spatial distribution of strain estimated
with each B-spline knots’ distance. Note the increase in size of the regions with sim-
ilar colors from the upper (13 mm) to the lower (130 mm) images. (B) There was no
qualitative difference in contributions of length-scales between 13 mm, 26 mm and
52 mm. (C) Contribution of length-scale ranges at 0 h and 24 h for the largest knots’
distance showing a significant increase in contribution of length-scales larger than
30 mm after 24 h. ** p<0.01 and *** p<0.001 for differences between consecutive
length-scales.
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Figure 4.7: Dorsal/ventral ratio of 18F-FDG kinetic parameters and tissue fraction
in sheep undergoing low tidal volume and low to moderate positive end-expiratory
pressure mechanical ventilation, and moderate endotoxemia (10 ng kg−1 min−1 LPS).
The phosphorylation rate and tissue-specific 18F-FDG uptake rate at 6 h were sig-
nificantly different from 20 h (# p<0.05 and ## p<0.01) indicating that dorsal and
ventral regions started and ended with similar levels, but followed different tempo-
ral trajectories. This could indicate different biological process due to differences in
aeration, tidal strain, ventilation and perfusion. Tissue fraction increased at dorsal
regions at 20 h compared to both 6 h and 0 h (# and & p<0.05).
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lated genes (|r| = 0.81[0.78−0.85]) with pathways associated to the immune system

and environmental sensing (Tables 4.2 and B.1). The k3 was correlated to 30 genes

(|r| = 0.84[0.78 − 0.90]) and a sodium transport pathway. Of note, k3 was corre-

lated to expression of hexokinase and Fes to expression of toll-like receptors TLR2

and TLR4 (Fig. 4.8). Several Kis correlated genes were also correlated with either

Fes (n=17) or k3 (n=9). In contrast, there was no gene expressed in simultaneous

correlation with Fes and k3. Finally, the regional differences of FTIS were correlated

to 59 genes (|r| = 0.80[0.76 − 0.84]). The identified pathways overlapped with Fes

(Tables 4.2 and B.1).

Table 4.2: Significant pathways amongst the genes that were correlated to 18F-FDG
kinetics parameters and tissue fraction. A pathway was considered significant if at
least two of its’ genes were on the analyzed list and had EASE<0.1.
Parameter Group Specific pathways

Tissue-specific
uptake rate (Kis)

Metabolism
Fructose and mannose metabolism, Biosynthesis
of antibiotics

Tissue-specific
volume of
distribution (Fes)

Environmental
information
processing

PI3K-Akt signaling, Calcium signaling, NF-kappa
B signaling, Jak-STAT signaling, TNF signaling,
Cytokine-cytokine receptor interaction

Immune system
Toll-like receptor signaling, T cell receptor sig-
naling, Natural killer cell mediated cytotoxicity,
Antigen processing and presentation

Phosphorylation
rate (k3)

Excretory system Aldosterone-regulated sodium reabsorption

Tissue fraction
(FTIS)

Environmental
information
processing

Jak-STAT signaling, Neuroactive ligand-receptor
interaction

Immune system
Toll-like receptor signaling, T cell receptor signal-
ing, RIG-I-like receptor signaling, Hematopoietic
cell lineage

4.4 Discussion

Our main findings are that in the first 20–24 h of lung injury due to systemic en-

dotoxemia and mechanical ventilation: (1) spatial heterogeneity of lung strain and

aeration are predominantly present at small length-scales (≤5–10 mm) in normal and

initially injured lungs. Length-scales >5–10 mm contribute more to strain than to

aeration heterogeneity suggesting lung regions of size comparable to the secondary

pulmonary lobule as the source of strain heterogeneity and regions smaller than

that as the source of aeration heterogeneity; (2) acute lung injury and body posi-

tion importantly affect the relative contribution of length-scales >5–10 mm to strain

and aeration heterogeneity, which increase as lung injury progresses and is larger
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Figure 4.8: Correlations between dorsal to ventral ratios of selected genes expression
and 18F-FDG kinetic parameters. The transport rate from the non-metabolized to
the metabolized compartment (k3), which represents the phosphorylation of 18F-
FDG, was correlated with gene expression of hexokinase (HK1). The 18F-FDG
volume of distribution normalized by tissue fraction (Fes) is normally attributed
to the number of neutrophils in the analyzed region and was correlated with the
expression of toll-like receptors 2 and 4 (TLR2 and TLR4), which are involved in
the process of neutrophil migration and bacteria detection.

in heterogeneously (supine) than homogeneously (prone) expanded lungs; and (3) a

novel approach to analyze gene expression by using in vivo PET-measurement of

regional 18F-FDG kinetics reveals pathways consistent with the studied lung injury

process, and suggests novel pathways of potential relevance for mechanistical studies

and treatment.

4.4.1 Methodological considerations

Decomposing the spatial variability of PET and CT images using length-scale anal-

ysis allows characterization of the size of features in the images contributing to total

heterogeneity (Fig. B.1). In contrast, global histogram methods characterize the

variability among voxels without considering the spatial relation among neighbors.

Compared to frequency analysis methods, length-scale analysis does not include

assumptions about the periodicity of spatial variations, and does not require an in-

finite frequency spectrum to represent sharp localized image features. Length-scale

analysis is related to methods of fractal analysis such as box counting. However,

instead of providing a single number across length-scales (e.g., the global fractal

dimension), it provides a set of measures of the contribution of different spatial sizes

to total heterogeneity. Importantly, a filter kernel size that is not an integer multiple

of the real length-scale generates periodic signals in the frequency domain, resulting

in smoother transitions between length-scales (Fig. B.1). On the other hand, due

to this smooth characteristic, low-pass filtering is less sensitive to grid misalignment

compared to the box counting method [81].
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Technical features of the hardware and software utilized for image acquisition

and processing affect length-scale analysis. Noise, true resolution, and contrast

recovery influence the overall transfer function, which determines how the true vari-

ability within the lungs is represented in an image. Accordingly, when analyzing

length-scales derived from different imaging systems, factors such as radiation dose,

detectors (noise level), modulation transfer function and reconstruction kernel filters

must be considered. Image noise affects mostly the small length-scales and would

be of particular concern for the 5–10 mm aeration length-scale. Our noise estima-

tion within each image was markedly smaller than the SD for the lung voxels after

filtering with a 5 mm kernel. This shows that noise was not the main factor for the

length-scale results.

Elastic image registration involves spatial regularization, which smooths the es-

timated vector field of tissue displacement between two images to suppress effects of

imaging noise on the local estimates. This corresponds to a spatial filter, which in

our study was determined by the B-spline knots’ distance, and could affect the as-

sessment of relative contributions of the different length-scales to total heterogeneity.

We tested initial knots’ distances of 13 mm, 26 mm, 52 mm and 130 mm resulting in

1.625 mm, 3.25 mm, 6.25 mm and 16.25 mm at the final registration step. If the reg-

ularization would affect the relative contribution of length-scales, the contribution

of length-scales >5–10 mm should have been lower for the 13 mm knots’ distance,

and higher for the 52 mm. However, substantial differences were only observed with

130 mm, in which the final knots’ distance was between the second and third length-

scales. Thus, registration parameters could influence the length-scale analysis, but

would not be of sufficient magnitude to affect their biological meaning for smaller

knots’ distances.

4.4.2 Length-scale analysis of aeration and tidal strain het-

erogeneity

We found that the largest contribution to aeration and strain heterogeneities was at

the 5–10 mm length-scale. The spatial distribution of aeration and strain depend on

anatomical and functional factors. Anatomically that observed length-scale ranges

from a human acinus (set of alveoli at a terminal airway) [152] to secondary pul-

monary lobules (3 to 12 acini marginated by connective tissue [153]). Functionally,

local aeration of normal lungs is determined by local parenchyma elastic and resistive

properties, and the effect of neighboring units (interdependence). The mechanical

properties of parenchyma depend at least on the elements of the extracellular ma-

trix, the alveolar surface tension and the transpulmonary pressure [6]. For strain,

different end-expiratory aerations correspond to distinct states of the tissue stress-
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strain curve leading to different changes in size of alveolar units for the same change

in pressure. In addition, local gas flow depends on the impedance of the path from

the trachea to the first-order bronchioles at the acini. Previous studies indicate the

presence of substantial expansion heterogeneity at the microscopic level [154, 155],

while images of aeration and ventilation distribution with different modalities sug-

gest homogeneity at larger length-scales [57, 59]. Thus, our results are consistent

with a predominance of the contribution of small length-scales to total heterogeneity

in normal lungs.

The relative contribution of length-scales to aeration and tidal strain heterogene-

ity reveals important differences in their spatial distributions. Length-scales>10 mm

contributed significantly more to strain heterogeneity than to aeration heterogene-

ity. This suggests that substantial strain heterogeneity occurs at lung regions with

sizes comparable to or larger than the secondary pulmonary lobule (∼10 mm) [153],

while aeration heterogeneity relates predominantly to acinar sizes (∼2.5 mm). This

finding is consistent with magnetic resonance measurements of the size of airspaces

using the apparent diffusion coefficient of 3He [156]. The greater contribution of

larger length-scales to strain heterogeneity may result from a combination of tis-

sue interdependence influencing the expansion of neighboring lung units with the

influence of similar gas flow to acini in a secondary pulmonary lobule, supplied by

a single small bronchiole [153]. Our findings are also consistent with measurements

of fractional lung expansion estimated using parenchymal markers in excised lobes,

which indicated that the linear dimension of anatomic units producing expansion

variability was ∼10 mm [157]. Highly heterogeneous static and dynamic inflation of

neighboring small lung units could result in injurious shear stress. Importantly, dif-

ferences at these length-scales would hardly be seen with previously applied regional

strain analysis in large ROIs [51, 67].

While small length-scales contained the largest fraction of aeration heterogeneity,

length-scales as large as 78 mm still presented a sizable contribution to heterogene-

ity at baseline (normal lungs). The contribution of these larger length-scales was

markedly different between prone and supine positions. Supine animals had higher

relative contributions to total aeration heterogeneity at all length-scales as compared

to prone animals, and a lower decrease in these contributions as length-scales in-

creased. Because we removed the gravitational gradient from the spatial distribution

of aeration, the quantified heterogeneity cannot be explained merely by dependent

lung atelectasis but implies regional differences present at the same vertical level,

with aeration heterogeneities up to anatomical sizes compatible with lobes (∼7 cm).

Progress of ALI increased the contribution of larger length-scales not only to aer-

ation, but also to strain heterogeneity. For aeration heterogeneity of supine animals,

changes from 0 h to 6 h predominated at length-scales >25–30 mm, and extended to
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all length scales at 24 h. This could be due to increase in aeration variability in

regions of poor aeration [57] (dorsal areas), and is consistent with growth of such

poorly aerated regions. Strain heterogeneity of supine sheep, on the other hand, was

affected at the small length-scale range from 0 h to 6 h followed by an increase at all

length-scales at 24 h. Such findings agree with previous studies showing increased

heterogeneity of specific ventilation at small length-scales within poorly aerated ar-

eas (1.75 mm using K-edge CT imaging [59] and <12 mm with 13N-PET [57]). For

the homogeneously aerated prone animals, the relative contribution of length-scales

to total heterogeneity changed only for aeration at 24 h, with no change observed for

strain. Thus, changes in strain length-scale could indicate change in deformations

within lung regions before major redistribution of strain between regions of different

aeration.

The approximately exponential decrease in the contribution of length-scales to

aeration and strain heterogeneity as length-scale increases is consistent with the

proposed fractal characteristic of the airway tree [158]. Accordingly, increase in

length-scale during mechanical ventilation and endotoxemia could be a marker of

lung mechanical conditions conducive to injury. Of note, the change of length-scales

contribution at 24 h was almost a parallel shift from baseline suggesting that at early

stages of ALI, changes in regional mechanical properties would not overcome other

anatomical determinants of aeration and strain spatial distributions.

4.4.3 Gene expression analysis

Supine animals presented differences between ventral and dorsal aeration. Given

that regional mean aeration is associated with heterogeneity in aeration and specific

ventilation [57], a measurement closely related to strain, we presumed that biolog-

ical mechanisms would differ between those regions. We previously demonstrated

that changes in regional metabolic activation precede changes in regional lung den-

sity, clinically used for diagnosis, in the early stages of ARDS [49]. Based on such

findings, we now identified pathways derived from genes topographically expressed

at magnitudes corresponding to regional metabolic parameters, i.e., correlation be-

tween dorsal/ventral ratios of gene expression and 18F-FDG kinetics parameters.

This molecular imaging-guided method to identify gene expression differs from pre-

vious methods based on whole lung analysis [159, 160]. It aims to advance those by

objectively studying lung areas with quantitatively determined distinct metabolic

features.

The pathways related to Fes revealed the sensing and response to inflammation

with toll-like receptors, TNF [161] and NF-kappa B [162] signaling. Such finding

reinforces the validity of the proposed method to identify relevant processes and
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confirms the expected relevance of those pathways during ALI. Fes quantifies the

amount of 18F-FDG available to phosphorylation (i.e., the 18F-FDG volume of dis-

tribution, Fe) normalized to tissue mass. Correlation of Fes with TLR4 suggests

the topographical association of Fes with lipopolysaccharide recognition [163] and

recruitment of neutrophils, consistent with the interpretation of Fe as influenced

by the regional number of neutrophils [46]. Tissue fraction had similar pathways

to Fes, likely due to the spatial distribution of tissue coinciding with higher blood

flow (and transport of endotoxin) in dorsal regions [49], lung injury leading to tissue

consolidation [106] or to increased FTIS due to more immune system cells.

The 18F-FDG phosphorylation rate (k3) was correlated to the pathway of

aldosterone-regulated sodium reabsorption. This pathway is linked to the epithelial

sodium channel (ENaC) that acts to regulate the sodium balance in a cell. In the

lungs, it is linked to fluid transport from the alveolar space. Thus, ENaCs are impor-

tant for clearance of lung edema [31]. Such findings suggest an increased activity of

ENaC in regions with high k3 possibly to overcome increased epithelial permeability.

k3 was also positively correlated with expression of hexokinase, a confirmatory find-

ing for the modeling assumptions of 18F-FDG kinetics, in which k3 is interpreted as

a measure of hexokinase activity.15 This gene was one of the shared genes between

k3 and Kis, and was present in both pathways correlated to Kis. Moreover, the

other genes that established the significance of the pathways for Kis were correlated

to Fes, in line with the composition of the net uptake rate (Ki = k3 · F e).

4.4.4 Limitations

Length-scale analysis is not limited by precise anatomical boundaries. Consequently,

anatomical interpretations were derived from known sizes of structures and not the

structures themselves. Tidal strain calculated from breath-hold images may not

reflect fast dynamics and regional differences in inflation time constants. Aeration

data derived from tidal breathing images, which represent an average of different

phases of the breath cycle, and could be partially influenced by time constants.

The advantage of having an in vivo measurement brings the confounding factor

of blood contributing to regional density. Correlations between regional 18F-FDG

kinetic parameters and gene expression were performed without corrections for mul-

tiple comparisons increasing the probability of false positives. However, for pathway

identification, we imposed the additional restriction of having two or more genes that

represented a proportion of the correlated genes significantly larger than the pro-

portion of the complete pathway in sheep genome (EASE<0.1). These restrictions

increased the power of the analysis.
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4.5 Conclusion

In normal and initially injured lungs mechanically ventilated with low VT, small

length-scales contribute most to spatial heterogeneity of aeration and tidal strain.

Yet, their spatial distributions are not equivalent. Strain heterogeneity length-

scales are characterized by larger sizes, comparable to the secondary pulmonary

lobule, than those composing aeration heterogeneity. Contributions of length-scales

>10 mm to aeration and strain heterogeneity increase with lung injury and with

supine position. These changes could represent injurious mechanical conditions,

and assessing aeration and strain with large ROIs may delay identification of such

conditions. During the initial 20 h of injury, molecular image-guided gene expression

analysis reveals a topographically heterogeneous activation of the immune system

and fluid regulation in lung parenchyma.
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Chapter 5

Generalized estimation of the

ventilatory distribution from the

multiple-breath nitrogen washout

5.1 Background

The Multiple-Breath Nitrogen Washout (MBN2W) and the Single-Breath Washout

are classical pulmonary function tests, based on the measurement of the concentra-

tion or fraction of N2 in the breathing gases, to evaluate the ventilation inhomo-

geneity. Among measures and indices obtainable from the MBN2W, one of the most

useful is the Functional Residual Capacity (FRC) or EELV, meaning the relaxed

lung functional volume comprising all ventilated alveolar units plus the series dead

space. The MBN2W is also able to convey information about ventilation-to-volume

(v/V) inhomogeneities, by profiling the rate of expiratory elimination of the tracer

gas along many respiratory cycles [74]. Several indexes developed to evaluate the

ventilation inhomogeneity are derived from the MBN2W, such as the Lung Clear-

ance Index [164] and the Multiple-breath Alveolar Mixing Inefficiency [71]. How-

ever, different patterns of inhomogeneity may be represented by the same values of

these indices, which limit their specificity. Despite being relatively benign and non-

invasive, the MBN2W needed, when it was being experimentally explored, costly,

bulky machinery such as respiratory mass spectrometers (RMS); it could not map

anatomy nor the spatial distribution of the quantities it measured, and ultimately it

saw a decline of interest as a technique for general, day-to-day clinical application.

Along the time, the instrumentation to measure respiratory gas concentrations

underwent evolutions. From the huge RMS to tiny capnometers and oximeters,

their price and size shrunk, warranting broader use for them as alternatives to a

direct measurement of N2. The presence of such accessible devices suggest revis-
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iting techniques such as MBN2W. Even the usually nontrivial correction of the

asynchrony between flow and concentration signals inherent to sidestream gas sam-

pling, which requires high accuracy and is mandatory for adequate measurements

of breath-by-breath volumes of gases [70] can be spared, for instance with the avail-

able mainstream gas sensors [165] or by simplifications based in taking end-tidal

values as representative of mean alveolar concentrations, hence obviating the need

for synchronization algorithms [166, 167].

On the other hand, the mathematical models available for the analysis of v/V

distribution from the MBN2W required very stringent maneuvers and circumstances:

the fraction of N2 should decrease in an abrupt step between two respiratory cycles;

VT and, more importantly, the EELV should be kept constant throughout the ma-

neuver, that is, inspiratory and expiratory VT must be equal. Those requirements

may be difficult to meet, especially when the subject breathing spontaneously or in

assisted modes of mechanical ventilation (MV) cannot cooperate by keeping a steady

respiratory pattern. In order to overcome these limitations, new mathematical mod-

els, and model fitting techniques, must be developed. The objective of this work

is to present, with simulated signals, a novel, more general mathematical model for

the MBN2W, which accounts for the presence of a series dead space [83] and pos-

sibly varying VT, EELV and inspiratory fraction of N2, accompanied by candidate

data-fitting algorithms aiming at computing the v/V distribution in the lungs.

5.2 Methods

The present mathematical model (Fig. 5.1) comprises a set of N parallel alveolar

units with a common series dead space operating as ideal gas mixers. In this model,

the sum of the fractions of VT ventilating the alveolar units is equal to 1, which

differs from other approaches [74, 84] that model the anatomical dead space as one

of the parallel alveolar units.

The assumptions governing the equations of the present model are the following:

1. Each alveolar unit, as well as the dead space, are ideal gas mixers;

2. All alveolar units are in parallel and they communicate exclusively over the

common dead space;

3. Respiratory gases enter and leave all alveolar units synchronously and their

volumes are never emptied;

4. All units, including the dead space, are in equilibrium and have the same N2

concentration prior to the nitrogen washout or washin;
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Figure 5.1: Model of the lung. The lung is composed of a common series dead space
(hatched area) and a set of N alveolar parallel units. Each alveolar unit has its
end-expiratory volume (v) and is ventilated by a fraction of the tidal volume (γ).
Units communicate only through the dead space.

5. The common dead space, whose volume is always known, is in series with the

set of alveolar units, and includes the anatomical and the instrumental dead

spaces;

6. The EELV, representing the sum of the volumes of all ventilated alveolar units

plus the common dead space, is also always known ;

7. Gas diffusional phenomena is negligible;

8. The respiratory exchange ratio is always unitary;

9. The N2 solubility in blood and tissues is negligible;

10. The ventilation-to-volume ratios of the alveolar units are logarithmically dis-

tributed.

These assumptions, except that concerning the presence of a series common dead

space, although not necessarily as explicit in this form, are the same as in previous

works [76, 84].

5.2.1 The model formulation

Considering that a lung alveolar unit (J) is an ideal gas mixer characterized by

an end-expiratory volume v (J) and a ventilation fraction of VT γ (J) the specific

ventilation is defined as

S (J) =
γ (J)VT
v (J)

68



.

By assuming an ideal step to a null inspiratory concentration of the tracer gas at

the onset of the MBN2W and a constant EELV during the maneuver, the classical

modeling approach calculates the alveolar unit concentration of N2 at each new

breath (k) as

FA
N2

(J, k) =
FA
N2

(J, k − 1)

1 + S (J)
, (5.1)

a dilution of the previous concentration in the end-inspiratory alveolar unit volume.

If the lung is composed by N parallel alveolar units, the end-tidal N2 concentration

measured at the mouth is then a mixture

F et
N2

(k) =
N∑
J=1

γ (J)FA
N2

(J, k) (5.2)

of the content of each alveolar unit weighted by the corresponding ventilation frac-

tion. For a given distribution of S (J) and a set of initial alveolar units concentrations

the model in Eqs. (5.1) and (5.2) can be fitted to real washout data using a linear

solver to estimate the corresponding γ (J) values.

During MV, the ideal step condition is difficult to achieve without a specially

designed circuit and does not hold with usual MV circuits. However, this condi-

tion can be disregarded by including the alveolar units inspired N2 concentration

(FI,A
N2

(k)) to the model. The new equation becomes
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FA
N2

(J, k) =
F I,A
N2

(k)S (J) + FA
N2

(J, k − 1)

1 + S (J)
, (5.3)

which has the same properties of Eq. (5.1). There is no explicit condition over

FI,A
N2

(k), so this can be used to incorporate a common series dead space (vd) to the

alveolar units.

At the beginning of inspiration, the concentration of N2 in vd is equal to the end-

tidal concentration of the previous breath (Eq. (5.2)). The alveolar units inspired

gas is a mixture of the ventilator delivered gas (FI
N2

) and vd content, being given by

F I,A
N2

=
F et
N2

(k − 1) vd + F I
N2

(k) (VT − vd)
VT

=
(
F et
N2

(k − 1)− F I
N2

(k)
)
· vd
VT

+ F I
N2

(k) .

(5.4)

During MV, VT is usually constant but novel modes, markedly the variable

ventilation, may provide different volumes for each breath. To extend the model

while preserving the constant S (J) distribution, a constant reference value of VT

(VT0) must be incorporated. Redefining the specific ventilation as

S (J) =
γ (J) · VT0
v (J)

,

changes Eq. (5.3) to

FA
N2

(J, k) =
F I,A
N2

(k) · S(J)
VT0

VT (k) + FA
N2

(J, k − 1)

1 + S(J)
VT0

VT (k)
, (5.5)

which is directly dependent on the ratio VT/VT0. This ratio indicates that different

VT can decrease or increase the dilution rate compared to the reference. In practice,

this shifts the γ (J) distribution to slower or faster compartment regions while pre-

serving its shape. The reference VT0 can be freely chosen and is a way to normalize

the distribution to better compare intra and inter subject data. The algorithm was

designed to estimate γ (J) irrespective of VT, though, so that we would have the

same estimate for γ (J) whether VT is constant or variable. More generally, the

intended effect of the algorithm is to factor out any change in VT in order to have

a single curve for γ (J), for whatever values of VT, given a VT0.

In all previous equations the inspiratory (VI
T) and the expiratory (VE

T) tidal vol-

umes were considered equal, as expected for a relaxed patient under MV. However,

in case of assisted ventilatory modes or during spontaneous ventilation this assump-

tion is no longer valid. As S (J) is related to the (variable) alveolar units volumes,

it needs to be defined using a reference value and the washout model must track the

changes in EELV and v (J).
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The EELV changes are tracked by the ratio of the difference between VI
T and VE

T

and the current EELV,

β (k) = 1 +

(
V I
T (k)− V E

T (k)
)

EELV (k)
. (5.6)

To model the effect of EELV changes in each alveolar unit, in order to keep a

unique shape for the distribution of ventilation and prevent alveolar units closures,

we hypothesized that all alveolar units reduce or increase volume by the same ratio.

Assuming that the reference for v (J) is the volume at the beginning of the washout

(v0 (J)), at any breath cycle a alveolar unit’s volume is known from the relation

v (J, k) = β (k − 1) v (J, k − 1) =
k−1∏
i=1

β (i) v0 (J) . (5.7)

The alveolar unit N2 concentration is then calculated defining S (J) in terms of

v0 (J). This leads to

FA
N2

(J, k) =
F I,A
N2

(k) · S(J)
VT0

V I
T (k) + FA

N2
(J, k − 1)

∏k−1
i=1 β (i)∏k−1

i=1 β (i) + S(J)
VT0

V I
T (k)

, (5.8)

which reduces to Eq. (5.5), if VE
T=VI

T for all breath cycles, and to Eq. (5.3), if

in addition the VT is fixed. Considering the assumption that β (k) is equal for all

alveolar units, the end-tidal expired gas must account for the volume kept or released

every breath cycle. Therefore, the end-tidal gas is now

F et
N2

(k) =
N∑
J=1

γ (J)

(
V I
T (k) + (1− β (k))

∏k−1
i=1 β (i) VT0

S(J)

)
FA
N2

(J, k)

V E
T (k)

, (5.9)

with γ (J)V T0/S (J) expressing v0 (J). Equation (5.9) is simplified to Eq. (5.2)

for all the simple cases and then Eqs. (5.8) and (5.9) are a unified model for lung

alveolar unit washout. It is important to note that in the most general case, with

variable VI
T and VE

T, the estimated γ (J) distribution is the one at the beginning of

the washout maneuver, if VT=VT0 is considered.

For the present numerical results, the MBN2W was simulated for a human adult

under MV. The EELV ranged from 1.0 L to 4.244 L [168, 169] with N =50 alveolar

units log-distributed on S (J) in the range of 0.01 to 100. Mean VT was 0.5 L [170]

and was kept constant or with a variability of 25 % [171]. The vd was of 0.125 L [172].
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5.2.2 Recovering the distributions: inverse problem formu-

lation

To define the inverse problem of finding γ (J) knowing Fet
N2

at each breath cycle of

washout, consider the vector form of Eq. (5.9)

F et
N2

(k) = [a1 · · · aj · · · aN ]


γ (1)

...

γ (N)

 ,

aj =

(
V I
T (k) + (1− β (k))

∏k−1
i=1 β (i) VT0

S(j)

)
FA
N2

(j, k)

V E
T (k)

. (5.10)

With Eq. (5.10), it is possible to see that the recovery of the vector γis the

solution of a system of linear equations. It can be noted that even with zero noise

the inverse problem is most likely ill-posed when the number of alveolar units is larger

than the number of washout breath cycles. To get a unique, smooth solution, the

regularization method of Tikhonov [173] can be applied and up to three constraints

over γcan be added. The first constraint is the classical nonnegativity condition [74,

84]. The second is the constraint of unitary total ventilation [84]. Finally, the sum

of alveolar units volumes is constrained to EELV-vd.

The problem of finding γ (J) becomes equivalent to solve a constrained nonneg-

ative least-square problem

min
γ
‖Aγ − b‖2 + ‖λLγ‖2 , s.t. γ ≥ 0; Cγ = c, (5.11)

where A ∈ RMxN is a matrix whose elements aij are the predicted N2 concentration

of alveolar unit J at breath cycle i and b ∈ RM is the measured Fet
N2

during the

washout maneuver.The second term imposes a smoothness condition with a scalar

gain λ and a weighting matrix L ∈ RNxN , which can be used to penalize some

alveolar units more than others. Matrix C is the constraint matrix.

See Appendix C for a summary of the algorithm to estimate the distribution of

ventilation.

Least square solvers

The complete least square problem with three constraints was solved using an active-

set algorithm [174], while in the condition requiring only nonnegativity, the Lawson

and Hanson algorithm was used [175]. In either cases, the Tikhonov smoothness was

applied expanding the matrix A and vector b with λL and a null vector, respectively.
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5.2.3 Sensitivity to noise

Sensitivity to noise was assessed by the numerical simulation of uni- and bi-

modal log-normal distributions with different log-means and log-standard deviation

(logSD) [74, 84]. Unimodal shapes are typical of normal young subjects and bimodal

shapes are found in normal old as well as in patients with cystic fibrosis or other

obstructive lung diseases (1). The simulations included washouts with error-free Fet
N2

and measurements corrupted by normal distributed noise with zero mean and 3 % or

5 % standard deviation (SD) [84]. The three VT conditions (V E
T = V I

T = constant

; V E
T = V I

T 6= constant ; and V E
T 6= V I

T) have been considered with a basal VT of

500 mL. In presence of noise or with non-constant VT the simulations were repeated

1000 times. At the beginning of the washout, instead of an ideal step change, the N2

concentration fell to zero at the 5th breath cycle, simulating the washout of the in-

spiratory external circuit of the mechanical ventilator. Figure 5.2 depicts a diagram

of all simulated conditions.

Figure 5.2: Scheme of simulations. Unimodal and bimodal distributions with error-
free or noisy data and with tidal volume variability (or not). End-Expiratory Lung
Volume as well as distribution standard deviation were selected from 2 options.
Black dots indicate that flow chart continuation coincides with the correspondent
at the same level.

5.2.4 Reconstruction conditions

To assess the effect of noise on different reconstruction approaches, simulations cov-

ered the nonnegative and the full-constrained least square problems, 17 breath cy-

cles [84] or consensus washout (N2 concentration at the end of the of the washout

at 1/40 of the starting concentration [70]) and the use of L equal to identity or the

alveolar unit weighting matrix (WM) proposed by LEWIS et al. [74]. Addition-

ally, two Tikhonov gains λhave been used. One gain was constant, independent of

noise and equal to 0.033, the other was calculated for each simulated washout as

the maximum between this constant value and three values estimated by heuristic
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methods (l-curve, Generalized Cross Validation and Normalized Cumulative Peri-

odogram) [176]. Analogously, for noise-free simulations, the constant λwas equal

to 0.0008 and the estimate was the maximum among this value and the heuristics.

Figure 5.3 shows a diagram of the recovering flow chart.

Figure 5.3: Distributions recovery flow chart. Nonnegative least squares are used ei-
ther unconstrained or constrained (imposed values for tidal volume, end-expiratory
lung volume and series dead space) considering a chosen weighting matrix, a
Tikhonov gain and different number of breath cycles. Black dots indicate that
flow chart continuation coincides with the correspondent at the same level.

5.2.5 Figures of merit

The quality of estimation was assessed by the Sum of Squared Errors (SSE) between

the reconstructed and reference distributions and a set of parameters characterizing

the distribution shape.

The shape parameters are the first three moments: mean, variance (expressed by

the logSD) and skewness, the latter calculated only for unimodal distributions. All

moments were estimated considering a continuous probability density function P (x),

with x = log (S). The figures of merit are the differences between the parameters

calculated for estimated and reference, expressed as a percentage of reference for

mean and logSD. Results are calculated as mean and SD of the absolute values of

all simulations. Additionally, we established an objective characterization of the

reconstructed waveform shape. A unimodal shape was defined as the distribution

that has only one peak or, in the presence of two peaks, the smaller to larger peak

ratio must be less than 20 % or they must be spaced by less than 5 alveolar units. A

bimodal shape was the distribution which has two peaks with smaller to larger peak

ratio above 30 % separated by a valley of at most 80 % of smaller peak amplitude.

This classification was applied to all tests performed.

For a visualization of the reconstructed curves, they are plotted as boxplot of all

repetitions for the best combination of smoothness gain, weighting matrix and least

square solver. All software routines were written and run in MatLab (MathWorks,

USA).
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5.3 Results

Figure 5.4 shows examples of N2 washouts from ambient air to 100 % O2 for the

three VT conditions. The simulations were accomplished with error-free data. The

v/V distributions were identical for the three conditions. Note that for the most

general case (variable VT and EELV), the Fet
N2

can increase along the washout when

V E
T > V I

T. Recovered Fet
N2

and v/V distributions were practically coincidental with

the simulated.

Figure 5.4: Examples of washout for the 3 tidal volume (VT) conditions. Left
panel: VT is constant; central panel: VT is variable but End-Expiratory Lung Vol-
ume (EELV) is constant; right panel: variables V T and EELV. Closed circles are
reference and open circles are recovered values. Fet

N2
is the N2 end-tidal fraction.

Figure 5.5 presents the SSE means for the recovered unimodal and bimodal dis-

tributions, considering either the first 17 breath cycles or the consensus washout

maneuver (see the SD in Fig. C.1). Small values of SSE (colored blue) represent es-

timated distributions close to the reference with alveolar units outside the simulated

S (J) span having a small ventilation fraction. The best result was achieved with

fixed λ, and with alveolar unit weight (upper right panel). The constrained and un-

constrained solutions gave similar results, slightly better with the former for bimodal

distributions. The number of breath cycles used for recovering had minor effect on

the results. Regarding the consensus option, the minimum number of breath cycles

taken for v/V identification was 15 (unimodal, EELV=1.0 L, logSD=0.55) and the

maximum was 50 (bimodal, EELV=4.244 L, logSD=0.50 for both modes).

The averaged absolute values of the relative errors of the means of unimodal and

bimodal estimated distributions are shown in Fig. 5.6 (see the SD in Fig. C.2). A

positive sign inside the cell indicates a tendency to estimate right shifted distribu-
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Figure 5.5: Sum of Squared Error (SSE) between estimated and reference
ventilation-to-volume distributions. Unimodal (upper panel) and bimodal (lower
panel) ventilation-to-volume distributions. All simulation and recovery conditions
are depicted and indicated (rows and columns of the matrices). Colors coded on the
right side of the figure indicate intervals of values of the mean SSE; EELV=End-
expiratory Lung Volume; VT = Tidal Volume.
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tions, while a negative sign indicates a left shift. Analogously to the SSE evaluation,

the best solution was found with fixed λ, with WM and constrained (up-right panel).

Figure 5.6: Averaged absolute values of the relative difference between means of es-
timated and reference ventilation-to-volume distributions. Unimodal (upper panel)
and bimodal (lower panel) distributions. All simulation and recovery conditions are
depicted and indicated (rows and columns of the matrices). Colors coded on the
right side indicate intervals of the relative difference; sign inside each cell indicate
if the recovered distribution is right (+) or left (-) shifted. EELV=End-expiratory
Lung Volume; VT = Tidal Volume.

Besides displacement of the mean value, the distribution can be narrowed or

broadened. This characteristic was measured with the relative errors of logSD,

shown in Fig. 5.7 (see the SD in Fig. C.3). Positive signs indicate broadened and

negative signs, narrowed distributions. Signs, except for a few error-free data distri-

butions, were positive (broadened). Analogously to the precedent evaluations, the

best results were found with fixed λ, WM and constrained (up-right panel). The

errors increased for small logSD distributions.

For a unimodal distribution, a shift in the mean can be a consequence of displace-

ment of the entire distribution or a loss in symmetry. This was assessed with the
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Figure 5.7: Averaged absolute values of the relative difference between logSD of es-
timated and reference ventilation-to-volume distributions. Unimodal (upper panel)
and bimodal (lower panel). All simulation and recovery conditions are depicted and
indicated (rows and columns of the matrices). Colors coded on the right side of the
figure indicate intervals of the relative difference. Sign inside each cell indicate if
the recovered distribution is broadened (+) or narrowed (-); EELV=End-expiratory
Lung Volume; VT = Tidal Volume
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difference of skewness in estimated and reference distribution, as shown in Fig. 5.8

(see the SD in Fig. C.4). A positive (negative) sign inside the rectangle indicates a

tail to the right (left). Note that the skewness sign was positive in most cases and

opposed to the mean difference, which means an asymmetry of the estimated dis-

tribution. The errors were smaller than 0.05 only for error-free data, and increased

10-fold when noise was added to the data.

Figure 5.8: Averaged absolute values of the difference between skewness of esti-
mated and reference unimodal ventilation-to-volume distributions. All simulation
and recovery conditions are depicted and indicated (rows and columns of the ma-
trices).Colors coded on the right side indicate intervals of the skewness error mean
value; sign inside each cell indicate if the recovered distribution is tailed to the right
(+) or left (-).EELV=End-expiratory Lung Volume; VT = Tidal Volume

The waveform shape classification is shown in Fig. 5.9 for both unimodal and

bimodal distributions. The results were calculated in percentage of agreements after

1000 tests for each case. For unimodal distributions, a high agreement was found for

all recovering combinations. Considering 5 % of noise, the overall maximum agree-

ment averaged 97.2 % (constrained, WM, adjusted lambda, 17 breath cycles) and

the minimum was 84.0 % (constrained, identity, fixed lambda, consensus washout).

For bimodal distributions the results spread from high to very low agreement. The
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maximum was 90.0 % (constrained, identity, fixed lambda, 17 breath cycles) and the

minimum was 17.8 % (unconstrained, identity, adjusted lambda, 17 breath cycles).

Figure 5.9: Waveform shape classification for unimodal (upper) and bimodal (lower)
ventilation-to-volume distributions. All simulation and recovery conditions are de-
picted and indicated (rows and columns of the matrices). Colors coded on the right
side indicate intervals of distribution shape agreements in percentage. EELV=End-
expiratory Lung Volume; VT = Tidal Volume

In order to depict the summary statistics and get a qualitative view of estima-

tions, Figs. 5.10 and 5.11 show the boxplot of estimated unimodal and bimodal

distributions, respectively. The plots represented the alternative of using WM, fixed

Tikhonov gain, consensus washout estimation applied to data with 5 % of noise. In

general, for unimodal distributions (Fig. 5.10) the median of the estimated alveolar

unit fraction of ventilation was close to the reference, with higher agreement for

the broad distributions (upper panels). For narrow distributions (lower panels), the

estimated distribution has a small right skew, which leads to the negative differ-

ence of mean and positive skewness (Figs. 5.6 and 5.8, respectively). There are also

some outliers outside the simulated alveolar units span, which increase the estimated

logSD (Fig. 5.7). Most of these outliers are in the fast region (high v/V), as an effect
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of noise, but do not reach the end of S (J) range, penalized by the WM matrix. For

bimodal distributions (Fig. 5.11), the estimated medians presented modes close to

the reference with a higher agreement to the mode at low v/V. The high v/V mode

was shifted to the left with a tail to the right.

Figure 5.10: Boxplot of all estimated unimodal distributions with EELV = 1.0 L and
5 % of noise. Only the alternative with alveolar unit weight, fixed Tikhonov gain
and consensus washout is represented. Both constrained (blue) and unconstrained
(green) linear solvers are shown. logSD = 1.00 (upper panels); logSD = 0.55 (lower
panels). Black dots = median values; wide bars = first and third quartiles; thin
lines extend to extreme values that are not outliers; colored circles = outliers.

To assess the influence of errors of vd measurement on the estimated distribution,

Fig. 5.12 shows the boxplot of a 3 % noisy unimodal distribution with EELV = 1.0 L

and logSD=0.55 estimated with +5 % and −5 % of error on the simulated vd. When

compared with the estimated error-free vd (red line), an over/underestimated vd

lead to a small right/left shift on the distribution, respectively.

5.4 Discussion

A brief summary of the results ensues. A generalized equation has been demon-

strated and tested which allows for the identification of v/V distributions for a lung

with a common series dead space and variable VT and EELV. As seen in Figs. 5.2

and 5.3, a rather large set of combinations of v/V distributions and strategies for

the recovery algorithms was tested, mostly with results that support the proposed

approach. Considering all VT conditions and all figures of merit in ensemble (errors

in SSE, mean, logSD, and skewness) the best combination for unimodal distribu-

tions was obtained with the joint use of WM, constrained solver, and fixed λ. The

81



Figure 5.11: Boxplot of all estimated bimodal distributions with 5 % of noise. Only
the alternative with alveolar unit weight, fixed Tikhonov gain and consensus washout
is represented. Both constrained (blue) and unconstrained (green) linear solvers are
shown. End-expiratory Lung Volume (EELV) of 4.244 L (upper panels) and 2.425 L
(lower panels). Black dots = median values; wide bars = first and third quartiles;
thin lines extend to extreme values that are not outliers; colored circles = outliers.

Figure 5.12: Influence of errors of dead space on the estimated distribution. Boxplot
of all estimated unimodal distributions with EELV = 1 L, logSD=0.55, 3 % of noise
on N2 concentration and 5 % of error in dead space (vd) volume estimation. Only
the case with alveolar unit weight, fixed Tikhonov gain and consensus washout is
represented. Both constrained (blue) and unconstrained (green) linear solvers are
shown. Reference distribution (black) and estimated without v d error (red). Black
dots = median values; wide bars = first and third quartiles; thin lines extend to
extreme values that are not outliers; colored circles = outliers.
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number of cycles used for recovery, 17 or consensus washout, produced similar out-

comes. The best classification for unimodal distributions was achieved with WM,

constrained solver, 17 cycles and adjusted (instead of fixed) λand resulted in 97.2 %

of agreement, higher than the best combination for moments’ estimates (91.6 %).

For bimodal distributions, the best result for the figures of merit was obtained

with WM, the constrained solver and adjusted (instead of fixed) λ, and the tech-

nique was insensitive to the number of breath cycles. The best classification was

achieved with the identity matrix (instead of WM), the constrained solver and the

fixed λ(90.0 %), much higher than using the best combination used for the moments’

estimates (63.9 %).

The use of Tikhonov regularization spans several fields of applied sciences, as

an effective tool to enforce smoothness when a curve with such a characteristic is

expected, as in the present case. Nevertheless, it requires choosing the shape of

the corresponding matrix and its values; here, only two regularization matrices were

tested, the identity matrix and the WM proposed by LEWIS et al. [74] and ap-

plied as described by WHITELEY et al. [84], which penalizes the non-zero solutions

found close to the upper and lower limits of the specific ventilation. Albeit we have

tested a numerous set of distributions and recovering combinations, this is far from

exhaustive. Moreover, the v/V distributions were also chosen, in the present case,

to represent both normal and abnormal lungs of adults [74], with 50 alveolar units

as in almost all previous works on this subject. We used specific ventilation ranging

from 0.01 up to 100, as did WAGNER [72] and KAPITAN [177], differently from

WHITELEY et al. [84]. Different choices may be required to model other patients

e.g. infants.

As expected, all estimates were sensitive to measurement noise. The simulated

experimental errors limit the recovery of v/V distributions with MBN2W, and that

would be expected with real signals. It remains a challenge to increase the accuracy

of measurements in order to identify, with a single test, whether the distribution is

uni- or bimodal, skewed to right or left, narrow or broad and apply this to assess or to

control therapeutic procedures. The classical experimental setup requires an RMS

and the use of mean expired gas demands the synchronization of signals, which

are additional sources of errors [178]. The current technology allows the indirect

monitoring of Fet
N2

as the complement of O2 and CO2 gas fractions measured by the

sensors available in mechanical ventilators [68] or other instruments [167, 179], which

may also involve errors. Moreover, the MBN2W, if performed with small amplitude

changes of O2, for instance with critically-ill patients [69], may see a reduction in

the signal-to-noise-ratio; however, since with the present model the N2 washout may

be followed by a series of washin-washout maneuvers, perhaps the increased number

of breath cycles may compensate for increased relative measurement errors.
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The effect of experimental errors on recovering v/V distributions was studied

by LEWIS et al. [74], KAPITAN [177] and WHITELEY et al. [84] with noise lev-

els of 1 %, 0.1 %, 3 %–5 %, respectively. We consider the highest error limits more

realistic, since other sources of errors such as that in flow rate and VT must be

considered. Their recovering algorithms were comparable to those applied in the

present work [74, 84]. A direct comparison of results is difficult, however, since the

modeled distributions, as well as the criteria to quantify the recovering estimates

accuracy, are different. However, the present study used the same error amplitudes

as tested by WHITELEY et al. [84] and also evaluated the first moments and the

agreement in curve shapes for both unimodal and bimodal distributions. In particu-

lar, our results of shape agreement were higher than reported by WHITELEY et al.

[84]. Nevertheless, these authors did not specify their criteria; our model allowed,

for example, for the presence of a small second mode in order not to reject the iden-

tification of a unimodal distribution. Differently, our best classification result was

found without the use of the WM of LEWIS et al. [74].

The present model includes most of the assumptions proposed in previous works

addressing the recovery of v/V distributions from the MBN2W LEWIS et al.

[74], WHITELEY et al. [84]. A key difference here is the use of a common se-

ries dead space, instead of a parallel dead space (all-parallel model). There is a

correspondence between both models, already demonstrated by EVANS et al. [180].

Nevertheless, if the washout comes from a lung with a common series dead space and

the v/V reconstruction is based on the all-parallel topology, the distributions will

not be identical. One first obvious difference is the amplitudes of the fractional ven-

tilations, which add up to 1 in our model, but to (1-vd/VT) in the all-parallel model.

This amplitude reduction will imply a shift to the left and a warped shape in the

classical graphical representation of the v/V distribution. Actually, the all-parallel

model is a representation of the fractional alveolar ventilation instead of the total

ventilation (which includes dead space rebreathing). It is a matter of choice: the

all-parallel model follows the gas exchange terminology, whereas our model quan-

tifies the real volume change of each alveolar unit, comparable to image estimates

of ventilation distribution [181]. The vd can be measured with the Fowler’s tech-

nique [182] and preferentially by capnography instead of N2 monitoring, because N2

fraction amplitudes fall quickly along the washout and the early N2 emptying of fast

alveolar units tends to apparently increase the magnitude of vd [76].

It should be noted that some of the assumptions involved in the assembly of the

present general equation are rather restrictive and some are opposed to evidence,

for instance the synchronous filling and emptying of alveolar units, and homoge-

neous N2 concentrations in all units before the beginning of washout. Also, a simple

model was used for vd, a single airway connecting all alveolar units to the outside
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environment, disregarding the several ramifications of the airways and the inherent

presence of personal dead space [77]. Some of the assumptions are needed because

the information obtainable from the MBN2W is limited and simplification is manda-

tory.

The nonnegative least squares solution was obtained either with or without two

additional constraints: 1- the VT fractions add up to 1; 2- the sum of the alveolar

units volumes is equal to (EELV-vd). Obviously, the effect on results of using these

constraints depends on the accurate measurements of VT, EELV and vd . Measuring

EELV and VT is inherent to the MBN2W. Regarding EELV, its accuracy depends

on both the N2 analyzer and the flow rate sensor from which the VT is calculated.

Moreover, a time delay correction to synchronize both signals may be necessary

and this is a critical step [70, 178]. During washout, an aliquot of N2 comes from

blood and tissues and must be subtracted from the total eliminated amount of N2

for the correct EELV evaluation [183]. However, the absence of reliable data has

induced the recommendation not to correct for this effect [70]. Additionally, it was

shown that the N2 diffusion from outside the lungs causes only a small effect on v/V

distributions recovering [184]. It must be noted that the present technique is not

limited to the use of N2 as the test gas. Other inert gases such as SF6 or He [70]

can be used and with obvious advantages because of their lower solubility in water

and body tissues. Another potential confounder arises from the fact that, during

washout, the composition of gases changes breath-by-breath and usual flowmeters

are not immune to dependencies on physical properties of the gas mixture such as

viscosity, density or thermal conductivity, depending on the operating principle of

the transducer.

5.5 Conclusion

In conclusion, we demonstrated a generalized equation that allows the identifica-

tion of v/V distributions without VT and EELV restrictions, for a lung model with

a common series dead space. Moreover, nonidealities such as the departure from

a step change in N2 concentration are allowed by the model, which supports the

applicability in spontaneously as well as in mechanically ventilated patients. We

identified the best combinations of processing tools applied to minimize estimation

errors, and showed the limitations of applying such a technique in presence of ex-

perimental noise.
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Chapter 6

Generalized estimation of the

ventilatory distribution from the

multiple-breath washout: a bench

evaluation

6.1 Background

The estimation of the pulmonary ventilation-to-volume (v/V) distribution may pro-

vide clinically useful information on intrapulmonary gas-mixing but is an underused

byproduct of the end-expiratory lung volume (EELV) measurements during me-

chanical ventilation. The v/V can be calculated with the multiple-breath washout

test, especially using N2 as the inert and low solubility gas (MBN2W). The classical

method [72, 74, 84] models the lungs as a set of all-parallel units, including a dead

space, whose contributions to the total lung ventilation are the unknowns. This

approach has some limitations. For instance, it disregards the effects of the series

dead space (vd), whose volume may be estimated via the Fowler’s method [182]

throughout the washout; not only the EELV but also the tidal volume (VT) must

remain constant during the MBN2W; the inspired fraction of tracer gas should de-

crease instantaneously to zero. Recently, we [82]1 proposed a generalized multicom-

partmental model for MBN2W that includes a series dead space and copes with a

non-ideal step change in gas concentration, variable VT during the maneuver, and

changes in EELV, as long as no compartment is completely emptied. Computational

simulations showed that this model, together with an algorithm to estimate its pa-

rameters from measurements taken at the airway opening during MBN2W, usually

retrieved more correct estimations of the v/V distribution than previous propos-

1This is the paper presented in Chapter 5
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als [82]. Furthermore, the alternative to impose a priori constraints determined

along the MBN2W limits the set of the v/V parameters estimates. However, since

this same novel model drove the simulated MBN2W, the results could have favored

the algorithm in some form. It is arguable, hence, that bench tests with well-known

physical models would allow for a better, less biased assessment of the effects of

modelling the series dead space in the estimates of v/V distributions.

The present work intends to compare the v/V distributions estimated by both

the classical and generalized approaches employing experimental data obtained from

physical models, under the conditions (constant VT and EELV) required by the

assumptions of the classical model. Similar estimation procedures were used for

both models, employing non-negative least squares and Tikhonov regularization

plus a weighting matrix. The generalized approach adds a constrained least squares

solver with imposed EELV, VT and vd. The results previously obtained by us [82],

with numerically simulated experimental noise, directed the choice of the weighting

matrix.

6.2 Methods

6.2.1 Mathematical model of the MBN2W

The generalized mathematical model of the MBN2W is as follows. The respiratory

system comprises N parallel compartments, all connected through a single duct

whereby the gases are exchanged with the ambient air. Each compartment J, whose

volume is VolJ, is an ideal mixer characterized by the fraction γof VT that enters

and leaves it at each cycle, and its specific ventilation (S(J)=γVT/VolJ), the sum

of all compartmental volumes being equal to EELV-vd. A series dead space is

incorporated, considering that a compartment inspires a mixture of fresh gas from

the inspiratory circuit and the content of the common duct. This also allows the

model to be driven by a non-ideal step in inspiratory concentration of the tracer gas.

Variable VT is admitted by defining S(J) with respect to a reference VT, and variable

EELV is achieved by tracking the differences between inspired and expired volumes,

returning the distribution corresponding to EELV at the onset of maneuver [82].

In the experimental setup, where VT and EELV were constant, the end-tidal N2

concentration (Fet
N2

) at the k-th cycle is modeled by

F et
N2

(k) =
N∑
J=1

γ(J)FA
N2

(J, k), (6.1)
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with the compartmental concentrations given by

FA
N2

(J, k) =

(
F et
N2

(k − 1)α + F I
N2

(k)(1− α)
)
S(J) + FA

N2
(J, k − 1)

1 + S(J)
(6.2)

where αis the dead space to tidal volume ratio (vd/VT).

The classical approach to model multiple compartment MBN2W considers an

ideal step change of the inspired tracer gas at the onset of washout with the dead

space as an additional parallel compartment. Under these assumptions, Eq. (6.2)

simplifies to

FA
N2

(J, k) =
FA
N2

(J, k − 1)

1 + S(J)
(6.3)

and the combined compartmental concentrations are fitted to the measured mean

expiratory N2, by adjusting the respective weights. For a single compartment with

a series dead space, it can be demonstrated, by using Eqs. (6.2) and (6.3), that

this classical parallel model estimates a compartment with ventilation (1-α) shifted

leftwards (lower specific ventilation) from the real compartment. The estimated spe-

cific ventilation (S’) depends on the actual specific ventilation (S’=(1-α)S/(αS+1)),

causing larger differences for faster compartments. Accordingly, the estimated com-

partmental volume is equal to EELV.

In case of a non-ideal step at onset of washout, a further shift depending on the

ratio of inspired to expired concentrations occurs. To distinguish partially between

this effect of a non-ideal step and the presence of a series dead space, an alternative

classical model was tested. This is modeled by Eq. (6.2) with α=0.

6.2.2 Experimental setup

To test the effect of a series dead space in the washout maneuver under controlled

conditions, two physical models were assembled: one with four compartments of

equal γand different VolJ (4C); and one with a single compartment (1C). The 4C

allowed to examine the recovery of location, and the spread/breadth of the distri-

bution, while with 1C the classical model distribution shift could be analytically

predicted. Both models were ventilated by an Evita XL (Draeger Medical, Lübeck,

Germany) and N2, O2 and CO2 concentrations were measured by a fast mass spec-

trometer (AMIS 2000, Innovision, Glamsbjerg, Denmark). Pressure and flow signals

were acquired directly from the ventilator and with a proximal pneumotachograph

plus a pressure transducer. In order to synchronize the signals of gas concentration

and flow, an uncalibrated flow signal was recorded from a pneumotachograph con-

nected to the mass spectrometer, and the mainstream capnometer from the ventila-
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tor was placed close to the gas sampling port. All data were recorded simultaneously

with a program written in LabView (National Instruments, Austin, USA).

The ventilated compartments were 1-L anesthetic bags (VBM Medizintechnik

GmbH, Sulz am Neckar, Germany) with end-expiratory volume maintained by appli-

cation of a PEEP. A super-syringe inflation determined that at PEEP of 10 cm H2O

the volume of the bag was 1 L. CO2 production was simulated by a constant low

flow of this gas into the compartment with the smallest v/V ratio. CO2 flow was

titrated to achieve end-tidal concentration between 0.5 % and 1 % to reduce effects

in expired volume.

The series dead space comprised an anatomical and an instrumental dead space.

The anatomical dead space was represented by a resistive piece and standard con-

nectors used in mechanical ventilation, such as 22-to-15 mm reductions and Y-pieces.

The instrumental dead space was the connector for sidestream gas sampling and the

pneumotachograph of the mass spectrometer, the mainstream capnometer of the

ventilator, the proximal pneumotachograph and pressure outlet, a 90-degree con-

nector to the resistance, and an HME filter (BB25, Pall Medical, Port Washington,

USA) (Fig. 6.1). The total dead space volume (vd), calculated from the geometry,

were of 92 mL for 1C and of 152 mL for 4C.

Figure 6.1: Representation of the experimental setup. The physical models are
shown as photos with the anesthetic balloons at end-expiration. The components
of the series dead space are represented by schematic drawings. The Y-piece of
the ventilatory circuit was connected directly to the gas sampling piece. Note that
the gas is sampled close to the capnometer chamber to avoid inspiratory/expiratory
delay changes.

Tidal volume and end-expiratory volume of compartments were selected to

match, as nearly as possible, specific compartments from a logarithmic distribution
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of N=50 ventilation-to-volume ratios ranging from 0.01 to 100. The 1C model was

ventilated with VT=250 mL, representing a compartment with S=0.25. The respira-

tory frequency was of 15 breaths/min. A total of 5 washouts were performed with a

N2 step change from 50 % to zero. The 4C model compartments had 1.00 L, 0.83 L,

0.69 L and 0.57 L and were ventilated with VT=560 mL, or 140 mL per compartment

(S = 0.14, 0.83, 0.69 and 0.57, respectively). Where applicable, the compartmental

end-expiratory volumes available for gas washout were reduced by inserting closed,

impermeable plastic containers (Profissimo Gefrierbeutel, Germany) into the anes-

thetic bags, filled with appropriate volumes of air. The respiratory frequency was

of 12 breaths/min (7 tests), 10 breaths/min (3 tests) or 15 breaths/min (2 tests). A

total of 12 washouts were performed. In 9 tests, the N2 step change was from 50 % to

zero and in 3 tests the step change was limited from 10 % to zero. Experiments were

performed in ATPD2 conditions, disabling the ventilator’s BTPS3 compensation.

6.2.3 Signal processing

Before the data analysis, gas concentrations and flow were synchronized with a two-

step procedure. First, flow curves from the ventilator and the mass spectrometer

were aligned by maximizing their cross-correlation. Second, the delay from gas

sampling was compensated breath-by-breath using the cross-correlation between

the CO2 signals from the mass spectrometer and the ventilator mainstream sensor.

The synchronized signals were processed to estimate vd, EELV and the γvalues

of the compartments. The vd was calculated from CO2 and volume curves using

Fowler’s method [4]. The EELV was estimated from inspired and expired N2 vol-

ume during the washout (from onset until a N2 concentration ≤1/40th of initial

value)[70]. Analogously, the distributions were estimated using the same number

of cycles. The parameters of the multiple compartment model were estimated with

nonnegative least squares and Tikhonov regularization with a fixed gain (4× 10−3

for 1C and 3.3× 10−2 for 4C) and a weighting matrix proportional to the com-

partmental washout ratio [84]. The generalized model was also estimated with a

constrained least squares solver, imposing the sum of compartmental volume equal

to the EELV-vd and unitary total ventilation [82]. Overall resistance and elastance

were calculated from pressure and flow signals to ensure similar mechanical behav-

iors of the compartments. Data were analyzed in MatLab (Mathworks, USA).

2Ambient Temperature and Pressure Dry
3Body Temperature and Pressure Saturated
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6.3 Results

The time profile of inspiratory N2 was not that of an ideal step and, as expected,

the washout of 4C was slower than that of 1C (Fig. 6.2-A). EELV was estimated,

from the MBN2W inspired and expired N2 volumes, as (1.13± 0.01) L for 1C and

(3.24± 0.07) L for 4C. Typical expiratory capnogram curves were observed, despite

the difference in magnitude (Fig. 6.2-B). The estimated vd were (73.8± 6.4) mL

for 1C and (185.7± 4.5) mL for 4C (see the Appendix D, Tables D.1 and D.2, for

individual estimates of each experiment). The calculated overall resistance and

elastance were R=(16.6± 0.3) cm H2O L−1 s−1 and E=(78.5± 1.2) cm H2O L−1 for

1C and R=(16.1± 0.6) cm H2O L−1 s−1 and E=(20.8± 0.3) cm H2O L−1 for 4C.

Figure 6.2: Examples of N2 washout and CO2 versus volume curves for the single
(hollow square) and four compartment (filled square) physical models. 2-A) In-
spiratory (black) and expiratory (gray) end-tidal N2 fractions during one washout
maneuver of each model. 2-B) Expired CO2 versus volume, the dashed line repre-
sents the dead space volume as calculated by Fowler’s technique.

The distribution retrieved by the constrained generalized model for physical

model 1C was located at the correct compartment, with a small contribution of

an adjacent compartment, and corresponded to the smallest sum of squared errors

between estimates and the real distribution of v/V (Fig. 6.3-A and Table 6.1). In the

case without constraints, the sum of compartmental volumes plus vd underestimated

EELV by 3 %, and the total ventilation was overestimated by 5 % (Fig. 6.3-B). The

classical model retrieved two or three compartments, located, however, leftwards

from the actual compartment, as theoretically predicted (Fig. 6.3-C). EELV was

overestimated by 24 %, and vd (complement of total ventilation) was underesti-

mated by 10 %. The inclusion of the inspired N2 concentration partially corrected

EELV estimations (mean error of 18 %), but the distribution almost did not change

(Fig. 6.3-D). The estimated distribution of each test with each model is shown in

the Appendix D, Figs. D.1 to D.4.
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Table 6.1: Sums of the squared errors between the estimated and true ventilation-
to-volume ratio distributions.

Single compartment (1C) Four compartments (4C)
50 % N2 step 50 % N2 step 10 % N2 step

Generalized
Constrained

0.19± 0.15 0.07± 0.03 0.08± 0.01

Generalized
Unconstrained

0.55± 0.15 0.12± 0.01 0.120± 0.004

Classical 1.21± 0.03 0.16± 0.01 0.160± 0.003
Classical +

Inspired Fraction
1.20± 0.02 0.15± 0.02 0.160± 0.002

Figure 6.3: Distribution of specific ventilation estimated from the N2 washout of
a single compartment physical model. Results from each of five (A to E) repeti-
tions are represented in gray with different symbols. The reference distribution is
shown in black. The vertical dashed line (panels C and D) represents the theoretical
distribution predicted for the compartment estimated by the classical model (ideal
step washout). EELV is the End-Expiratory Lung Volume; Vent is the sum of the
fractional compartmental ventilations (

∑
γ); and vd is the dead space volume es-

timated by: Fowler’s technique (for the generalized model) or the complement of
total ventilation (for the classical model).
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For large N2 step changes (9 washouts, corresponding to cases A to I), the re-

sults for the model 4C were analogous to those for 1C. The constrained generalized

model estimated v/V matching the expected specific ventilation, although narrower

(Fig. 6.4-A); the unconstrained generalized model underestimated EELV and over-

estimated the total ventilation by 13 %, causing a rightward-shifted and broadened

estimated v/V (Fig. 6.4-B). The distribution estimated with the classical model was

broader than expected and shifted leftwards from the actual distribution (Fig. 6.4-C

and Fig. 6.4-D); the EELV was overestimated by 15 % and vd was underestimated

by 6 %. Again, including the measured inspired N2 in the classical model partially

corrected EELV estimation reducing the errors to 7 %. For N2 step changes limited

to 10 % (3 washouts, Fig. 6.4, corresponding to the cases J to L), all estimated dis-

tributions with the generalized as well as the classical approach resulted broadened

(Fig. 6.4) and with larger sums of squared errors relative to the real distribution

(Table 6.1), indicating the deleterious effect of a decreased signal-to-noise ratio on

the estimates. All individual estimated distributions are shown in the Appendix D,

Figs. D.5 to D.8.

6.4 Discussion

We proposed a bench comparison between a novel generalized mathematical model

for the MBN2W [82] and a classical all-parallel model [72]. The tests were performed

with a commercial intensive care unit ventilator and physical models mimicking

lungs with one or four parallel compartments and a common series dead space. The

main results are: (1) the retrieved v/V distribution with the constrained general-

ized approach was practically coincidental with the actual v/V distribution for both

physical models for high N2 step changes; the unconstrained solution did not rep-

resent the expected distributions, missing the true values of EELV and VT;; and

(2) the v/V distribution retrieved with the classical approach was leftward shifted

and broader, as compared to the actual, and its corresponding estimates of EELV

were slightly favored when the non-ideal step change of N2 at the washout onset was

taken into account.

We used estimates of respiratory mechanics to provide a first assessment of the

reproducibility of the tests and of the assumption of equal ventilation to each of the

compartments in 4C. The small spread shows that the physical properties of the

models may be considered constant along the washout repetitions, while the four-

fold decrease in elastance in 4C compared to 1C suggests that all four anesthetic

bags have similar compliances and, consequently, similar ventilations.

The anatomy of the airways consists of a network of ramifications where a strictly

common dead space is restricted only to the trachea [185]. The set of subdivisions
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Figure 6.4: Distribution of specific ventilation estimated from the N2 washout of
a four compartments physical model. Results from each of twelve repetitions are
represented (A to I, in light gray, with FI

N2
step from 0.5 to 0, and J to L, in dark

gray, with FI
N2

step from 0.1 to 0), with different symbols for each test. The reference
distributions are shown in black. EELV is the End-Expiratory Lung Volume; vent
is the sum of the fractional compartmental ventilations (

∑
γ); and vd is the dead

space volume estimated by: Fowler’s technique (for the generalized model) or the
complement of total ventilation (for the classical model).
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from the main bronchi to the deeper bronchioles results, during the expiration, in a

mixture of alveolar gases originated from their respective airways. Thus, assuming

the totality of the anatomical dead space simply as a common series duct is a

considerable simplification, even though, as reported by FORTUNE e WAGNER

[77], most of the dead space lies proximal to the carina. Nevertheless, the lungs, as

represented by the classical model (alveoli connected to the airways opening and the

airways as one additional parallel compartment), is less corresponding to the reality.

In the present experiments, the physical models agreed very well to the proposed

mathematical model, since most of the tubings comprise the common dead space.

Because of the lack of correspondence between the classical model and the ac-

tual anatomy, two features arise: the retrieved distribution is shifted to the left as

previously reported [77] and broadened as compared to the expected. The specific

ventilation of the estimated 1C compartment was close to the theoretically predicted

specific ventilation (see Fig. 6.3-C). The spread of the distribution is influenced by

factors inherent to the model, such as the difference in sensitivity to the common

dead space for slow and fast compartments and the mixing of the contents of the

compartments, which decreases the differences between the compartmental washout

curves. The distribution curve is also sensitive to choices in data processing, for ex-

ample the regularization gain used for the estimation of the parameters. The present

gains were chosen on the basis of previously simulated experiments [82]. This may

be a critical parameter in what concerns the shape of the estimated curve of v/V

distribution, particularly its breadth and smoothness. Nevertheless, a tradeoff be-

tween accuracy and sensitivity to noise and artifacts is expected, hence this choice

should be subjected to further investigations.

The distribution recovering technique applied to the classical model is essentially

unconstrained. The solution includes the estimates of EELV and the parallel dead

space of the distribution. This dead space does not necessarily correspond to vd, rep-

resenting the ventilation of a compartment with an infinite specific ventilation [74].

Regarding the EELV estimates, they were always overestimated with the classical

model. EELV alone has been increasingly regarded as a useful parameter to eval-

uate the overall lung aeration [68], and it may be straightforwardly calculated by

the breath-by-breath summation of the net N2 (or other inert gas) volumes expired

during the washout.

For the generalized model of MBN2W, the EELV that serves as input to the

constrained least squares estimation was calculated as above. The EELV estimates

resulted accurate for both physical models. Gas exchange calculations based on

measurements of gas concentrations and flow rate are very sensitive to the cor-

rection of the time delay between these signals [178]. A mainstream capnometer,

currently a usual instrument in mechanical ventilation, was used as the time refer-
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ence to synchronize the mass spectrometer measurements with the flow rate. This

time correction, using just the maximal cross-correlation between the CO2 concen-

tration signals from the capnometer and the mass spectrometer, revealed feasible

and reliable (EELV error <5 % and variability between repetitions <10 % [70]). Al-

ternatively, an ultrasound flowmeter monitoring the washout of sulfur hexafluoride

(SF6), an inert and insoluble gas with a high molecular mass compared to the ambi-

ent air components, may be used. This device allows simultaneous and synchronous

measures of flow rate and SF6 concentration and has been used for the estimation

of ventilatory inhomogeneity [186, 187].

Breath-by-breath estimates of the series dead space is a requirement for both

the constrained and the unconstrained generalized v/V distribution. Instead of

using prediction formulae, a direct measurement of that dead space is recommended,

for example by applying Fowler’s technique [182] to the capnogram [82] as in the

present work. Prediction formulae are scarce and inaccurate, especially for some

conditions such as during mechanical ventilation, in which body position varies and

EELV depends on the applied PEEP. For instance, there are conflicting reports as

to the effect of the dead space on a vastly employed index to quantify ventilatory

inhomogeneity, the lung clearance index (LCI). Despite HAIDOPOULOU et al. [186]

concluded that LCI is minimally affected by airway dead space, NEUMANN et al.

[187] found an association between LCI and vd/VT. The LCI is an overall index

of ventilatory inhomogeneity; in theory the increase of vd/VT should increase the

magnitude of LCI. As an alternative, the alveolar lung clearance index (aLCI) [186]

was proposed by considering the alveolar ventilation instead of the total ventilation

as the bulk flow washing the alveolar units. The present generalized approach is

based on the same assumption. Notably, an error in vd estimation will result in

a shifted distribution [82], as demonstrated with the extreme case of the classical

model. Likewise, if vd is overestimated the shift will be to the right (Appendix D,

Fig. D.9) due to slower washout (increased rebreathing) for each modeled v/V.

The v/V distribution of the respiratory system may be modeled by a continuous

curve within a finite interval. The recovery of this distribution from the limited infor-

mation present in a MBN2W is an ill-posed problem and requires simplifying assump-

tions. The three assumptions relevant to the estimation method are smoothness,

known bounds and discrete representativity. The first assumption was discussed

above. The bounds used here are the same from [72, 177], and clearly will lead to

wrong estimates if they don’t encompass all the v/V ratios of the real compartments.

The a priori choice of 50 compartments is usual in the literature [72, 74, 76, 177].

In this study we tried to match every physical compartment to values present in the

chosen 50 v/V ratios, favoring estimation: mismatch(es) between the physical v/V

ratios and the set of chosen v/V ratios in the mathematical model will, in general,
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cause the true ratio to be represented by a combination of modeled compartments.

This should affect mainly the amplitude and breadth of the distribution, and less

its location. An example of the effects of such mismatch can be seen in Appendix D

(Fig. D.10).

Some limitations are addressed hereupon. To our best knowledge, this is the first

report on multiple-breath washout of a multicompartmental physical model. Hence,

we could not discuss our results against the literature as to possible comparative

improvements. The physical models were limited to up to 4 units and this is far from

the number of units found in experimental works with humans [73–76]. Considering

that the v/V is distributed on a log scale, a simulation with many more units

would be difficult to perform in view of the present method of construction of v/V

units. For the estimation of v/V distribution we used the same cycles selected for

calculating the EELV [70]. For our combination of VT and compartments’ volumes,

this choice lead to a larger number of cycles than the commonly used of 17 [72, 84],

which could have favored our results. Numerical simulations showed that, for the

generalized model, both choices of cycles have similar estimations, although 17 cycles

respected more the number of modes [82]. In the Appendix D, we show that this

equivalence holds true in our experimental condition, including for the classical

model (Figs. D.1 to D.8). Lastly, one of the features of the generalized approach to

estimate v/V distributions is that VT and EELV are not necessarily constrained to

be constant, as in the classical method. The present results did not include tests

with variable ventilation [171] feasible at the laboratory since commercial mechanical

ventilators currently feature this choice of strategy.

6.5 Conclusion

In conclusion, the present work compared the v/V distributions estimated by both

the classical and generalized approaches employing experimental data obtained with

in vitro models. The method that resulted in better coincidence with the actual

distribution was the generalized approach with a constrained least squares solver

with imposed EELV and VT.

97



Chapter 7

Discussion and Conclusion

Lung cells sense mechanical stimuli and generate chemical signals that regulate

different biological processes. This mechanotransduction is important during lung

development and for the healthy function of lungs [15]. However, excessive cell de-

formation stimulates the production of inflammatory mediators [19] and can disrupt

cellular function, for example, surfactant properties and production [20, 188]. The

expansion of human lungs is spatially heterogeneous and excessive regional defor-

mation may be present even with limited global values. This thesis studied lung

expansion heterogeneity in an animal model of the early phase of VILI in initially

normal lungs, and in a mathematical model of the MBN2W maneuver. The ani-

mal experiments investigated the effects of local mechanotransduction to lung injury

during mechanical ventilation with clinically relevant settings (ARDSNet protocol,

i.e. low VT and PEEP) and time frames (24 h). The MBN2W may provide a bed-

side estimation of lung expansion heterogeneity, and the proposed model extended

previously published models to account for variation in the ventilatory parameters

and inspired gas concentration likely present in clinical application of the maneuver.

The main findings of the thesis are: (1) for mechanical ventilation of normal

lungs, starting from a more heterogeneous aeration distribution (supine position) re-

sults in faster deterioration of the spatial heterogeneity of aeration and tidal strain,

when compared to a more homogenous initial aeration distribution (prone posi-

tion). However, regional strains were clearly below the proposed injurious threshold

of 1.5 [41]; (2) independent of body position, the main contribution to the spatial

heterogeneity of aeration and strain comes from small length-scales (5–10 mm), with

tidal strain presenting larger contributions of length-scales of 10–15 mm, indicating

influence of larger anatomical units to this variable; (3) the overall increase in hetero-

geneity of tidal strain and aeration in supine position was followed by an increase in

the contribution of larger length-scales. Interestingly, this change in length-scale was

also observed, in a smaller magnitude, for aeration distribution of prone animals;

(4) whole lung phosphorylation rate (k3) increased similarly in supine and prone

98



positions in a mild endotoxemia model. However, in supine animals, the regional

differences in aeration and tidal strain resulted in spatially heterogeneous inflam-

matory processes. The effect of tidal strain on inflammation was dependent of the

interaction of strain with blood volume and directly related to regional tidal strain

heterogeneity; (5) the proposed generalized mathematical model (parallel lung units

+ series dead space, with variable VT, EELV and inspired N2) of the gas mixing

compartments in the lungs during a MBN2W performed better in the estimation of

uni- and bimodal distributions of specific ventilation when compared with previous

reports of the classical model (parallel lung units and dead space, with constant

VT and instantaneous change in inspired N2); and (6) positioning the dead space

in series with the ventilated compartments allowed for a better estimation of the

location and spread of the specific ventilation distribution. Imposing constraints

during the solution of the inverse problem further improved the estimations.

In the animal experiment, the initially more heterogeneous lung in supine po-

sition showed a marked mechanical deterioration when compared with prone posi-

tion. At 24 h the overall inflammation, quantified as increase in 18F-FDG uptake

and phosphorylation rates, was similar in both groups. This may be attributed to

the systemic inflammatory stimulus associated to the prolonged mechanical venti-

lation. In fact, at the end of the experiment the uptake rate in the supine group

was comparable to a previous experiment with 16 h of mechanical stimulus alone

(which may have been more aggressive due to the absence of PEEP, i.e. higher

heterogeneity) [189], and was lower than found with a similar ventilation strategy,

but higher endotoxemia than present in this thesis [49]. However, the moderate

difference between supine and prone in tidal strain heterogeneity at baseline was

marked at 24 h following the increase in aeration heterogeneity of the supine ani-

mals. Their dependent (dorsal) regions derecruited with a consequent redistribution

of strain to the non-dependent (ventral) regions. This redistribution could act as a

positive feedback mechanism with the under-ventilated areas becoming stiffer due

to reduced stimuli for surfactant production. Because of airway parenchyma inter-

dependence, the dorsal regions may also present a reduction in airway diameter (or

airway closure), which adds to the reduction of ventilation. The mechanical impair-

ment was also observed in the increase of the contribution of larger length-scales

to the heterogeneity of aeration and tidal strain in supine lungs. Thus, while the

level of inflammation and the mild histological injury could be considered acceptable

when mechanical ventilation is essential for patient support, the gradual mechanical

deterioration in supine indicates a progressively higher risk of more serious injury.

A strategy focused in reduction of the global strain (low VT) and following just

gas exchange goals (PEEP/FIO2 table driven by oxygenation) is not appropriate

to hold impairment of lung mechanics in initially normal lungs. The mechanical
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ventilation protocol adopted in the animal experiments is the hallmark of protective

strategies for ARDS lungs proposed in the ARDSNet clinical trial [27]. In this

protocol, lung expansion is achieved following step changes in PEEP accordingly

to a pre-defined table that alternates between changes in end-expiratory pressure

and FIO2. The adjustments of these variables are triggered to comply with a target

oxygenation range (PaO2=55 mmHg to 80 mmHg or PpO2=88 % to 95 %). From the

present results, it is clear that this type of goal results in delayed action in the case

of mechanical ventilation of uninjured lungs. This finding is in agreement with a

previous study showing that gas exchange (especially FIO2) does not fully reflect

lung tissue conditions [190]. Therefore, it is necessary to design ventilatory protocols

specific for those patients with normal lungs, which will probably involve a different

parameter to be monitored, or at least a higher oxygenation threshold.

According our experimental findings, a preventive (halting the development of de

novo injury) mechanical ventilation should: a) homogenize the spatial distribution

of aeration and tidal strain; and, secondarily, b) minimize global strain and stress.

One direct strategy could be to adopt prone position at the beginning of ventila-

tion, extending to patients with normal lungs the recent push for this intervention in

ARDS [119]. However, prone positioning is not universally applicable. In the surgi-

cal scenario, the patient position is generally dictated by the surgical procedure. In

the intensive care unit, there are concerns with more complicated routine care of the

patient and contraindications to proning exist [191, 192]. A possible alternative for

homogenization of aeration in supine position is the open lung approach (OLA), i.e.

to temporally apply high airway pressure in order to open all lung units (recruitment

maneuver) and then set a PEEP that keep them open [193]. The ultimate goal to

the OLA-PEEP should be to homogenize lung expansion, what is optimally assessed

by CT. However, for clinical management simpler parameters directly measured at

bedside are necessary and surrogates for this homogenization goal should be pur-

sued. From the literature, some bedside strategies could be suggested for further

detailed animal studies.

Different methods were proposed for how to choose the adequate PEEP for

OLA [194]. While increasing PEEP to achieve an end-inspiratory pressure close

to the pressure measured at total lung capacity in normal individuals seems to open

ventral and dorsal lungs[195, 196], different lung regions will open at distinct airway

pressures and at different rates [197, 198]. Thus, instead of just expanding poorly-

and non-aerated regions, a high airway pressure could harmfully overdistend re-

gions that are already aerated. One PEEP adjustment method that tries to avoid

the harmful effects of a blind high-PEEP, is non-invasive and simple to apply at

the bedside is the minimization of respiratory system elastance. CT scans in pigs

with healthy lungs indicate that at a pressure slight above (usually 2 cm H2O) the
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PEEP of minimal elastance there is a balance between the amount of end-expiratory

derrecruitment and end-inspiratory overdistension [199]. Experimental data of the

effect of minimizing elastance on the distribution of strain and ventilation is absent.

Though, PEEP has an effect in the ventro-dorsal distribution of strain measured in

large ROIs [67] and high PEEP ((17± 3) cm H2O) lead to lower small length-scale

heterogeneity of specific ventilation when compared with expiration to 0 cm H2O [51].

In our experiments, which adopted mechanical ventilation settings in accordance

with current clinical practice, the measured tidal strains at voxel level were markedly

below the proposed threshold for lung injury generated by mechanical stimuli [41].

This limited tidal strain agrees with findings in larger ROIs in pigs [67], and seems

compatible with global strain measurements in patients [136]. A consequence of

not having extreme regional strains in a heterogeneous normal lung is that for pa-

tients without lung injury a VT less restrictive than the recommended for ARDS

can be tolerated. This is important because lower VT requires larger respiratory

rate to maintain adequate minute ventilation and CO2 clearance. High respira-

tory rate may have a contribution to lung injury by itself via mechanotransduction

[21], and contribute to increase the power applied to the lungs during mechanical

ventilation [139]. The bedside tool to balance the setting of VT may also be the

elastance. Because the pressure-volume relationship of the respiratory system can

be characterized by a sigmoidal [200], the (bell-shaped) respiratory system elastance

can be approximated by a second order polynomial. Thus, the contribution of the

volume depended elastance (second order term) to the total elastance reflects the

lung “point of operation” in the overall pressure-volume curve, indicating the pres-

ence of hyperdistention when it is positive [201, 202]. A näıve method applicable

with the current parameters calculated by the mechanical ventilator is to observe

the change in elastance (or driving pressure) after changing VT. An increase in

elastance or increase in driving pressure disproportional to the VT step indicates

presence of hyperdistention. For these measurements, using an esophageal balloon

to separate the contributions of chest wall and lung to elastance/driving pressure

may be more sensitive [203, 204]. Because tissue overdistension is a combination of

initial inflation level and tidal expansion, the best PEEP (as defined in a titration

maneuver) may change when VT is increased. In general, a change in either PEEP

of VT should lead to consideration of readjusting the other parameter.

Importantly, for optimal management of mechanical ventilation, it must be noted

that lung injury develops progressively, as reinforced by the current results. The ho-

mogeneously aerated prone animals did not develop atelectasis, but had a decrease

in aeration. This indicates an increase in risk for prolonged ventilation. In both

supine and prone position, together with the impairment in aeration quantified with

CT, there was an increase in respiratory system and lung elastances. Experimental
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data show that progressive impairment of lung mechanics is also present when using

a titrated PEEP [205, 206]. Therefore, for the best care of mechanically ventilated

patients, the temporal trend of lung mechanics should be periodically assessed as

an indicative of regional mechanics deterioration, allowing for early adjustment in

ventilator settings. Ultimately, it could be necessary to perform a new recruitment

maneuver and PEEP titration. A ventilatory strategy that may delay or avoid the

repetition of recruitment, and its hemodynamic repercussions, is the variable venti-

lation [206, 207]. In this strategy, the VT varies at each breath. Because the lung

expansion is heterogeneous, the hypothesis behind variable ventilation is that cy-

cles with high VT will recruit units that have an opening pressure above the range

covered by the mean VT [208]. Meanwhile, cycles with lowest VT would relax over-

stretched areas. Indeed, in animal studies, variable ventilation is shown to improve

respiratory mechanics in injured lungs [209–211], slow or halt the impairment of

elastance in normal unrecruited lungs [206, 212], increase surfactant release [213]

and improve gas exchange [214]. Although, the few results in patients with normal

lungs are not conclusive [215, 216]. Also addressing the lung heterogeneity, a multi-

frequency ventilatory strategy was recently proposed and may be considered in the

future depending on the experimental data obtained [217, 218].

Finally, the present results suggest a vascular contribution to VILI. Others have

proposed this effect is due to mechanical factors [123, 138, 219], and there is evi-

dence that blood delivered inflammatory mediators potentiate mechanical injury of

lung tissue tyler, altemeir. Therefore, the effect of a chosen combination of PEEP

and VT on the distribution of blood (flow or volume) within the lungs must be

considered. The pulmonary vessels are classified in two categories, the alveolar cap-

illaries (located at the alveoli edges) and the corner vessels. Alveolar expansion

compresses the first and expands the second group, with the inverse occurring for

low alveolar volumes. The net effect is that global pulmonary vascular resistance

presents a flat minimum close to FRC [220]. This U-shaped behavior of vascular

resistance is preserved regionally with the heterogeneous tissue density [221]. The

PEEP effect over regional blood content depends then on its capacity of homoge-

nization of lung aeration. Experimental studies using injected microspheres showed

that in supine position, without a recruitment maneuver, PEEP=5 cm H2O redis-

tributes blood from ventral do dorsal regions, and this effect is exacerbated when

PEEP=20 cm H2O [222, 223]. In prone (homogeneously aerated) position, no verti-

cal gradient of blood flow was observed and there was almost no flow redistribution

with PEEP [224]. The differences between prone and supine positions may be ex-

plained by extra pulmonary and structural factors [224], but support the further

investigation of the effect of a titrated PEEP on blood flow distribution in supine

normal lungs. Large VT add to vascular impairment with possible cyclic occlusion
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of vessels at end-inspiration [138, 219], but there is no regional assessment of this

occlusion in clinically used VT. The interaction of strain and other inflammatory

stimuli and the inflammation caused by ventilation itself suggest that a pharmacolog-

ical therapy might complement protective ventilation [225]. Besides neuromuscular

blockade [226], no large clinical trial has demonstrated a benefit for pharmacolog-

ical intervention in VILI [225, 227]. One reason may be the large variability in

comorbidities in patients that develop lung injury with a large number of underling

biological processes. Considering the observed regional variability in these processes,

methods for targeted tissue sampling [49] and pathway analysis (as proposed here)

using functional imaging could help in finding specific pathways for intervention.

Additionally, they may provide image aided patient screening for treatment.

Further improvements on individualization of ventilatory settings may come from

bedside technologies that represent better surrogates of tidal strain (or, at least, aer-

ation) heterogeneity than the single compartment global parameters. Two currently

available of such technologies are the EIT and ultrasound. EIT is demonstrating

increased number of clinical applications [228], including spatial information of both

ventilation and perfusion distributions [62]. However, not without its limitations on

which patients can be monitored, e.g. excludes cases of unstable spinal lesions, rib

fracture or presence of thoracic wounding dresses [229]. Lung ultrasound is also an

expanding image modality. It requires operator direct action and training, but pro-

vides identification of lung pathologies (including atelectasis and edema) [230], and

could help in ventilator management by, for example, identifying lung recruitment

[231]. The MBN2W explored in this thesis could become a complementary tool that

allow automatic unsupervised measurements and could be embedded in mechanical

ventilators for use in virtually all patients.

The heterogeneity of specific ventilation quantified by the variance of the distri-

bution is related to the heterogeneity of tidal strain. While the tidal strain measured

in this thesis represents the deformation of the whole parenchyma and the specific

ventilation represents variation in concentration of one gas, it is reasonable to assume

that in ventilated regions the determinants of tidal variation in gas concentration

are almost the same as of lung tissue expansion. Indeed, image measurements of

tidal strain by image registration and specific ventilation by xenon washout are

correlated [58]. Because it is possible that different distributions of specific ven-

tilation (e.g. bimodal or unimodal with large standard deviation) will result in

similar inhomogeneity indexes, but have distinct clinical implications, estimating

the shape of the distribution is more interesting than assess just the spread. In

spontaneously breathing critical care patients, sedation and lung disease may hin-

der establishment of a steady ventilation with constant VT required by the classical

MBN2W mathematical model. In addition, in mechanically ventilated patients, the
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current recommendation to avoid muscle paralysis and deep sedation [232] allows

for spontaneous breathing efforts, which may result in differences in EELV dur-

ing the MBN2W. The multiple-compartments model proposed here addresses these

conditions and could recover the application of estimation of specific ventilation dis-

tribution from MBN2W, helping to monitor changes in heterogeneity of strain. The

current simulation and bench results show the repeatability of the estimated specific

ventilation distributions from noisy data and the advantage in modeling the series

dead space. However, for translation to clinical application some challenges are still

present.

In the physical model experiments the gases concentrations were measured with

a mass spectrometer that has characteristics hardly find in more clinical equipment.

For example, in anesthesia ventilators where gas monitoring in mandatory, normally,

just O2, CO2 and the anesthetic agents are measured and the temporal resolution

is poor [233]. Therefore, the N2 concentration must be derived from the Dalton’s

law of partial pressure under the assumption of the presence of only the measured

gases and N2. Because each gas is measured with different sensors, integrating the

measurements, to calculate FRC for example, may lead to an increased error. Ad-

ditionally, the estimation errors for N2 may increase for low concentrations. Yet,

measurement of FRC in a physical model using this technique showed a worst case

(0.1 step in FIO2 starting from 1.0) precision of (3± 7) % [166], compatible with

the recommendation for washout systems [70]. The indirect N2 measurement also

provided LCI values with the same characteristics of the standard SF6 measure-

ment with mass spectrometer [179]. The low sampling frequency could affect the

synchronization between gas concentration and flow, and the determination of the

series dead space. Though, as addressed in the simulation and in the analysis of

the bench study, those errors have an impact in the estimation of the specific ven-

tilation distribution, the generalized model still seems to perform better than the

classical. Of note, a recent technology for measurement of gas concentration using

laser spectroscopy can provide a mainstream O2 and CO2 (and water vapor) sensor

with high temporal resolution and accuracy [234]. It is even suggested that this new

sensor could provide information about ventilation-perfusion from only ventilatory

maneuvers [235]. With the generalized model, in addition to the gas concentration,

it is required to measure the inspired and expired volumes. Because in the physical

model study these values came from flows measured by the mechanical ventilator,

they should represent a realistic scenario.

The effect of two additional assumptions needed in the generalized model in

comparison to the classical: all compartments have the same ratio of change in end-

expiratory volume, and are connected directly to the series dead space, should be

addressed. Experimental data using the parenchymal mark technique shows that the
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change in total volume (tissue+gas) is different for tetrahedra in the dependent and

non-dependent (supine) regions after decremental steps from TLC [236]. However,

the gas volume distribution is also heterogeneous with a vertical gradient. Because

this is the reference for the specific ventilation it is unclear what is the consequence

of that regional difference in volume change. Moreover, one compartment in the

MBN2W model represents multiple real lung units that could be distributed in

different spatial locations. Thus, the equal ratio assumption may be a sufficient

approximation. The direct connection of ventilation units and dead space is an

oversimplification of the lung structure [185], and the personal dead space (the

conducing airways from a compartment until the common airway) may decrease the

performance of the generalized model. Still, the bulk of the dead space volume is

enclosed in the main airways [77] making a single series dead space better than none

as considered before. Beyond the important result of improving the representation

of the real ventilation distribution, modeling the dead space may approximate the

numerical values of specific ventilation and tidal strain.

7.1 Conclusion

This thesis studied the heterogeneity of lung expansion in an experimental model

of the early phase of VILI and in a theoretical model of the MBN2W. The results

advance the knowledge of the pathophysiology of lung injury in initially normal

lungs and show the feasibility of a generalized model of the distribution of specific

ventilation potentially applicable to mechanically ventilated patients. Therefore,

they have the potential to improve clinical practice.

The animal experiments used advanced PET/CT image analysis to undercover

the regional distributions of the static and dynamic expansion of lungs and its con-

sequence to lung injury, during mechanical ventilation with currently recommended

ventilator settings. The proposed method for defining regions-of-interest for PET

kinetics analysis allowed for the determination of different aspects of regional in-

flammation in higher resolution than previous studies.

This combination of techniques helped to link the important results about re-

gional mechanical deterioration during early VILI with local inflammation, suggest-

ing mechanisms (strain redistribution and positive interaction with blood volume)

for the development of lung injury in patients without injury at the onset of venti-

lation (e.g. surgical or septic patients).

Targets for further study of VILI biological pathways were pointed by the results

of the image guided analysis. This, by itself may add to the field through better

functional characterization of samples used for measurement of gene expression.
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For the MBN2W, the new ventilation model proposed does not have some of the

hypothesis that limited the use of previous models in patients requiring mechanical

ventilation. Computer simulations and controlled bench experiments showed the

improved performance of the new model supporting investigations with human data.

However, more studies are necessary to address the effects in the results obtained

when gas concentrations are measured with the limited devices available in clinical

care. In the future, measurement of distribution of specific ventilation, and MBN2W

in general, may complement monitoring techniques already available for clinical

use such as EIT and lung ultrasound, allowing for better characterization of lung

expansion heterogeneity.

The tools used and proposed in this thesis can be employed for the study of new

ventilatory strategies specifically designed for patients with normal lungs, as well as

for advanced monitoring of lung conditions at the bedside.
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1964. Dispońıvel em: <https://doi.org/10.1152/jappl.1964.19.1.

97>.

[8] GLENNY, R. W., ROBERTSON, H. T. “Spatial Distribution of Venti-

lation and Perfusion: Mechanisms and Regulation”. In: Comprehen-

sive Physiology, pp. 373–395, American Cancer Society, 2011. ISBN:

107

https://onlinelibrary.wiley.com/doi/abs/10.1002/cphy.cp030331
https://onlinelibrary.wiley.com/doi/abs/10.1002/cphy.cp030331
https://doi.org/10.1152/japplphysiol.00324.2009
https://doi.org/10.1152/japplphysiol.00324.2009
https://doi.org/10.1152/jappl.1975.39.1.9
https://doi.org/10.1152/jappl.1975.39.1.9
https://doi.org/10.1152/jappl.1972.32.3.332
https://doi.org/10.1152/jappl.1972.32.3.332
https://doi.org/10.1152/jappl.1964.19.1.97
https://doi.org/10.1152/jappl.1964.19.1.97
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//doi.org/10.1186/cc10587>.

[70] ROBINSON, P. D., LATZIN, P., VERBANCK, S., et al. “Consensus statement

for inert gas washout measurement using multiple- and single- breath

114

https://doi.org/10.1186/cc7139
https://doi.org/10.1186/cc10587
https://doi.org/10.1186/cc10587


tests”, Eur Respir J, v. 41, 2013. Dispońıvel em: <https://doi.org/
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v. 194, 1998. Dispońıvel em: <https://doi.org/10.1006/jtbi.1998.

0772>.

[85] MOTTA-RIBEIRO, G. C., JANDRE, F. C., WRIGGE, H., et al. “Gen-

eralized estimation of the ventilatory distribution from the multiple-

breath washout: a bench evaluation study”, BioMedical Engineering On-

Line, v. 17, n. 1, pp. 3, Jan 2018. ISSN: 1475-925X. Dispońıvel em:
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em: <https://doi.org/10.1186/s12931-016-0476-7>.

[212] THAMMANOMAI, A., HUESER, L. E., MAJUMDAR, A., et al. “De-

sign of a new variable-ventilation method optimized for lung recruitment

in mice”, Journal of Applied Physiology, v. 104, n. 5, pp. 1329–1340,
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<https://doi.org/10.1016/j.bja.2017.11.078>.

[217] KACZKA, D. W., HERRMANN, J., ZONNEVELD, C. E., et al. “Multi-

frequency Oscillatory Ventilation in the Premature Lung”, Anesthesiol-

ogy, v. 123, n. 6, pp. 1394–1403, dec 2015. Dispońıvel em: <https:
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2016. Dispońıvel em: <http://advances.sciencemag.org/content/2/

8/e1600560>.

[235] MOUNTAIN, J. E., SANTER, P., O’NEILL, D. P., et al. “Potential for non-

invasive assessment of lung inhomogeneity using highly precise, highly

time-resolved measurements of gas exchange”, Journal of Applied Phys-

iology, v. 124, n. 3, pp. 615–631, 2018. Dispońıvel em: <https:
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Appendix A

Supplementary Data for Chapter 3

A.1 Extended Methods

Animal experiments were performed in compliance with institutional guidelines ap-

proved by the Subcommittee on Research Animal Care at the Massachusetts General

Hospital (protocol 2006N000129) and in accordance with the “Guide for the Care

and Use of Laboratory Animals” published by the National Institutes of Health

(publ. no. 86–23, revised 1996).

A.1.1 Protocol

Ten female sheep ((15.7± 2.6) kg) were studied. Animals were sedated with in-

tramuscular ketamine (3 mg kg−1–8 mg kg−1) and midazolam (1 mg kg−1). Gen-

eral anesthesia was induced with propofol (2 mg kg−1–4 mg kg−1) or ketamine

(3 mg kg−1–4 mg kg−1) and maintained with a continuous infusion of propofol

(45 mg h−1) and fentanyl (50µg h−1) titrated to hemodynamics. Muscle relaxation

was achieved with rocuronium (bolus dose of 1 mg kg−1–2 mg kg−1) at induction and

continuously infused at a rate of 10 mg h−1 during the experiment. For monitoring

and collection of blood samples, we percutaneously cannulated a femoral artery and

introduced a pulmonary artery catheter via the jugular vein using sterile techniques.

After intubation, sheep were positioned prone and lungs were recruited (40 cm H2O

for 30 s). We aimed to investigate the effect of lung aeration heterogeneity on the

spatial distribution and time progression of tidal strain. Thus, following lung re-

cruitment, animals were divided in two groups according to the expected distribution

of lung aeration with body position. For heterogenous aeration animals were po-

sitioned supine (N=5), while for homogeneous condition animals were kept prone

(N=5).

All animals underwent mechanical ventilation for 24 hour using volume controlled

mode with a protective strategy: VT=8 mL kg−1 adjusted to anatomical dead-space
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measured with volumetric capnography to reach an alveolar plateau (phase III),

positive end-expiratory pressure (PEEP) =5 cm H2O, FIO2=0.3, inspiration to ex-

piration ratio of 1:2 and respiratory rate adjusted to normocapnia. Sheep were po-

sitioned in the PET/CT scanner (NeuroPET/CT, Photo Diagnostic Systems Inc.,

Boxboro, MA) using CT scans during controlled breathing to maximize the lung

volume within the scanner’s field of view.

After a period of stabilization, baseline physiological variables, arterial and cen-

tral venous blood samples, CT and PET images were acquired (baseline, 0 h). After

these, a continuous intravenous infusion of endotoxin 2.5 ng kg−1 min−1 (Escherichia

coli O55:B5, List Biological Laboratories Inc, Campbell, CA) was started, and sim-

ilar image acquisition was performed at 6 h and 24 h. Respiratory mechanics and

hemodynamic parameters were continuously monitored and PEEP/FIO2 were ad-

justed, if needed, following the low-PEEP ARDS network table [27]. At the end of

the study, animals were euthanized under deep general anesthesia.

A.1.2 Physiological parameters

At each measurement point, respiratory flow, expired CO2 (NICO, Respironics), and

airway, esophageal, arterial and central venous pressures (Solar 8000, GE Health-

care) were recorded using a purpose-built program in Labview (National Instru-

ments, Austin, TX) with sampling rate of 200 Hz. Esophageal pressure was measured

with a nasogastric balloon catheter (SmartCath, Bicore, Riverside, CA), positioned

using the occlusion method with chest compression [237]. Transpulmonary pressure

was measured as the difference between airway and esophageal pressures (presumed

to estimate pleural pressures). Respiratory signals were filtered offline with a low-

pass 20 Hz cutoff frequency. Filtered flow was numerically integrated to compute

volume.

Airway peak pressure and PEEP were continuously monitored during the exper-

iment using the NICO monitor and are reported for baseline, 6 h and 24 h. Respira-

tory mechanics were assessed by respiratory system, chest wall and lung resistance

and elastance (ERS, ECW and EL) estimated at each respiratory cycle using the

single compartment equation of motion [238]. For each time point the reported

value is the average over 40 s–60 s. The same cycles were used to calculate driving

pressure (ERS · V T), and delta transpulmonary pressure (EL · V T). This assessment

of driving and delta transpulmonary pressures was used to increase accuracy by al-

lowing for dynamic measurement, i.e., during mechanical ventilation, and reducing

the effect of noise (e.g., random and cardiogenic oscillations) given that those esti-

mates based on the motion equation characterize better the airway and esophageal
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pressures and flow signals during the 40 s–60 s sampling period than isolated manual

measurements.

Hemodynamics was evaluated as systolic, diastolic, mean systemic arterial, pul-

monary arterial and wedge pressures. Cardiac output was considered as the mean

of three repetitions with the usual thermodilution method.

A.1.3 Image acquisition

CT images (tube current of 7 mA and voltage of 140 kVp) were acquired at end-

inspiratory and end-expiratory conditions for lung aeration and strain analysis us-

ing breath holds at plateau and PEEP pressures, respectively. An additional mean

lung volume CT image for PET attenuation correction and delineation of regions-of-

interest (ROI) was acquired during tidal breathing (2 min). Reconstructed CT im-

ages consisted of a matrix of 512× 512× 82 voxels of 0.49 mm× 0.49 mm× 2.5 mm

each [146].

Dynamic PET scans to assess pulmonary inflammation distribution were ac-

quired at baseline and after 24 hour of endotoxin infusion. The PET field of view

has a diameter of 25 cm, an axial length of 22 cm, and spatial resolution measured

as full-width at half maximum (FWHM) of 3.5 mm in the center [146]. PET scan

acquisition in 3D list mode started 30 s before the injection of 18F-FDG (∼2 mCi)

as a bolus (<2 s) through the jugular vein catheter, and continued for 90 min. Pul-

monary arterial blood was sampled at 3.0 min, 5.5 min, 7.5 min, 9.5 min, 25 min,

37 min and 42.5 min to calibrate the image-derived input function [91]. Images were

reconstructed using filtered back projection algorithm in sequential frames (20 s,

10 s, 6 s× 5 s, 6 s× 10 s, 6 s× 30 s, 9 s× 60 s, 5 s× 120 s, 5 s× 300 s and 4 s× 600 s)

composed by 92 slices with thickness of 2.3 mm and in plane resolution of 2 mm.

A.1.4 Image processing

Computed Tomography

Aeration:

Lung aeration was expressed as fraction of gas quantified considering air

Hounsfield units (HU)=− 1000 and tissue HU=0 as FGAS=voxel HU/−1000. The

sizes of hyperaerated (-1000 to -901 HU, FGAS>0.9), normally aerated (-900 to -501

HU, 0.5 < FGAS < 0.9), poorly- (-500 to -101 HU, 0.1 < FGAS < 0.5) and non-

aerated (-100 to 0 HU, FGAS < 0.1) regions were expressed as percentage of the

total lung volume (number of voxels inside the mask).

Strain:
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Strain analysis was performed at the voxel level using image registration to cal-

culate the transformation T(x) (<3 → <3) that mapped each end-inspiratory image

back to the corresponding end-expiratory image. Before registration, images were

rescaled to have, inside the parenchyma, the maximum equal to zero and the mini-

mum equal to one. Then, each dimension was cropped to the bounding box of the

end-inspiratory mask and padded with a margin of 50 voxels at each side. Registra-

tion was implemented with diffeomorphic transforms and B-Spline regularization in

a multistage approach (increasing image resolution and decreasing B-Spline knots

distance), using the open source Advanced Normalization Tools 2.1.0 (ANTs) [104].

The cost function used cross-correlation inside a radius of four voxels and the B-

spline knots were initialized with 26 mm, and halved in each of the subsequent three

steps.

From T(x) the volumetric deformation of each voxel was quantified by the deter-

minant of the Jacobian (directional derivative) matrix, normally referred to as just

Jacobian [58, 64–66]. The Jacobian matrix
δfx
δx

δfx
δy

δfx
δz

δfy
δx

δfy
δy

δfy
δz

δfz
δx

δfz
δy

δfz
δz


is composed by the first order partial derivatives of a vector function value (the

transformation T(x)). This matrix represents how the function varies in each direc-

tion at a given point, similar to how the derivative approximates a scalar function.

Its determinant measures the ratio of the final to the initial volume. Strain is then

defined as Jacobian–1 and is referred to total lung volume (tissue + air) at end-

expiration. Due to possible variations in VT between time points and imprecision

of CT estimated lung volumes during breath hold images to represent VT, strains

were normalized by CT measured inspired air volume.

Anatomical accuracy of image registration was validated by the landmark dis-

tance method in two supine and one prone sheep at baseline and 24 hour (extremes

of aeration) and one supine at 6 h (maximum difference between inspiratory and ex-

piratory volume). Landmarks were automatically identified in the expiratory image

and semi-automatically matched in the inspiratory image by one observer [110].

Spatial Heterogeneity:

The spatial heterogeneity of aeration and strain were assessed by the normalized

variance in the end-expiratory image. The normalization factors were the squared

mean voxel level aeration and the global strain (considered equal the mean of all

voxel). This measure is then equivalent to the squared coefficient of variation. The

overall heterogeneity was computed in an image filtered to an effective in plane
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resolution equal to the slice thickness (2.5 mm). The component due to gravity was

estimated from a linear regression of all voxels against their height.

Positron Emission Tomography

18F-FDG parameters were determined using a three compartment model with a delay

in the input function [89]. Briefly, the model consists of an intravascular compart-

ment, a precursor compartment representing the concentration of 18F-FDG available

for phosphorylation (i.e., the concentration of 18F-FDG that can serve as a substrate

for hexokinase), and a metabolized compartment accounting for the concentration

of 18F-FDG that has been phosphorylated by hexokinase [124]. In this analysis, the
18F-FDG net uptake rate (Ki), a measure of cellular metabolic activity, is expressed

as: Ki = F e · k3. The constant k3 is the rate of 18F-FDG phosphorylation, propor-

tional to hexokinase activity, and Fe (volume of distribution) is the fraction of the

ROI occupied by the precursor compartment [124]. The intravascular compartment

of the model is characterized by the volume of blood in the ROI expressed as a

fraction (Fb) of the ROI’s volume. The delay in the input function models transit

time from the right heart to each ROI [89].

The time activity of the input function was calibrated to the tracer activity mea-

sured in the plasma drawn during the image acquisition using an one compartment

model [91]. For each 18F-FDG image, at least three plasma activity measurement

points were used for calibration with at least one point at the early (<10 min) and

one at the late phase of the 18F-FDG activity curve. The points were chosen in

order to minimize the weighted sum of squared error for the three compartments

plus delay model fitted to the whole lung.

A.1.5 Voxel selection

CT masks of lung parenchyma were created using a threshold of −200 HU and man-

ually refined to include atelectatic regions and exclude major vessels and airways.

CT masks for mean lung volume were converted to PET image resolution, and once

again refined to reduce areas with partial volume effects due to heart motion, large

blood vessels and bronchi.

Tidal lung expansion and loss in aeration could change the amount of lung inside

the field of view from end-expiration to end-inspiration, as well as between time-

points. For this reason, for the strain analyses, the first and last slices of each image

were visually matched using identifiable anatomical features.

CT image analyses were performed at voxel level within lung parenchyma. 18F-

FDG kinetics were evaluated for the whole lung and in approximately cylindrical

ROIs with ∼1.4 mL (9× 9× 2 voxels, excluding the corners). These last used to
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define the significance of regional blood volume, aeration and strain as predictors

of metabolic activity. Importantly, in order to match the small ROIs between base-

line and 24 hour, they were defined in the baseline and image registration derived

transformations were used to obtain the ROIs at 24 hour.

For the image derived 18F-FDG input function, a blood pool mask corresponding

to right heart and the main pulmonary artery was drawn using the frame with the

peak of plasma 18F-FDG activity.

A.1.6 Tissue sample

After euthanasia, lungs were excised en block. Tissue samples were collected from

four regions of the right lung for gene expression analysis, wet-to-dry ratio and pro-

tein quantification. In supine animals, regions were selected as: 1) highly aerated

(ventral, middle from apex to base); 2-a) normally aerated (middle in ventro-dorsal

and cephalo-caudal axes); 2-b) normally aerated (middle in ventro-dorsal axis, cau-

dal); and 3) non-aerated (dorsal regions). In prone animals, regions followed the

same anatomical zones, i.e. in reverse according to gravity. After lung harvest,

tissue samples were snap frozen in liquid nitrogen and stored at −80 ◦C.

After sampling, the remaining left lung was filled from the trachea with Trump’s

fixative to approximately 27 cm H2O. A block of lung tissue was sampled from same

regions described above and embedded in paraffin. Sections of 5-μm thickness were

cut, mounted, and stained with hematoxylin-eosin for light microscopy. Lung injury

score was assessed in 60 high-power (400X) fields per animal (20 per region, just

2-a for middle) by one investigator who was blinded to the group assignment. The

continuous score (0 to 1) consisted in the weighted mean of semi-quantitative scale

assigned to neutrophils in alveolar space, neutrophils in interstitial space, hyaline

membranes, proteinaceous debris filling the airspace and alveolar septal thicken-

ing [125].

A.1.7 Gene expression and inflammatory markers

Total RNA was extracted from sheep lung tissues using RNeasy Mini Kit (Qiagen,

Valencia, CA) according to the manufacturer’s instructions. RNA was quantified by

Nanodrop ND-1000. 1 µg of RNA was reverse-transcribed to cDNA using random

hexamers with SuperScript III (Life Technologies, Carlsbad, CA). Using reverse

transcription quantitative real-time PCR (RT-qPCR), we measured regional lung

expression of genes related to inflammatory cytokines (Interleukin 1 beta [IL-1β], In-

terleukin 6 [IL-6], Interleukin 8 [CXCL-8]), neutrophilic inflammation (Intercellular

Adhesion Molecule 1 [ICAM-1], Cluster of Differentiation molecule 11B [CD11B]),

and epithelial cell injury (Receptor for Advanced Glycation Endproducts [RAGE]),
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as well as genes previously found by us as regionally expressed in early lung injury

(amphiregulin, Plasminogen Activator Inhibitor-1 [PAI-1]) and associated with en-

dothelial injury. For each target gene, we used custom-designed TaqMan R© primers

and probes (Table A.1). RT-qPCR reactions were run in an assay containing 12.5 µL

of TaqMan R© Gene Expression Master Mix, 0.9 µmol each primer, 0.25µmol each

probe and 11.25µL of 10-fold diluted cDNA, made up to 25 µL with deionized wa-

ter. The cycling conditions for all genes were as follows: 10 min at 95 ◦C, 40 cycles

of 15 s at 95 ◦C and 1 min at 60 ◦C. Copy numbers were determined from the Ct

values of each sample. Final quantitation was performed by comparison with the

internal standard β-actin reference gene and controlled with the gene expression of

lung tissue collected from a healthy sheep not used in this study (2-ΔΔCt). Two

prone animals were studied after the first set of experiments to increase the power

of the analysis. Gene expressions of these animals were adjusted to the previous

measurements by the ratio of control measurements.

A.1.8 Wet-to-dry weight ratios

Tissue samples were weighed directly after collection to record the wet weight and

then were dried in an incubator for 3 days at 80 ◦C to obtain the dry weight. Wet

to dry ratios, as an indicator of lung water content, were calculated as the average

of the ratio of wet weight to dry weight of two samples in each region.

A.1.9 Human image data

A similar set of CT and PET images from the animal experiments were ac-

quired in two septic patients (height=1.65/1.68 m, BMI=22.6/18.3 kg m−2, male,

Pneumonia-Sepsis, PaO2/FIO2=194/330 mmHg) after obtaining informed consent

from their surrogates (IRB 2008P000561). Both patients were mechanically venti-

lated (VT=5/7 mL kg−1, PEEP=13/8 cm H2O, RR=30/24 min−1, FIO2=0.5/0.4) for

less than 96 h in one critical care unit of Massachusetts General Hospital.

CT and PET images were acquired on a Biograph 64 TruePoint (Siemens, Ger-

many). The CT used low dose (tube current-time product of 30 mA s) with voxel

size 0.73 mm× 0.73 mm× 0.75 mm and superposition of 0.25 mm. PET images were

reconstructed with filtered backprojection in voxels of 5.3 mm× 5.3 mm× 2.0 mm.

The following differences in acquisition protocol and data processing were nec-

essary: mean lung volume CT was acquired during a breath hold at mean lung

pressure; PET acquisition total time was 53 min (frames reconstructed as 9 s× 10 s,

3 s× 15 s, 1 s× 30 s, 7 s× 60 s, 14 s× 120 s, 1 s× 300 s and 1 s× 600 s); and only five

blood samples were collected for input function calibration.
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Table A.1: Primer and probe sequences for quantitative real-time PCR
Target Sequence

IL-1β

forward 5’-GCTCTCCACCTCCTCTCACA-3’
reverse 5’-CCTCTCCTTGTACGAAGCTCATG-3’
probe CAGAACACCACTTCTCG-3’

ICAM-1
forward 5’-GTGACCATGTATAGCTTCCCACTTC-3’
reverse 5’-ACGGTCACAGTAGTCCATTCTGA-3’
probe 5’-CCCTGACCCTGAGCCC-3’

CD11b
forward 5’-CGGATCACAGGCTCACAGAT-3’
reverse 5’-AAGTCTACCAGTCCATCCATTGTG-3’
probe 5’-ACTGCCCAAAATACTG-3’

CXCL8
forward 5’-TGGCCAGGATTCACGAGTTC-3’
reverse 5’-TCTGTGAGGTAGAAAGATGACTGAGATATT-3’
probe 5’-ACTGTGCCTCGATTTC-3’

IL-6
forward 5’-CTGAAGGAAAAGATCGCAGGTCTAA-3’
reverse 5’-GACTGCATCTTCTCCAGCATGT-3’
probe 5’-CCAGCCACACACACTG-3’

RAGE
forward 5’-GAAAACTCTGATTCCTGATGGCAAA-3’
reverse 5’-CGGGTGTCTCTTGGTCTCTT-3’
probe 5’-CCTTCACGGACACTCC-3’

Amphiregulin
forward 5’-GCATGGTCGACAGTGATTTATCAAAA-3’
reverse 5’-GTATCGTCTTCGAAGCAGGATTGTA-3’
probe 5’-CTCCGCCATGACCTTC-3’

PAI-1
forward 5’-GCATGATCAGCGACTTACTTGGT-3’
reverse 5’-GCCGTTGAAGTAGAGGGCATTTA-3’
probe 5’-ACGCGCCTGGTCCTG-3’

β-actin

forward 5’-CCAGCACGATGAAGATCAAGATCA-3’
reverse 5’-AGGATGGAGCCGCCAATC-3’
probe 5’-CCTGAGCGCAAGTACT-3’
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A.1.10 Statistical analysis

Sample sizes were determined from our group previous experimental observations,

taking into account the more homogeneous distribution of aeration, ventilation and

perfusion in the prone position. We considered a power of 0.8, significance of 0.05

and paired tests. For the supine group an effect size for variation of aeration hetero-

geneity of 1.8 was determined from an experiment with sheep ventilated in supine

with zero end-expiratory pressure and low VT for 16 h [189]. We estimated that

half of the sample size would be sufficient for prone because it was showed in dogs

that specific ventilation heterogeneity is approximately the double in supine [137],

however we used the same number of animals to increase the power. Animals were

selected by the vendor without knowledge of the protocol or group assignment, re-

stricted only to a weight range.

Respiratory mechanics, hemodynamic, lung CT derived and 18F-FDG kinetics

parameters were compared between groups and time points using repeated measures

ANOVA (2 groups by 3 or 2 times, accordingly to the measurement time points

available). To account for multiple comparisons, p-values were calculated from a

multivariate t distribution (lsmeans package, version 2.25). Values were expressed

as mean and standard deviation.

For gene expression, statistical analysis used repeated measures ANOVA (2

groups by 3 regions) after rank transformation with aligned rank transform [239].

Multiple comparisons p-values were corrected by Benjamini & Hochberg [240] (each

gene was considered as independent). Samples from mid lung regions (2-a and 2-

b) were combined into one group after confirmation of no difference with a paired

Wilcoxon test. Values were expressed as median, first and third quartiles ([Q1-Q3]).

All statistical tests were two-tailed and performed in R 3.3.1 (R Foundation for

Statistical Computing, Vienna, Austria). Significance was set at p<0.05.

A.2 Determinants of inflammation

To assess the determinants of change in regional phosphorylation rate from baseline

to 24 h in regions continuously aerated (FGAS>0.1), the aeration, blood volume

per unit of non-gas volume (1-FGAS) and tidal strain within the small ROIs were

included in a mixed-effects linear regression as an average of both time points. A

categorical variable for group was included and each animal was given a random

intercept. We started with a model containing the three paired interactions and

selected the significant ones using Akaike information criterion (AIC) in backward

elimination. The final model was composed of group, aeration, blood volume, tidal
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strain and the interaction between strain and blood volume. These last two terms

were identified as presenting significant effects (Table A.2).

Of note, the significance of the blood volumexstrain interaction term is consistent

with the two-hit concept: the higher the regional blood volume (i.e., more exposure

to intravenous endotoxin, inflammatory cells and mediators) the higher the sensi-

tivity to strain. An interaction between tidal strain and blood volume should be

interpreted as a slope for the strain-phosprorylation relationship that varies with

the local amount of blood per tissue (Fig. A.1). For example, a tidal strain of 0.25

would contribute to increase phosphorylation rate by 0.42× 10−2 min−1 above the

intercept ([−2.8 + 14.9 · 0.3] · 0.25), while the same tidal strain in a region with

blood fraction of 0.4 would contribute with 0.79× 10−2 min−1 above the intercept

([−2.8 + 14.9 · 0.4] · 0.25). Thus, in our experimental conditions (mild endotox-

emia and limited regional strains) the effect that strain has over inflammation is

modulated by the regional blood volume.

After defining this regression model with the main cofactors for change in phos-

phorylation rate we included the information of small length-scale heterogeneity of

strain quantified as the standard deviation of the voxel level tidal strains within

each small ROI (SDstrain). The addition of this new variable improved the fitting

of the model (AIC=3695.4 vs. 3735.8), and SDstrain was an additional significant

variable related to the phosphorylation rate change (Table A.2). This dependence

of inflammation to small length-scale heterogeneity could be a surrogate for higher

heterogeneity in sub-voxel resolution or a marker of concentrations of mechanical

forces.

Table A.2: Mixed-effects linear regression for predictors of variation in phosphoryla-
tion rate. Only regions that were aerated both at baseline and 24 h were considered.
The continuous variables are an average from both time points.

Coefficient Upper limit Lower limit t-value p-value
Intercept 0.3 -0.5 1.1 0.807 0.432

Group 0.2 -0.7 1.2 0.649 0.650
Aeration 0.2 -0.1 0.6 1.234 0.217

Blood volume -0.2 -2.0 1.7 -0.173 0.863
Tidal strain -2.8 -5.2 -0.3 -2.207 0.028

Blood volume x strain 14.9 1.9 27.8 2.244 0.025
After inclusion of Tidal strain heterogeneity (SDstrain)

Intercept 0.1 -0.6 0.9 0.327 0.748
Group 0.2 -0.7 1.1 0.420 0.656

Aeration 0.3 -0.04 0.6 1.721 0.086
Blood volume -0.7 -2.5 1.2 -0.708 0.479

Tidal strain -4.6 -7.1 -2.1 -3.622 <0.001
Blood volume x strain 16.9 4.0 29.6 2.575 0.010

SDstrain 9.4 6.6 12.3 6.527 <0.001
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Figure A.1: Effect of blood volume per gram of tissue and strain interaction in a
mixed-effects linear regression on predictors of change in phosphorylation rate from
baseline to 24 h. Note that the strain has more influence in inflammation in regions
with higher blood volume. The vertical marks in the bottom of the figure represent
the strain data points used as input for the regression.

A.3 Additional tables

Table A.3: Ventilatory settings at baseline, 6 h and 24 h of low tidal volume mechan-
ical ventilation and mild endotoxemia. Data are mean±SD. † difference between
groups at specific time point and (xx) difference to xx time point in the same group.

Baseline 6 hours 24 hours ANOVA

PEEP
(cm H2O)

Prone 5.0±0.4(24) 5.0±0.1 4.9±0.1 time p=0.006
group p=0.189
group:time p=0.253

Supine 5.3±0.2(24) 5.0±0.2 4.9±0.2

Respiratory Rate
(min−1)

Prone 33±2(24) 34±2(24) 29±5 time p=0.01
group p=0.349
group:time p=0.032

Supine 33±1 34±3 34±4

Tidal Volume
(mL kg−1)

Prone 8.1±0.6 8.4±0.9 8.4±0.9 time p=0.116
group p=0.598
group:time p=0.014

Supine 9.3±1.7(24) 8.8±2.3 8.0±1.2

FIO2
Prone 0.30±0.00 0.30±0.00 0.30±0.00 time p=0.001

group p=0.005
group:time p=0.001

Supine 0.30±0.00(24) 0.32±0.04(24) 0.38±0.05†
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Table A.4: Gas exchange variables at baseline, 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. Data are mean±SD. † difference
between groups at specific time point and (xx) difference to xx time point in the
same group.

Baseline 6 hours 24 hours ANOVA

VD/VT
Prone 0.77±0.08 0.79±0.05 0.72±0.08 time p=0.065

group=0.018
group:time p=0.491

Supine 0.66±0.06 0.72±0.04 0.67±0.07

PaO2/FIO2

(mmHg)
Prone 415±63†,(24) 343±54 411±74† time p=0.001

group p<0.001
group:time p=0.002

Supine 316±55(24) 268±22 214±30

Alveolar – arterial
O2 gradient

Prone 33±17 54±15 43±19† time p<0.001
group p<0.001
group:time p<0.001

Supine 64±14(24) 81±21(24) 138±26

Arterial pH
Prone 7.34±0.09(24) 7.30±0.07 7.22±0.09 time p=0.006

group p=0.235
group:time p=0.676

Supine 7.36±0.06(24) 7.31±0.09 7.27±0.03

Arterial pCO2
(mmHg)

Prone 43±6 44±9(24) 37±3 time p=0.009
group p=0.427
group:time p=0.395

Supine 42±5 48±7(24) 41±5

Arterial pO2
(mmHg)

Prone 125±19(6) 103±16 123±22 time p=0.032
group p=0.001
group:time p=0.104

Supine 95±17(6) 85±6 81±12

Mixed venous pH
Prone 7.31±0.08(24) 7.28±0.06 7.20±0.10 time p=0.014

group p=0.213
group:time p=0.653

Supine 7.33±0.06(24) 7.29±0.09 7.26±0.03

Mixed venous pCO2

mmHg)
Prone 50±6(24) 49±8(24) 41±4 time p=0.004

group p=0.594
group:time p=0.627

Supine 48±6(24) 51±7(24) 43±6

Mixed venous pO2

(mmHg)
Prone 52±8(24) 53±7 59±9 time p=0.017

group p=0.574
group:time p=0.501

Supine 50±7(24) 53±8 54±11

Mixed venous O2

saturation
Prone 69±7 72±4 77±4 time p=0.079

group p=0.132
group:time p=0.247

Supine 66±8 68±8 68±9
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Table A.5: Hemodynamics variables at baseline, 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. Data are mean±SD. † difference
between groups at specific time point and (xx) difference to xx time point in the
same group.

Baseline 6 hours 24 hours ANOVA
Cardiac output

(L min−1)
Prone 4.0±1.9 4.3±1.8 3.0±0.8 time p=0.144

group p=0.005
group:time p=0.477

Supine 6.5±1.4 5.6±1.8 5.3±1.0

Heart rate
(min−1)

Prone 137±51 159±44(24) 119±29 time p=0.042
group p=0.203
group:time p=0.048

Supine 178±39 157±15 154±32

Blood pressure (mmHg)

Mean systemic
Prone 100±12 106±10† 92±20 time p=0.011

group p=0.127
group:time p=0.022

Supine 102±7(6),(24) 84±11 84±9

Mean pulmonary
Prone 21±3(6) 26±5(24) 20±2 time p=0.007

group p=0.775
group:time p=0.164

Supine 21±3(6) 23±3(24) 21±1

Pulmonary wedge
Prone 10±1 11±4 9±2 time p=0.524

group p=0.822
group:time p=0.301

Supine 11±2 10±3 10±1

Central venous
Prone 8±5 8±5 8±2 time p=0.696

group p=0.353
group:time p=0.986

Supine 10±3 10±3 9±1

Table A.6: Categories of histological lung injury score (presence of neutrophils in
airspace, neutrophils in interstitium, Hyaline membrane and proteinaceous and alve-
olar thickening). For it category one region is represented by the mean of the 20
fields classified as 0, 1 and 2. Data are mean±SD. † difference between groups at
specific region. * difference to ventral region in the same group.

ventral middle dorsal ANOVA

Neutrophils
in airspace

Prone 0.8±0.3 0.9±0.1 1.1±0.4* region p=0.002
group p=0.271
group:region p=0.449

Supine 0.8±0.4 1.3±0.5 1.3±0.4*

Neutrophils
in interstitium

Prone 1.2±0.3 1.3±0.3 1.4±0.4 region p=0.164
group p=0.088
group:region p=0.647

Supine 1.4±0.4 1.7±0.4 1.7±0.4

Hyaline membrane
Prone 0.2±0.2 0.2±0.2 0.2±0.2 region p<0.001

group p=0.029
group:region p<0.001

Supine 0.1±0.10.5±0.2* 0.6±0.2*,†

Proteinaceous
Prone 2.0±0.1 2.0±0.0 2.0±0.0 region p=0.413

group p=0.564
group:region p=0.596

Supine 2.0±0.0 2.0±0.0 2.0±0.1

Septal thickening
Prone 1.3±0.3 1.4±0.3 1.4±0.3* region p=0.010

group p=0.487
group:region p=0.126

Supine 1.3±0.3 1.5±0.2 1.7±0.3*
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Table A.7: Respiratory mechanics at baseline, 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. Data are mean±SD. † difference
between groups at specific time point and (xx) difference to xx time point in the
same group.

Baseline 6 hours 24 hours ANOVA

Peak pressure
(cm H2O)

Prone 15.2±1.1(6),(24) 18.4±1.7(24) 20.4±0.6 time p<0.001
group p=0.112
group:time p=0.019

Supine 17.7±1.7(24),† 18.5±1.0(24) 20.6±1.2

Elastance (cm H2O L−1)

Lung
Prone 31.8±16.1(24) 48.7±24.8(24) 63.3±16.9 time p<0.001

group p=0.262
group:time p=0.418

Supine 44.2±7.9(24) 49.6±14.5(24) 76.9±17.8

Chest wall
Prone 37.3±6.5 45.6±5.6 43.9±10.3 time p=0.076

group p<0.001
group:time p=0.504

Supine 27.8±6.8 33.8±8.9 27.6±3.9

Respiratory system
Prone 69.1±14.3(6),(24) 97.3±19.2 107.2±17.8 time p<0.001

group p=0.612
group:time p=0.042

Supine 71.9±9.9(24) 83.4±18.7(24) 104.4±19.2

Resistance (cm H2O L−1 s−1)

Lung
Prone 5.3±1.5(24) 5.4±2.0(24) 10.7±3.4 time p<0.001

group p=0.877
group:time p=0.792

Supine 5.7±3.3(24) 5.6±3.1(24) 9.8±2.8

Chest wall
Prone 1.2±0.4 1.2±0.4 1.5±1.2 time p=0.691

group=0.371
group:time p=0.105

Supine 1.3±0.2 1.2±0.3 0.9±0.2

Respiratory system
Prone 6.5±1.7(24) 7.0±1.8(24) 12.2±4.4 time p<0.001

group p=0.759
group:time p=0.582

Supine 7.0±3.3(24) 6.8±2.9(24) 10.7±3.0
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Table A.8: Total lung mass (TLM), air volume and aeration compartments (relative
to total lung volume, TLV) measured from computed tomography images acquired
during end-inspiratory breath hold at baseline, 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. Data are mean±SD. † difference
between groups at specific time point and (xx) difference to xx time point in the
same group.

Baseline 6 hours 24 hours ANOVA

Total Lung mass
(g)

Prone 340±51(6) 315±37 320±37 time p=0.009
group p=0.026
group:time p=0.188

Supine 406±53(6) 390±60 410±74

Air volume
(mL)

Prone 701±113(24) 602±78 581±53 time p=0.002
group p=0.376
group:time p=0.514

Supine 744±127(24) 691±164 596±110

Hyperaerated
(%TLV)

Prone 0.11±0.07 0.11±0.08 0.14±0.11 time p=0.003
group p=0.001
group:time p=0.006

Supine 0.41±0.18(24) 0.82±0.47(24),† 1.4±0.78†

Normally aerated
(%TLV)

Prone 90±1 88±2 86±1 time p<0.001
group p<0.001
group:time p=0.013

Supine 82±3(24) 77±8(24) 69±2

Poorly aerated
(%TLV)

Prone 10±1 12±2 13±2 time p=0.099
group p<0.001
group:time p=0.935

Supine 17±3 20±7 21±4

Nonaerated
(%TLV)

Prone 0±0 0±0 0±0 time p<0.001
group p<0.001
group:time p<0.001

Supine 0.5±0.6(24) 2±3(24) 8±3†

Table A.9: Total lung mass, air volume and aeration compartments (relative to total
lung volume, TLV) measured from computed tomography images acquired during
end-expiratory breath hold in two septic patients with early ARDS.

Expiratory CT Inspiratory CT
Total Lung mass

(g)
Patient 1 1115 1036
Patient 2 2502 2169

Air volume
(mL)

Patient 1 1474 1895
Patient 2 1843 2446

Hyperaerated
(%TLV)

Patient 1 8.6 14
Patient 2 1.3 4.2

Normally aerated
(%TLV)

Patient 1 59 63
Patient 2 49 60

Poorly aerated
(%TLV)

Patient 1 17 12
Patient 2 21 15

Nonaerated
(%TLV)

Patient 1 15 11
Patient 2 29 21
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A.4 Additional figures

Figure A.2: Evaluation of image registration anatomical accuracy using paired land-
marks. Landmarks were automatically defined in the expiratory image and semi-
automatically matched in the inspiratory image by one observer. For comparison,
the distance between paired landmarks were shown as boxplots before (grey) and af-
ter image registration (black). Data correspond to randomly selected supine (n=2)
and prone (n=1) sheep at the beginning and end of the experiment. These time
points were chosen because in the supine position they represent the extremes in
aeration and atelectasis. The measurement at 6 h (supine sheep) corresponds to the
largest gas volume difference between inspiratory and expiratory images. An aver-
age of 98.5 points [range 74-122] were used for each animal-time point combination.
Dotted line represents the largest dimension of image voxel 2.5 mm.
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Figure A.3: Heterogeneity of aeration without contriubution of the vertical gradi-
ent. Heterogeneity was measured as the variance normalized by the squared mean
in an image filtered to in plane resolution of 2.5 mm. The vertical gradient was esti-
mated by a linear regression of voxel aeration versus height. Heterogeneity increased
significantly only in the initially more heterogeneous supine position. Group effect is
indicated in the figure. # represents comparison among time points, # p<0.05, ##
p<0.01 and ### p<0.001. Prone animals had no difference between time points.
Gray squares = prone; black circles = supine. All data refer to the whole lung.
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0 h

6 h

24 h

Figure A.4: Normalized strain spatial distribution along the ventro-dorsal axis. Each
panel represents one animal at one time point. The grey scale represents the fre-
quency of a given strain at each height and is the same in all panels. Note that the
supine animals had a progressively more heterogeneous distribution of strain be-
tween ventral and dorsal regions. All animals show variability of strain for regions
with the same height.
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Figure A.5: Relationship of normalized strain and end-expiratory aeration (fraction
of gas, FGAS) at the voxel level at baseline and after 6 h and 24 h of low tidal volume
mechanical ventilation and mild endotoxemia. Data is relative to all animals in
supine (upper panels) and prone (lower panels). The boxes represent median and
interquartile range of strains for voxels in the aeration intervals: ¡0.1; 0.1 to 0.3;
0.3 to 0.5; 0.5 to 0.7; and 0.7 to 0.9, centered in mean aeration within ranges.
Voxels between the 5th and 95th strain percentiles are depicted in a two-dimensional
histogram, with the gray scale representing the fraction of total lung volume (black is
highest). Color scale is the same within groups. In the supine group (upper panels),
strain increased with aeration until approximately 0.5, then decreased again. This
pattern is consistent across time points, although compared to baseline (green dashed
line) at 24 h median strain is lower in low aeration and higher in the high end. The
decrease in grayscale for prone (lower panels) at 24 h indicate a slight spread of the
distribution
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0 h

6 h

24 h

Figure A.6: Parametric response maps of each animal at each time point representing
end-expiratory and end-inspiratory density, and average normalized strain (color
scale) in a grid of 100 bins between −1024 HU and −200 HU. The red line is identity.
End-inspiratory image was transformed to the end-expiratory reference using the
same transformation computed with elastic image registration for strain analysis.
Note that the supine animals had the largest dispersion in aeration and showed
a concave relationship between inspiratory and expiratory aeration. This shape
indicates that areas of normal aeration had the largest changes in density, which
coincided with the regions of relative high strain. All data refer to the whole lung,
but only bins corresponding to 0.05 % of the lung are represented.
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Figure A.7: 18F-FDG uptake rate in 4 isogravitational regions-of-interest at base-
line and after 24 h of mild endotoxemia and mechanical ventilation. Sheep were
mechanically ventilated with low tidal volume and positive end-expiratory pressure
according to the ARDSNet protocol. 18F-FDG kinetics was modeled by a Sokoloff
model including a time delay from the heart to each region-of-interest. In this com-
partmental model uptake rate is the product of phosphorylation rate (k3) and the
18F-FDG volume of distribution (Fe). Tissue-normalized uptake rate is the uptake
rate divided by the tissue content of a region-of-interest (1-gas fraction-blood frac-
tion). Both supine and prone animals had an increase in uptake after 24 h, with
supine showing an increase in regional differences beyond aeration.
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Figure A.8: Fraction of gas at mean lung volume, normalized strain and fraction
of blood in 4 isogravitational regions-of-interest at baseline and after 24 h of mild
endotoxemia and mechanical ventilation. For each animal strain is the mean of voxel
level strain obtained with image registration. Blood fraction derived from 18F-FDG
kinetics. Note that prone animals showed a more homogeneous spatial distribution
of all three variables.
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Figure A.9: Example of computed tomography slices at end-expiration in patient 1
(left) and patient 2 (right).
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Appendix B

Supplementary Data for Chapter 4

Table B.1: Complementary significant pathways amongst the genes that were corre-
lated to the tissue-specific 18F-FDG volume of distribution and the tissue fraction. A
pathway was considered significant if at least two of its’ genes were on the analyzed
list and had a EASE<0.1.
Parameter Group Specific pathways

Tissue-specific
volume of
distribution (Fes)

Diseases

Alzheimer’s disease, Huntington’s disease,
Salmonella infection, Pertussis, Legionellosis,
Leishmaniasis, Chagas’ disease, African try-
panosomiasis, Malaria, Toxoplasmosis, Amoebia-
sis, Tuberculosis, Hepatitis B, Measles, Influenza
A, HTLV-1 infection, Herpes simplex infection,
Proteoglycans cancer, Asthma, Inflammatory
bowel disease, Rheumatoid arthritis, Allograft re-
jection, Graft-versus-host disease, Type I diabetes
mellitus, Non-alcoholic fatty liver disease

Other systems Prolactin signaling, Osteoclast differentiation

Tissue fraction
(FTIS)

Diseases
Salmonella infection, Pertussis, Leishmaniasis,
Chagas’ disease, Influenza A, Pathways in cancer

Nervous system Long-term depression
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B.1 Simulated example of length-scales

As a visual support of the concept of length-scale and the low-pass filtering analysis

consider Fig. B.1 where the same global heterogeneity is represented with different

black and white check board patterns. The different sizes for the squares (5, 15 and

30 units) are presented with the respective relative contributions of length-scales

from 5 mm to 35 mm.

Figure B.1: Example of length-scale analysis with the multiple low-pass filter tech-
nique applied to check board patterns. All check boards have the same dimensions
and total heterogeneity with size of white and black squares increasing from top to
bottom.
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Appendix C

Supplementary Data for Chapter 5

C.1 Methods

The algorithm to estimate the distribution of ventilation is summarized as follows:

Input

• N alveolar units log distributed on S(J);

• Fet
N2

, VI
T, VE

T, vd and FI
N2

at each breath cycle;

• Reference volume VT0 and the EELV at the onset of washout.

Steps

1. Initialize alveolar units and vd N2 concentration with the Fet
N2

measured

at baseline.

2. For each breath cycle, calculate each alveolar unit’s N2 concentration

using Eq. (5.8).

3. Generate a matrix with rows being breath cycles and columns alveolar

units’ concentration corrected to the EELV change, like in Eq. (5.10).

4. The ventilation fractions vector (γ) is estimated solving the least square

problem in Eq. (5.11), with (or not) the desired constraints (nonneg-

ativity, unitary sum of ventilation fractions and sum of alveolar units’

volumes equal to EELV-vd).

Output

• γ(J) for each alveolar unit with respect to a reference tidal volume VT0

and the EELV at the onset of washout.
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C.2 Results

Figures C.1 to C.4 show the color-coded standard deviation (SD) values of the sum of

squared errors (SSE) and the SD from the difference between estimated and reference

first three moments (mean, SD and skewness) as a supplementary information to

Figs. 5.5 to 5.8.

The SD of the SSE values depicted in Fig. C.1 shows that the use of a weighting

matrix (WM) has a stabilizing effect on the solutions. The presence of noise gen-

erates fast compartments near the limit of the specific ventilation (S) distribution,

which are penalized by the WM. As in Fig. 5.5, the smallest SD were obtained with

WM and fixed Tikhonov gain (λ) (upper right panel), with minimum effects of using

constraints and changing the number of cycles.

Figure C.1: Standard deviation (SD) of sum of squared errors (SSE) between esti-
mated and reference unimodal and bimodal distributions. All simulation and recov-
ery conditions are depicted and indicated (lines and rows of the matrices). Colors
coded on the right side of the figure indicate intervals of values of the SD of SSE;
EELV=End-expiratory Lung Volume; VT = Tidal Volume
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Figure C.2 presents the SD of the differences between absolute means of esti-

mated and reference unimodal and bimodal distributions. Note the similarity with

Fig. 5.6. The most varying solutions are coincident with higher mean differences.

Again the best solution was reached with fixed λand WM. For bimodal distributions,

the use of adjusted λpresents a small advantage.

Figure C.2: Standard deviation (SD) of absolute values of the relative differences
between means of estimated and reference unimodal and bimodal distributions. All
simulations and recovery conditions are depicted and indicated (lines and rows of
the matrices). Colors coded on the right side indicate intervals of the SD value.
EELV=End-expiratory Lung Volume; VT = Tidal Volume
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As for the mean values of the differences between estimated and reference logSD

(Fig. 5.7), their SD are higher when Tikhonov is applied using an identity matrix

(see Fig. C.3). Note that in presence of noise, the use of an adjusted λleads to less

varying solution for both uni- and bimodal distributions. In these cases λbecomes

higher, imposing a smoother solution.

Figure C.3: Standard deviation (SD) of absolute values of the relative differences
between logSD of estimated and reference unimodal and bimodal distributions. All
simulation and recovery conditions are depicted and indicated (lines and rows of the
matrices). Colors coded on the right side of the figure indicate intervals of the SD
values. EELV=End-expiratory Lung Volume; VT = Tidal Volume.
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For unimodal distributions, similar to the first two moments, the SD of the

difference between estimated and reference skewness are higher for the solutions

without the WM (Fig. C.4). Once more, the smoothed solutions with adjusted

λleads to a less varying skewness estimation. However, the use of a fixed λgives

better error-free solutions and appears to be the best choice.

Figure C.4: Standard deviation (SD) of the differences between skewness of esti-
mated and reference unimodal distributions. All simulation and recovery conditions
are depicted and indicated (lines and rows of the matrices). Colors coded on the
right side indicate intervals of the SD values. EELV=End-expiratory Lung Volume;
VT = Tidal Volume.
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Appendix D

Supplementary Data for Chapter 6

D.1 Individual results for the single-

compartment model (1C)

Figure D.1: Distribution of specific ventilation estimated from each of five N2

washouts of a single-compartment physical model using the constrained general-
ized mathematical model with 50 compartments. The distributions were estimated
using either the number of cycles according to the Consensus [70], that is, until
1/40th of the initial N2 concentration (black triangles) or alternatively 17 cycles
(gray squares). The reference distribution is shown in light gray.
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Figure D.2: Distribution of specific ventilation estimated from each of five N2

washouts of a single-compartment physical model using the unconstrained general-
ized mathematical model with 50 compartments. The distributions were estimated
using either the number of cycles according to the Consensus [70], that is, until
1/40th of the initial N2 concentration (black triangles) or alternatively 17 cycles
(gray squares). The reference distribution is shown in light gray.
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Figure D.3: Distribution of specific ventilation estimated from each of five N2

washouts of a single-compartment physical model using the classical all parallel
mathematical model with 50 compartments. The distributions were estimated using
either the number of cycles according to the Consensus [70], that is, until 1/40th of
the initial N2 concentration (black triangles) or alternatively 17 cycles (gray squares).
The reference distribution is shown in light gray. The dashed vertical line represents
the theoretical prediction for the compartment estimated with the classical model
if there is a series dead space in the actual system.
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Figure D.4: Distribution of specific ventilation estimated from each of five N2

washouts of a single-compartment physical model using the classical all parallel
mathematical model with 50 compartments, and considering the measurements of
the inspired N2 concentration. The distributions were estimated using either the
number of cycles according to the Consensus [70], that is, until 1/40th of the initial
N2 concentration (black triangles) or alternatively 17 cycles (gray squares). The
reference distribution is shown in light gray. The dashed vertical line represents
the theoretical prediction for the compartment estimated with the classical model
if there is a series dead space in the actual system.
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Table D.1: End expiratory volume, total ventilation and dead space for each washout
model in all five experiments with the single-compartment physical model. End expi-
ratory volume is the sum of the estimated compartmental volumes; total ventilation
is the sum of the estimated compartmental fractions of ventilation (unitary, in the
constrained case); and dead space is estimated from the capnograms using Fowler’s
method (constrained and unconstrained cases) or from the complement to the total
ventilation and the measured tidal volume (classical and classical + inspired fraction
cases). Reference values are the expected from the geometry of the physical model.

Experiments
Reference

A B C D E

End expiratory
volume (L)

Constrained 1.125 1.156 1.119 1.140 1.133

1.092
Unconstrained 1.093 1.091 1.07 1.077 0.96

Classical 1.353 1.408 1.414 1.383 1.226
Classical +

inspired fraction
1.314 1.322 1.333 1.291 1.182

Total ventilation

Constrained 1.00 1.00 1.00 1.00 1.00

1.00
Unconstrained 1.05 1.04 1.07 1.02 1.08

Classical 0.68 0.72 0.69 0.65 0.60
Classical +

inspired fraction
0.67 0.72 0.68 0.65 0.60

Dead space
(mL)

Constrained 71 70 69 73 85

92
Unconstrained 71 70 69 73 85

Classical 79 70 76 89 100
Classical +

inspired fraction
80 70 78 89 101
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D.2 Individual results for the four-compartments

model (4C)

Figure D.5: Distribution of specific ventilation estimated from each of twelve N2

washouts of the four-compartment physical model using the constrained generalized
mathematical model with 50 compartments. The distributions were estimated using
either the number of cycles according to the Consensus [70], that is, until 1/40th of
the initial N2 concentration (black triangles) or alternatively 17 cycles (gray squares).
The reference distribution is shown in light gray.
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Figure D.6: Distribution of specific ventilation estimated from each of twelve N2

washouts of the four-compartment physical model using the unconstrained general-
ized mathematical model with 50 compartments. The distributions were estimated
using either the number of cycles according to the Consensus [70], that is, until
1/40th of the initial N2 concentration (black triangles) or alternatively 17 cycles
(gray squares). The reference distribution is shown in light gray.
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Figure D.7: Distribution of specific ventilation estimated from each of twelve N2

washouts of the four-compartment physical model using the classical all-parallel
mathematical model with 50 compartments. The distributions were estimated using
either the number of cycles according to the Consensus [70], that is, until 1/40th of
the initial N2 concentration (black triangles) or alternatively 17 cycles (gray squares).
The reference distribution is shown in light gray.
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Figure D.8: Distribution of specific ventilation estimated from each of twelve N2

washouts of the four-compartment physical model using the classical all-parallel
mathematical model with 50 compartments, accounting for the measured inspired
concentration of N2. The distributions were estimated using either the number of
cycles according to the Consensus [70], that is, until 1/40th of the initial N2 con-
centration (black triangles) or alternatively 17 cycles (gray squares). The reference
distribution is shown in light gray.
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Table D.2: End expiratory volume, total ventilation and dead space for each washout model in all twelve experiments with the four-
compartment physical model. End expiratory volume is the sum of the estimated compartmental volumes; total ventilation is the sum of
the estimated compartmental fraction of ventilation (unitary, in the constrained case); and dead space is estimated from the capnograms
using Fowler’s method (constrained and unconstrained cases) or from the complement to the total ventilation and the measured tidal
volume (classical and classical + inspired fraction cases). Reference values are the expected from the geometry of the physical model.

Experiments
Reference

A B C D E F G H I J K L

End expiratory
volume (L)

Constrained 3.268 3.269 3.321 3.254 3.113 3.249 3.208 3.350 3.150 3.295 3.260 3.202

3.242
Unconstrained 2.874 2.878 2.953 2.828 2.700 3.032 2.672 2.658 2.696 2.954 2.892 2.904

Classical 3.644 3.627 3.689 3.606 3.499 3.568 3.639 3.660 3.592 4.257 4.074 4.044
Classical +

inspired fraction
3.485 3.492 3.506 3.480 3.373 3.434 3.219 3.252 3.184 3.864 3.743 3.725

Total ventilation

Constrained 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.00
Unconstrained 1.13 1.13 1.14 1.15 1.15 1.11 1.10 1.10 1.09 1.15 1.15 1.13

Classical 0.75 0.72 0.74 0.74 0.74 0.70 0.74 0.76 0.74 0.79 0.76 0.74
Classical +

inspired fraction
0.75 0.72 0.74 0.74 0.74 0.70 0.74 0.75 0.74 0.78 0.75 0.73

Dead space (mL)

Constrained 185 187 186 189 185 172 188 186 186 188 188 188

152
Unconstrained 185 187 186 189 185 172 188 186 186 188 188 188

Classical 137 152 142 144 142 166 145 137 146 115 134 146
Classical +

inspired fraction
138 153 142 145 142 166 146 139 148 120 136 147
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D.3 Sensitivity to error in estimated series dead

space (vd)

Figure D.9: Sensitivity of estimated specific ventilation distribution to the error in
series dead space estimation. The graphs show the difference between the fractions of
tidal volume estimated with the measured vd (γREF, distributions shown in the main
paper and in Figures S1-S2) and those estimated with−5 % and +5 % deviation in vd

(γERROR) (respectively, A and B, and C and D), divided by 5 %. For both constrained
and unconstrained estimates, an overestimation in vd shifts the distribution toward
fast compartments (right side), and vice-versa.

D.4 Sensitivity to the number of modeled com-

partments (N) for 1C and 4C
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Figure D.10: Distribution of v/V estimated from N2 washouts of a single- (upper
panels) or four- (lower panels) compartment physical model. The distributions were
estimated using the classical all-parallel model or the novel generalized model with
series vd. The constrained version of the last model imposes a solution with the
measured vd and EELV, and a unitary total ventilation (Vent). Reconstruction with
25 (panels A,B,C,D,I,J,K,L) or 100 (panels E,F,G,H,M,N,O,P) compartments. For
the four-compartment model, inspired N2 (FI

N2
) varied by 50 % (light gray) or 10 %

(dark gray). In all cases, the number of cycles used for estimation was determined
according to the Consensus [70], that is, until 1/40th of the initial N2 concentration.
The reference distribution, expected from the geometries of the physical models, is
shown in black.

176


	List of Figures
	List of Tables
	List of Symbols
	List of Abbreviations
	Introduction
	Objectives
	Thesis overview

	PET Compartmental Model and Image Registration
	PET compartmental model
	The 18F-FDG
	The models
	Experimental interpretation

	Image registration
	Applications
	Methods
	Validation


	Deterioration of regional lung strain and inflammation during early lung injury
	Introduction
	Methods
	CT Imaging
	PET Imaging
	Tissue Samples
	Human Data
	Statistical Analysis

	Results
	Discussion

	Spatial heterogeneity of lung strain and aeration and regional inflammation during early lung injury assessed with PET/CT
	Introduction
	Materials and Methods
	Experimental protocol
	Selection of voxels for analysis
	Aeration levels
	Length-scale analysis
	Statistical analysis

	Results
	Length-scales of aeration heterogeneity
	Length-scales of tidal strain heterogeneity
	Regional phosphorylation rates and gene-expression

	Discussion
	Methodological considerations
	Length-scale analysis of aeration and tidal strain heterogeneity
	Gene expression analysis
	Limitations

	Conclusion

	Generalized estimation of the ventilatory distribution from the multiple-breath nitrogen washout
	Background
	Methods
	The model formulation
	Recovering the distributions: inverse problem formulation
	Sensitivity to noise
	Reconstruction conditions
	Figures of merit

	Results
	Discussion
	Conclusion

	Generalized estimation of the ventilatory distribution from the multiple-breath washout: a bench evaluation
	Background
	Methods
	Mathematical model of the MBN2W
	Experimental setup
	Signal processing

	Results
	Discussion
	Conclusion

	Discussion and Conclusion
	Conclusion

	Bibliography
	Supplementary Data for Chapter 3
	Extended Methods
	Protocol
	Physiological parameters
	Image acquisition
	Image processing
	Voxel selection
	Tissue sample
	Gene expression and inflammatory markers
	Wet-to-dry weight ratios
	Human image data
	Statistical analysis

	Determinants of inflammation
	Additional tables
	Additional figures

	Supplementary Data for Chapter 4
	Simulated example of length-scales

	Supplementary Data for Chapter 5
	Methods
	Results

	Supplementary Data for Chapter 6
	Individual results for the single-compartment model (1C)
	Individual results for the four-compartments model (4C)
	Sensitivity to error in estimated series dead space (vd)
	Sensitivity to the number of modeled compartments (N) for 1C and 4C


