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ABSTRACT 

Introduction: Patient selection in lung volume reduction (LVR) plays a pivotal role in 

achieving meaningful clinical outcomes. Currently, LVR patients are selected based 

on three established criteria: heterogeneity index, percentage of low attenuation area 

(%LAA), and fissure integrity score. Quantitative computed tomography (QCT) has 

been developed to quantify lung physiological indices at the lobar level and could 

potentially revolutionise patient selection in LVR procedures. We developed an in-

house QCT software, LungSeg, and used its radiological indices for the purposes of 

this thesis. The aim of this thesis is to discover potential physiological and radiological 

indices that could serve as predictors for superior LVR outcomes for better patient 

selection. 

Methods: This thesis took two studies and analysed them using LungSeg. The first 

study was the long-term coil study, a randomised controlled study that had the control 

group crossing over to the treatment arm at 12 months. At 12 months post-procedure 

the baseline measurements were assessed against the 12-months post-procedural 

measurements. The second study was the short-term valve study which was another 

randomised controlled study that compared the primary and secondary endpoints 

between the control and the valve-treated group at three months post-procedure. 

Results: In the long-term coil study, we found that the best statistically significant 

combination of predictors for change in target lobar volume at inspiration was found to 

be the combination of baseline target LV at inspiration, -950HU EI at inspiration, and 

TLCabs with a model adjusted R2 of 0.407 (p = 0.0001). In a subsequent multivariate 

analysis using ≥45% LAA on the -950HU at Inspiration, the R2 of the same prediction 

model did improve to 0.493 (P-value = 0.002). Meanwhile, the best statistically 

significant combination of predictors for change in target lobar volume at inspiration 

following valve treatment was found to be the combination of baseline target LV at 

inspiration, target lobar fissure integrity and baseline FEV1abs with a model adjusted 

R2 of 0.193 (p = 0.105). 

Conclusion: Using QCT, we’ve improved the proposed patient selection algorithm for 

LVR procedures based on the best QCT and lung function predictors. 
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IBV Intra-Bronchial Valve 

IC Inspiratory Capacity 

ICC Interclass Correlation Coefficient 

ICS Inhaled Corticosteroid 

Insp Inspiration 

IQR Interquartile Range 

IVC Inspiratory Vital Capacity 

KCO Carbon Monoxide Transfer Coefficient 

kV Kilovoltage 

KVP Kilo Volts Peak 

L Litre 

LAA Low Attenuation Area 

LABA Long Acting Beta Agonist 

LAC Low Attenuation Cluster 

LAMA Long Acting Anti-Muscarinic Antagonist 

LOA Limits of Agreement 

LtV Left Lung Volume 

LungSeg Lung Segmentation 

LLL Left Lower Lobe 
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LUL Left Upper Lobe 

LV Lobar Volume 

LTC Lobar Total Capacity 

LVC Lobar Vital Capacity 

LVRC Lung Volume Reduction Coil 

LVRS Lung Volume Reduction Surgery 

LVRV Lung Volume Reduction Valve 

mAs milliAmpere-second 

MCID Minimal Clinically Important Difference 

MDCT Multi Detector Computed Tomography 

MDT Multi-Disciplinary Team 

mL millilitre 

MLD Mean Lung Density 

mm millimeter 

mMRC modified Medical Research Council dyspnoea score 

MRC Medical Research Council 

N Number 

NIHR National Institute for Health Research 

NETT National Emphysema Treatment Trial 

NRTs Nicotine-Replacement Therapies 
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PaO2 Arterial partial pressure of oxygen 

PAA Pulmonary Artery to Aorta 

PACS Picture Archiving Communication System 

PASP Pulmonary Artery Systolic Pressure 

PI Pixel Index 

PRM Parametric Response Mapping 

QCT Quantitative Computed Tomography 

RLL Right Lower Lobe 

RML Right Middle Lobe 

RMSE Root Mean Square Error 

RPC Reproducibility Coefficient 

RtV Right Volume 

RUL Right Upper Lobe 

RV Residual Volume 

RVCT Residual Volume CT 

RVPLETH Residual Volume Plethysmography 

SABA Short Acting Beta Agonists 

SAMA Short Acting Muscarinic Antagonists 

SD Standard Deviation 

SE Standard Error 
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SGRQC St George’s Respiratory Questionnaire 

SPECT Single Photon Emission Computed Tomography 

TGV Thoracic Gas Volume 

TLCCT Total Lung Capacity CT 

TLCPLETH Total Lung Capacity Plethysmography 

TLCO Transfer Factor for Carbon Monoxide 

TLV Total Lobar Volume 

TLVV Total Lung Vessel Volume 

UK United Kingdom 

USA Unites States of America 

VA/Q Ventilation Perfusion 

VATS Video Assisted Thoracoscopic Surgery 

VTL Volume Target Lobe 

VNTL Volume Non-Target Lobe 

YACTA Yet Another CT Analyzer 
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CHAPTER I INTRODUCTION 

1.1 AIMS 

1. To optimise patient selection for BLVR using quantitative lung CT indices (i.e. 

TLCCT, RVCT, heterogeneity of emphysema, interlobar fissure completeness, 

emphysema score). 

2. To determine the presence of association between improvement of lung CT indices 

and symptom improvement as measured by St George’s Respiratory 

Questionnaire for COPD (SGRQc) and   6-minute walk test (6MWT). 

3. To determine changes in regional pulmonary function as defined by CT volumes. 

1.2 HYPOTHESES 

1. Are suitable candidates for BLVR determined by baseline measures of lung 

volumes (i.e. TLCCT, RVCT), heterogeneity of emphysema, emphysema score and 

interlobar fissure completeness based on CT-derived lung segmentation? 

2. Is baseline TLCpleth associated with a total volume loss of more than 350 ml as 

measured by lung CT? 

3. To identify patients with total volume loss more than 350 ml measured by lung CT 

in the target lobe which is correlated with more 100 ml increase in FEV1. 

4. Is baseline FEV1 associated with a total volume loss of more than 350 ml as 

measured by lung CT? 

5. Is baseline RVpleth associated with a total residual volume loss of more than 350 

ml as measured by RVCT? 

6. To identify patients with TLCCT volume change more than 350ml meeting the MCID 

of symptoms improvement parameters. 

7. To identify patients with RVCT volume change more than 350ml meeting the MCID 

of symptoms improvement parameters.  

  



Page 24 of 304 

 

1.3 ANATOMY OF THE LUNG AND RESPIRATORY SYSTEM 

1.3.1 Bronchopulmonary airways 

The lungs are a pair of organs encased within two layers of pleura; the visceral and 

parietal pleura respectively. Each lung is divided into lobes by fissures which are 

formed when the visceral pleura (adjacent with the parietal pleura at the hila) folds 

inwards.1 The right lung is comprised of three lobes, superior, middle, and inferior, and 

is subdivided into ten segments following lobar and segmental branching. The left lung 

is comprised of two lobes which are also subdivided into ten segments. 1 Air is 

conducted to the lungs through the upper airway which consists of the nasal cavity, 

oropharynx, nasopharynx, and larynx, and subsequently through the tracheobronchial 

tree.2  

 The tracheobronchial tree is a convoluted system that is divided into 23 

generations of dichotomous branches of tubes from the trachea (generation 0) to the 

alveolar sacs (generation 23).3 The airways are purely conducting pipes without any 

gas exchange from the trachea to the terminal bronchioles (generation 15-16).3 The 

trachea is a structure made of cartilaginous rings that extend approximately 12 cm to 

14 cm depending on the gender.2 At the carina, the trachea then divides into two 

primary bronchi, the left and right bronchus. The bronchi have a mucociliary 

elevator/escalator system that is responsible for propelling debris and foreign 

materials upward toward the pharynx to be expelled using the ciliated columnar 

epithelium of the bronchi and mucus secreted by the goblet cells.1 The airways further 

subdivide into the bronchioles, alveolar ducts, and alveolar sacs. This region of the 

respiratory system that functions as gas exchange units is called the acinus 

(generations 16-23).3 Adults have been estimated to have approximately 300-500 

million alveoli providing an estimated 75 m2 of gas exchange.3 The model of the human 

airway assigned to generations of symmetric branching can be seen in figure 1. 
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Figure 1. Model of human airway system assigned to generations of symmetric branching from trachea 
(generation 0) to acinar airways (generations 15–23), ending in alveolar sacs. Modified after Weibel (1963).4 

 

 Segments of the respiratory tract that take part in conducting air to the alveoli 

but does not take part in gas exchange are called the anatomical dead space.3 The 

anatomical dead space includes the upper airways and the conducting pipes from the 

trachea to the terminal bronchioles.  The volume of this dead space is around 130-180 

mL in a healthy human adult depending on the size and posture and increases with 

great inspirations.5 While the anatomic dead space is the gas volume contained within 

the conducting airways, the physiologic dead space is measured by the ability of the 

lungs to eliminate carbon dioxide.5 The physiologic and anatomic dead space are very 

similar on normal lungs, except when there is and inequality in the ratio of local 

ventilation to local blood flow due to gravitational or non-gravitational factors.5 In the 
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presence of this inequality, the physiologic dead space is increased mainly because 

of the ventilation going to gas exchange units with unusually high ventilation-perfusion 

ratios.5 The dead space can either be measured using Fowler’s method for anatomical 

dead space of Bohr’s method for physiological dead space.5,6 Fowler’s method of 

measuring the anatomic dead space can be seen in figure 2. 

Figure 2.Fowler’s method of measuring the anatomic dead space with rapid N2 analyser. 
A show that, following a test inspiration of 100% O2, the N2 concentration rises during expiration to an almost 
level “plateau” representing pure alveolar gas. B, N2 concentration is plotted against expired volume, and the 
dead space is the volume up to the vertical dashed line, which makes the areas A and B equal.5 

  

 Several abnormalities in the structure of the small airways have been 

observed in COPD patients. Small airways are usually defined as airways without 

cartilage and with a luminal diameter of <2mm.7,8 These abnormalities include the 

thickening of the airway wall due to peribronchial fibrosis, increased mucous exudates 
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that obstruct the lumina of the small airways, increased blood vessel density, 

enlargement of the submucosal mucous glands, metaplasia of the epithelial cells, loss 

of terminal and respiratory bronchioles and enlargement and destruction of the 

alveoli.7,9 These structural abnormalities are thought to be initiated by airway 

inflammation caused by phagocytes (neutrophils and macrophages) and lymphocytes 

(CD8+ T lymphocytes).9 

 Small airways fundamental pathological changes have recently been able to 

be visualised more effectively using Computed Tomography (CT) imaging.10 CT 

imaging allows small airways to be visualised indirectly using the quantification of air 

trapping as a surrogate marker.10 However, studies using this method have shown 

divergent results, with some studies suggesting thicker airway walls in COPD and 

some studies suggesting thinner walls. These ambiguous results may be partly due to 

the different methods used to describe airway dimensions.10 Therefore a parameter 

that predicts the square root of the wall area for hypothetical airway with an internal 

perimeter of 10 mm called the Pi10 has been made as a standardised parameter.10 

1.3.2 Airway structure and function 

Air is first conducted through the nasal vestibule, which is lined with stratified 

squamous epithelium and thick hairs called the vibrissae which are kept moist through 

mucous secretion to filter out foreign particles.11 After air passes into the nasal cavity 

turbulent flow occurs which allows inspired air to be in the most efficient contact with 

the nasal mucosa which humidifies inspired air to 100% relative humidity and warms 

it to approximately 34°C.11 By the time air reaches the nasopharynx, it has been 

warmed and humidified to optimal respiratory conditions.11 Air is then conducted 

further through the respiratory tract pass the anatomical dead space where no gas 

exchange takes place. 

 A healthy human adult approximately inhales 12.000 L of air per day, which 

exposes the airway epithelium to hundreds of millions of particles a day, including 

allergens, microbes, soot, and dust.12 The airway epithelium secretes mucus that acts 

as its first line of defence in tandem with the ciliated epithelial cells to prevent damage 

to the lining of the airway. The daily production of mucus in a healthy human adult is 

approximately 0,1-0,3 mg/kg per day.11 The cilia beat in a two-stroke pattern: an 
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effector stroke, in which the cilia straighten, contact the gel phase, and move the 

mucus; and a recovery stroke, in which the cilia bend and move in the watery sol 

phase and recover to its original position.11 The goblet cell secreted mucus entraps 

foreign particles in a mucosal blanket while the beating cilia sweeps them upwards of 

the respiratory tract.11,12 This process is called the mucociliary clearance or 

mucociliary escalator. In COPD patients, the airway contains excessive amounts of 

mucus associated with the hypersecretion by the increased number of goblet cells, 

which further narrows the respiratory tract.12 

 The acinus is the region of the respiratory system that extends from the 

respiratory bronchioles (generation 16) to the alveolar sacs (generation 23).3 This 

region is the gas exchange units of the respiratory system. Gas exchange between 

oxygen and carbon dioxide through simple diffusion occurs when there is contact 

between the oxygen-rich air inside the gas exchange units and the blood inside the 

dense complex of capillaries.4 The permeability of the air-blood barrier, the O2 partial 

pressure gradient between capillary blood and the alveolar air, and the rate of capillary 

blood flow determine the rate of oxygen intake.4 Due to the nature of the gas exchange 

between O2 and CO2 being the process of simple diffusion, the main incentive for gas 

exchange is the O2 partial pressure gradient between capillary blood and the alveolar 

air that should be maintained by the constant perfusion of capillaries for efficient gas 

exchange.4  

 Lung function decline in COPD patients due to anatomical and physiological 

changes have been well documented over the last few years with the landmark of 

these studies being Fletcher and Peto’s study, in which they measured the forced 

expiratory volume in 1 second (FEV1) every six months for an 8-year follow-up period 

in a cohort of 792 working men.13,14 This study shows the constant decline of lung 

function in COPD patients and suggests that lung function decline in COPD 

progresses slowly at the beginning and progresses quickly after a certain degree of 

severity has been achieved.13,14 However, recent reviews concerning this subject have 

altered the view of this concept and have suggested that the rate of FEV1 decline in 

COPD patients occurs faster in earlier stages, especially in Global Initiative for Chronic 

Obstructive Lung Disease (GOLD) II classification.14,15 
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1.3.3 Pulmonary arteries and veins 

The pulmonary circulation is an intricate network of blood vessels made up of arteries 
and veins which transports deoxygenated blood from the right ventricle to be 

oxygenated in the lungs and is responsible for the entire venous return of the body.16 

The main pulmonary artery emerges from the right ventricle of the heart and splits into 

the right and left pulmonary arteries at the level of the carina.17  The right and left 

pulmonary arteries each subsequently divide into two lobar branches, and 

subsequently into segmental and subsegmental branches that parallel segmental and 

subsegmental bronchi and are aptly named based on their bronchopulmonary 

counterparts. 17 The pulmonary arterial anatomy can be seen in figure 3. 

Figure 3. Diagram illustrating segmental right and left pulmonary arterial anatomy. 
RUL, right upper lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe.17 
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In total, there are four pulmonary veins, two superior and inferior veins on the 

left and right side of the lungs that converge and unload into the heart’s left atrium.17 

Their position is inferior and anterior to the pulmonary arteries in the mediastinum.17 

The branches of the parenchymal pulmonary veins are positioned within the 

interlobular septa, and the segmental or subsegmental pulmonary artery branches and 

bronchi do not parallel the vein branches. 17  

Anatomic variations are present in relation to the bronchial artery, the most 

common being two bronchial arteries on the left side and one bronchial artery on the 

right side arising from the anterolateral part of the descending thoracic aorta at the 

level of T5-T6 near the level of the carina, or from intercostal arteries distal to the left 

subclavian artery.17,18 Other common variants have also been observed, such as two 

bronchial arteries on each right and left side, one right and one left arteries, or a unique 

trunk emerging from both right and left arteries.19 The bronchial circulation is a high-

resistance low-capacitance circulation due to its small diameter and only receives 

approximately 1-2% of the total cardiac output in healthy subjects.16,19 They provide 

systemic blood supply to the trachea, bronchi, bronchial branches, oesophagus, 

visceral pleura, vasa vasorum of the thoracic aorta as well as the pulmonary arteries 

and veins, and lymph nodes and nerves in the thorax.18 

Structural and morphological changes have been observed in the pulmonary 

and bronchial arteries of COPD patients.20 During chronic inflammation of the airway 

and acute exacerbation of asthma and COPD, the bronchial vessels are known to 

have a considerable ability to proliferate.20 An increase in both vascular area and 

number of vessels have been observed in current smokers with COPD. On the other 

hand, clinically stable COPD patients who were not current smokers demonstrated a 

higher vascular area, but not an increase in the number of vessels.20 It has been 

observed that one of the most pronounced pathomorphological changes in the blood 

vessels of the lungs is the increased thickness of the arterial walls, marked by the 

increased thickness of the tunica media that is approximately 3-4 thicker than the 

tunica intima.5 The inside diameter of these arteries is constricted and reduced to 

approximately 20-25 μm.21 Desquamation, hyperelastosis, swelling of endothelial 

cells, and the phenomenon of disorganization were often found in the walls of these 

arteries.21  While arterial remodelling in COPD patients has been well documented, 
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studies about pulmonary veins are still inconclusive and remain challenging to study. 

This is due to the difficulty in identifying them and distinguishing them from pre-

capillary vessels. However, recent studies suggest that there might be structural 

alterations of the venous vasculature in pulmonary hypertension secondary to 

COPD.22 
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1.4 CHRONIC OBSTRUCTIVE PULMONARY DISEASE 

1.4.1 Definition 

Chronic Obstructive Pulmonary Disease is a disease spectrum that is defined by the 

Global Initiative for Chronic Obstructive Lung Disease (GOLD) as a condition 

characterised by persistent airflow limitation that is usually progressive and associated 

with an enhanced chronic inflammatory response of the airways and lungs to noxious 

particles or gases.15 In COPD, the inflammatory marker hs-CRP was found to be 

significantly higher as compared to the levels in asthma. On the other hand, IgE and 

eosinophils were substantially higher in asthma.23  

Furthermore, COPD is divided into chronic bronchitis and emphysema, 

although this differentiation is not used anymore in GOLD.15,24 Chronic bronchitis is 

characterised by chronic cough and increased sputum production owing to airway 

inflammation of the mucus glands and central airway epithelia induced by the innate 

immune system against toxic materials.25,26 These conditions should persist for at 

least 3 months per year for two consecutive years.25 In contrast to chronic bronchitis, 

emphysema affects the more distal part of the lungs, further from terminal 

bronchioles.25 This condition is characterised by enlarged distal airways along with 

destruction of the lung parenchyma or alveoli.15,25 

  Several factors contribute to the development of COPD. From all the possible 

etiologies of COPD, smoking is the most common.27 Additionally, genetic factors (such 

as α1 antitrypsin deficiency), presence of asthma, inhalation of outdoor pollutants or 

being a secondary smoker, and occupations with constant exposure to 

dust/gases/fumes comprise the other etiologies or risk factors of COPD.27 

1.4.2 Epidemiology of COPD 

Chronic obstructive pulmonary disease (COPD) is a progressive life-threatening lung 

disease that causes breathlessness (initially with exertion) and predisposes to 

exacerbations and serious illness. The Global Burden of Disease Study reports a 

prevalence of 251 million cases of COPD globally in 2016.28  As of 2015, the world is 

estimated to be inhabited by a record 7.3 billion people. Demographers underline that 

with a population increase and hygiene improvements, there will be an epidemic of 
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chronic conditions associated with ageing and smoking, such as chronic obstructive 

pulmonary disease (COPD). There are more than 90% of COPD deaths occur in low-

income and middle-income countries.28,29  

The prevalence of moderate to severe COPD is found to be high both in 

developed and developing countries. For example, in two developed countries – the 

United States of America and in the United Kingdom, the prevalence is 12.7 million 

and around 900,000, respectively.30 Specifically, in the United States, the prevalence 

of chronic bronchitis and emphysema in 2011 was 4.36% and 2.02%, respectively.30 

Similarly, the high prevalence of moderate to severe COPD is also found in Asian 

countries.31 For instance, the prevalence of COPD in China, the most populated 

country in the world, was estimated at 6.5% in the year 2000, whereas the prevalence 

in Japan, Indonesia, and South Korea was estimated at 6.1%, 5.6%, and 5.9%, 

respectively.31 

     Furthermore, mortality associated with COPD is also found to be high. WHO 

estimated that COPD-associated mortality was about 3.17 million, or 5% of all 

mortality, in 2005 worldwide.28 In the United States, 133,965 deaths (41.2 

deaths/100,000) was accounted to COPD in 2009.28,30 Similar to that, mortality due to 

COPD is also high in other parts of the world, such as in Europe (32.6 

deaths/100,000), South East Asia (40 deaths/100,000), and Africa (18.1/100,000), as 

reported in 2001.31 In addition to its high prevalence and mortality, COPD is also a 

vast burden economically. For instance, the cost of COPD is estimated to be US$ 50 

billion in the United States and £1.9 billion in the United Kingdom every year.32,33 

1.4.3 Causes of COPD 

Physiology of Chronic Obstructive Pulmonary Disease 

In emphysema, tissue destruction is observed in the lung parenchyma as enlargement 

of distal airspaces such as the respiratory bronchioles and acinus, which might excess 

1 cm diameter to form bullae.26 At a later stage, pulmonary hypertension might occur 

due to pulmonary vasculature alterations that consist of endothelial intima thickening 

and dysfunction, leading to capillary bed destruction.26 According to the distribution of 

tissue destruction, emphysema can be divided into three types, which are 
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centrilobular, panacinar, and paraseptal.26,34 In centrilobular emphysema, dilation and 

destruction are mostly seen in the respiratory bronchiale, while the alveolar ducts and 

sacs are generally spared. In the panacinar type, the air space dilation is observed in 

the respiratory bronchiale and alveoli.26,34 In the paraseptal type, the site mostly 

involved is the dorsal surface of the upper lung with peripheral acini airspace 

enlargement.34 

Activation of the innate and adaptive immune system in response to inhalation 

of cigarette smoke leads to the damage found in COPD.35,36 At the initial phase, the 

innate immune system that consists of alveolar neutrophil and macrophage will be 

activated by cytokines and chemokines released through ligand– epithelial toll-like 

receptors (TLRs) interaction.35 Further, the innate immune system will induce tissue 

injury and the maturation of dendritic cells. In the next phase, the mature dendritic cells 

will trigger activation of both, the CD4+ (Th1) and CD8+ (cytolytic) T-cells.35 The Th1 

will, in turn, activate three components of the immune system: (1) B-cells will induce 

immune complex deposition, (2) innate immune cells will release proteinases, reactive 

oxygen species, and nitric oxide, and (3) CD8+ T-cells induces apoptosis and necrosis 

of epithelial and endothelial cells.35 

The destruction of alveoli and alveolar detachment result in reduced alveoli 

elasticity that leads to airflow obstruction and hyperinflation, which manifest as 

increased functional residual capacity (FRC).26,37 Those pathological changes will 

result in expiratory flow limitation as to the final hallmark of emphysema.38 Airflow 

obstruction also manifests as reduced FEV1 and FEV1/FVC ratio. GOLD has classified 

the severity of COPD into four stages according to the percentage of post-

bronchodilator FEV1 result as compared to its prediction, which correlates with the 

severity of the clinical symptoms.15 For instance, FEV1 has a positive correlation with 

exercise tolerance as measured by the 6 minutes walking distance test (6MWD), 

hence lower FEV1 correlates with shorter distance reached.39,40 Similarly, 6MWD also 

decreases as the diffusion capacity of the lung decreases, as measured by the 

diffusion capacity of the lungs for carbon monoxide (DLCO).41,42 Moreover, the 

severity of symptoms has a negative correlation with the diffusion capacity of the lung 

as measured by the diffusing capacity for carbon monoxide per litre of lung volume 

predicted value (DLCO/VA).42 
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     Increased residual volume, functional residual capacity, and total lung capacity 

in emphysema can be observed through inert gas washout measurements such as 

nitrogen. Currently, there are two methods of performing the nitrogen gas washout 

measurement, which are through a single (SBW) and multiple breaths test (MBW).43 

In the latter, functional residual capacity (FRC) is measured from time needed to 

washout nitrogen from lung to < 1.5% of initial nitrogen concentration after inhaling 

100% O2.43,44 Furthermore, MBW is able to differentiate inhomogeneous ventilation 

distribution into disturbance of either the conductive or acinar part, described as Scond 

and Sacinindex, respectively.43,45 In subjects with confirmed emphysema, Sacin was 

found to be significantly higher, compared to non-COPD patients and non-

emphysematous COPD patients, whereas Scond was only significantly higher 

compared to non-COPD patients. Therefore, this confirms that the disturbance of 

emphysema mostly occurs in the acinar part.46 

  In the single breath nitrogen washout test (SBW), subjects inhaled 100% O2, 

and ventilation distribution is divided into four phases.43 The phase III slope represents 

ventilation homogeneity and the slope increases in conditions such as COPD.43,47 

Moreover, the phase III slope has a moderate to high correlation with the clinical 

symptoms of COPD,47 and more severe the degree of COPD results in a significantly 

higher phase III slope.47 

     Distal airway function can be seen through impulse oscillometry which uses 

sound waves at particular frequencies. The lower the frequency used, the deeper is 

the sound waves passed through the distal airway.48,49 Generally, a 5 Hz frequency is 

used to determine the resistance (RRs) of peripheral airways (R5), while 20 Hz for 

large airway resistance (R20).48,49 FEV1and R5 was found to have a negative 

correlation, whereas FEV1 has no significant correlation with R20.50,51 In addition, R5 

was found to be significantly higher in more severe COPD according to the GOLD 

criteria.52 

Furthermore, these two frequencies are also used to determine reactance 

(XRs) of the peripheral and large airways. Reactance is the summation of tissue 

elasticity, which dominates the lower frequency, and inertance, thus the reduction of 

tissue elasticity such as in emphysema will result in more negative reactance.48,49 A 
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positive correlation was found between X5 and FEV1.50,51 X5 was also found to be 

more negative in more severe COPD according to the GOLD criteria.52 

Moreover, the difference of X5 between the inspiratory and expiratory phase 

(∆X5) marks expiratory flow limitation (EFL), particularly in those with FEV1 less than 

60% of prediction.49,53 The point of frequency that results in zero reactance is known 

as resonant frequency (Fres), while the area of reactant created by the 5 Hz frequency 

and Fres is called as the area of resistance (AX). The higher FEV1, the lower Fres, 

identifying a strong negative correlation.50,51 Moreover, AX was found to be 

significantly larger in COPD patients with category GOLD 2-4 as compared to the 

healthy population while AX might still be normal in GOLD category 1 patients.54 

Hyperinflation in emphysema also leads to an alteration in respiratory muscle 

capacity. In this condition, increased functional residual capacity will result in 

increased intrinsic positive end-expiratory pressure.55 Therefore, respiratory muscles 

should create more negative pressure to exhale the air, which manifests as increased 

inspiratory pressure at each breath (Pbreath).55 Furthermore, due to lung 

hyperinflation, length of the diaphragm is reduced, decreasing the force made by the 

diaphragm which manifests as lower maximal pressure (Pdimax), as measured by an 

oesophagal and gastric balloon catheter.55,56 As a result, in emphysematous patients, 

the Pbreath/Pmax ratio will increase due to an imbalance in force created by the 

inspiratory muscles and the forces needed to reverse the airflow.56 At last, rapid 

shallow breathing occurs, reducing Pbreath while avoiding muscle fatigue.55 

1.4.4 Diagnosis and Staging 

COPD is commonly characterised by persistent respiratory symptoms and obstruction 
of the airways caused by considerable and prolonged exposure to harmful particles or 

gases.57 COPD should be considered in patients demonstrating key symptoms of 

COPD and a history of subjection to risk factors for the disease. An accurate diagnosis 

is crucial to allow the physician to react promptly and establish the most appropriate 

therapy regiment.58 Prior to diagnosis, many patients may falsely attribute their 

symptoms such as breathlessness, cough, and increased sputum production to 

inaccurate reasons such as aging.58 These presumptions may hinder patients from 
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taking action and seeking professional help for their symptoms, subsequently 

prolonging exposure to risk factors and increasing the severity of the disease.  

 The most recent Global initiative for Chronic Obstructive Lung Disease (GOLD) 

strategy for diagnosis and management of COPD informs physicians to be attentive 

and cautious to classic signs of COPD such as dyspnoea, chronic cough or increased 

sputum production, and a history of risk factors for COPD. A diagnosis of COPD 

should be evaluated if such symptoms should transpire. Spirometry is required and 

essential to confirm the clinical presence of persistent airflow limitation, a defining, but 

not a pathognomonic characteristic of COPD.57,58 Chronic and progressive  dyspnoea 

is the most defining symptom of COPD.57 Dyspnoea specifically alludes to the 

sensation of breathlessness or difficulty breathing that is commonly observed in 

patients with respiratory and cardiac disease. Dyspnoea in COPD is associated with 

restricted physical activity, decreased health-related quality of life (HRQoL), and 

reduced survival.59 In some cases, dyspnoea may also cause disruption in a person’s 

mental well-being through anxiety and/or depression. Chronic cough is also one of the 

cardinal signs of COPD and is usually the first symptom to manifest.57 Another clinical 

symptom of COPD is the production of sputum for three months or more in 2 

consecutive years; however, patients producing abnormally large amounts of sputum 

may have other underlying diseases such as bronchiectasis.57 Additional features of 

COPD such as chest tightness that may vary between days and throughout a single 

day and wheezing might also be present.57 Fatigue, weight loss, and anorexia are 

common in patients as the severity of the disease increases.57 

 A ratio of post-bronchodilator forced expiratory volume in 1 second to forced 

vital capacity (FEV1/FVC) of <0.7 is considered as the diagnostic hallmark of persistent 

airflow limitation, which is measured using spirometry.57,58 The fixed FEV1/FVC ratio 

has long been used as the clinical diagnosis criteria due to its simplicity and reliability. 

Hyperinflation is one of the functional outcomes of pathological changes that happen 

in COPD, which can be measured using the resting inspiratory capacity (IC), a non-

invasive and reasonably accurate way of measuring the hyperinflation of the lungs.58 

Resting IC is an acceptable indicator of the severity of COPD and can predict mortality 

and respiratory failure if used as a ratio with total lung capacity (TLC).58 The 6-minute 

walking distance (6MWD) test is an exercise test that corresponds well with peak 
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oxygen uptake and a useful index of the impact of COPD on a patient’s functional 

capacity.58 

 In 2006, the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 

devised a strategy document and classified COPD into four stages based on their 

FEV1. Due to a moderate relationship with several patient-centred outcomes, the 2011 

GOLD revision was devised and serves as a guide for the initial treatment of the 

patient. It also introduced a multidimensional assessment scheme for COPD based 

on evaluation of symptoms and risk of exacerbation.60 The 2011 GOLD Report has 

four groups, A to D, and recommends using the modified Medical Research Council 

(mMRC) grading of dyspnoea with an equivalence of mMRC grade ≥ 2, or the more 

comprehensive COPD Assessment Test (CAT) with an equivalence of CAT score ≥
10 for symptoms of COPD.60 The “A-D” assessment tool of the 2011 GOLD Report 

was an improvement in the right direction, but there were still limitations in terms of 

mortality predictions and other crucial health outcomes.57 The 2017 GOLD Report was 

devised to provide a more comprehensive assessment and therapy 

recommendations. In the newly updated scheme, patients should undergo spirometry 

to determine the severity of airflow limitation, undergo symptoms assessment using 

mMRC or CAT, and finally, their history of exacerbations and prior hospitalization will 

be recorded.57 The GOLD refined ABCD assessment tool can be seen in figure 4. 
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Figure 4. The GOLD refined ABCD assessment tool. 
CAT = COPD Assessment Test; COPD = chronic obstructive pulmonary disease; GOLD = Global Initiative for 
Chronic Obstructive Lung Disease; mMRC = modified British Medical Research Council questionnaire.57 
 
Reprinted with permission of the American Thoracic Society.  
Copyright © 2020 American Thoracic Society. All rights reserved.  
The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society. 
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1.5 PATHOPHYSIOLOGY OF COPD 

1.5.1 Lung Parenchymal Changes in COPD 

The main pathological attributes of COPD can be traced to the small airways and the 

predomination of tissue destruction in the lung parenchyma that ultimately leads to 

emphysema.9,61 Emphysema advances the reduction of the elastic recoil of the lungs, 

which subsequently reduces the ability of the lungs to drive air out and loss of 

attachments between the airways and the surrounding parenchyma. This mechanism 

of pathology contributes to the dynamic airway collapse during expiration.9  

Two possible pathologic aetiologies that have been proposed by the study of 

Mitzner in the timeline of emphysema.62 The first pathologic aetiology that’s been 

proposed in emphysema is the inflammation of the alveoli first, resulting in the 

destruction of the alveolar walls and the elastic axial fibres that link the acinus to the 

terminal airways, subsequently allowing the terminal bronchioles to recoil and 

obstruct.63 The second pathological aetiology proposed is the precedence of the 

inflammation of the terminal bronchioles, which thickens and obstructs the airway wall, 

and stretches the elastic axial fibres that ultimately causes the deprivation of support 

for the distal acinus, the destruction of unsupported alveolar walls and expansion of 

the duct.63 The study of McDonough et al. suggested that the small airway damage 

likely happens first, but causality could not be proven due to the small number of 

samples and the nature of the study was cross-sectional.63,64 The aetiology of 

parenchymal airspace enlargement in COPD can be seen in figure 5. 
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Figure 5. Two models explaining the aetiology of parenchymal airspace enlargement in COPD. 

Panel A. Alveolar inflammation leads to destruction of alveolar walls and the elastic connective tissue fibres that link the acinus 
to the terminal airways. This allows the terminal bronchioles to recoil and obstruct. 
Panel B. Inflammation in the terminal bronchioles causes wall thickening, obstruction, and ultimate severing or stretching of the 
elastic connective tissue fibres. This loss of support for the distal acinus leads to folding (and ultimate destruction) of 
unsupported alveolar walls and enlargement of the duct.63 

 

In the inflammatory process of emphysema, the first cell to be involved in the 

pathogenesis of emphysema and destruction site is the neutrophil, which is 

accompanied immediately by the arrival of the alveolar macrophage.65 These cells are 

closely associated due to both having the vital proteolytic enzymes required to damage 

the lung parenchyma and develop emphysema.65 After more accurate quantitative 

methods to assess lung pathology and inflammation were introduced, the T 

lymphocyte has been shown to play a vital role in COPD and presented itself as 



Page 42 of 304 

 

arguably the most crucial cell in the airways and lung parenchyma pathologies in 

COPD.65 A study conducted by Olloquequi et al. found that the density of CD8+ cells 

in interstitium was notably higher in patients with COPD compared to patients without 

COPD.61 Lams et al. showed that the increase in the number of CD8+ cells is 

associated with the pack-years of smoking.66 In contrast, the decrease of these T cells 

was related to the months of smoking cessation.66 This phenomenon is further 

supported by the study of Cosio et al.65 

The protease-antiprotease imbalance is a well-established pathophysiological 

mechanism responsible for the development of emphysema.67 Previous studies 

described that alpha-1-proteinase inhibitor deficiency in humans was associated with 

the progress of emphysema.67 Concurrently, in vivo experiments in animals have 

shown that emphysema can be induced by the initiation of proteases into the lung.67 

Lately, other enzymes such as cysteine proteinases and metalloproteinases have also 

been suspected to play a role in the development of emphysema.67  

1.5.2 Patterns of Emphysema 

It is widely accepted that the most common phenotype of COPD is emphysema, which 

is described as a pathological and permanent expansion of the air spaces following 

the terminal bronchioles, complemented by the simultaneous destruction of the 

alveolar walls.68,69 In terms of spatial distribution, the distribution and scope of the 

airway expansion in emphysema can vary within the lung, resulting in the 

homogeneous (evenly distributed emphysema in ipsilateral lobes) and heterogeneous 

(emphysema predominantly affecting one lobe of the lung) types of emphysema.68,70 

This categorisation of homogeneous and heterogeneous emphysema is essential in 

clinical terms since it simplifies selection between surgical or bronchoscopic lung 

volume reduction procedures (LVR).70 Boutou et al. have suggested that patients with 

heterogeneous emphysema are associated with better outcomes and increased 

survival after an LVR procedure.70 It has been suggested that the healthy lung 

parenchyma that coexists with the damaged lung parenchyma lessens the dynamic 

hyperinflation by acting as a mechanical barrier to further increase the end-expiratory 

lung volume in emphysematous areas of the lung.70 Computed tomography (CT) 

densitometry can be used to evaluate and quantify the tissue destruction within the 
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lung by using the extent of damage and patterns of distribution in emphysema as 

indicators.68  

Emphysema can be classified into three different phenotypes, as radiologic-

pathologic correlation studies dictate: centrilobular, panlobular, and paraseptal 

emphysema, which can all be reliably identified using CT images.69,71 Centrilobular 

emphysema predominantly involves the upper lobes, is associated with tobacco 

exposure and is commonly observed in individuals older than 50 years old, whereas 

paraseptal emphysema tends to occur adjacent to the pleura or the fibrous septa and 

is frequently associated with younger tobacco smokers.69-71  

Centrilobular emphysema (CLE) predominantly occurs in the upper lobes of the 

lung, produced mainly by the enlargement and destruction of respiratory bronchioles 

within a single acinus.70,72 Several of these primary lesions may spread across the 

entire lung lobule, and these lobules can sometimes fuse and disintegrate to form 

large bullous lesions.72 Through three-dimensional reconstructions of serial histologic 

sections of 90 individual centrilobular specimens, Leopold and Gough found that the 

epithelium lining of the bronchioles leading up to these CLE lesions was abnormal, 

accompanied by decreased lumen diameter and varying degrees of airway wall 

thickening.72 CLE has also been found to be excessively compliant and requires 

significantly lower transpulmonary pressure threshold in order to reach their maximum 

volume. In CT, CLE can be defined by its hallmark small areas of low attenuation 

surrounded by healthy lung parenchyma, which can be classified visually into five 

levels of severity: trace CLE, mild CLE, moderate CLE, confluent CLE, and advanced 

destructive emphysema.72 The study of Smith et al. found that CLE was the most 

common type of emphysema occurring in 14% of the samples and was more likely to 

have dyspnoea, shorter 6MWD, hyperinflation, and lower diffusing capacity compared 

to those without emphysema.73 The gross-specimen and micro-CT image of the 

different pheynotypes of emphysema can be seen in figure 6. 
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Figure 6. (A), Micro-CT image of control lung shows a terminal bronchiole (white arrow) connecting to respiratory 
bronchiole (green arrow) supplying alveoli of normal size. (B), Extensive centrilobular destruction (arrowheads) 
is seen in lung slice, and micro-CT scan of primary lesion shows dilatation and destruction of proximal respiratory 
bronchioles (green arrow), with sparing of alveoli near lobular septa (blue arrow). Moreover, terminal bronchiole 
leading into centrilobular lesion is narrowed (yellow arrow) and then opens up again (white arrow), a feature that 
can be better appreciated in video associated with the article by McDonough et al.72 

 

 Wyatt et al. were the first to describe panlobular emphysema (PLE) which 

alludes explicitly to uniformed emphysematous destruction across the lobule.70 PLE 

predominantly occurs in the lower lobe of the lung and is associated with a gene defect 

in the alpha-1 antitrypsin gene, which causes low levels of alpha-1 antitrypsin.70,72 

Compared to CLE, the general alveolar destruction in PLE is not as severe, but the 

acini damage within the affected lung lobule is spread more uniformedly.72 

Quantitative CT is preferred in identifying PLE, especially in the earlier stages. Smith 

et al. suggested that patients with PLE had a significantly lower BMI compared to the 

other types of emphysema and control, and similar to PSE were more likely to have 

dyspnoea, shorter 6MWD, hyperinflation, and lower diffusing capacity.74 
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Figure 6. (C), The panlobular phenotype of emphysema in this case of a -antitrypsin deficiency shows relatively 
mild destruction 1 of gross specimen (arrowheads), and micro-CT scan shows uniform destruction of alveoli 
extending right up to lobular septa (blue arrow). Terminal bronchiole (white arrow) and respiratory bronchiole 
(green arrow) are normal.72 

 

The term paraseptal emphysema (PSE) was first coined by Heart which refers 

to selective distal acinus destruction that ultimately leads to emphysematous lesions; 

subsequent works of literature have attributed PSE more closely to specific locations 

of emphysematous lesions (in the fissures between the lobes or near the pleural 

surface close to the chest wall).72 PSE is characterised at CT by sub-pleural and 

peribronchovascular foci of low attenuation separated by intact interlobular septa 

thickened by associated mild fibrosis.72 PSE primarily occurs in the peripheral parts of 

the lung such as the subpleural lobules along the mediastinal and peripheral pleura, 

and along the fissures, usually more severe lesions occur in the middle and upper 

lobes of the lungs by the mediastinum.72 Inexperienced physicians can sometimes be 

fooled in identifying rows of PSE as it may closely resemble honeycomb cysts. The 

distribution of bullae in the lungs is directly proportional to the severity of emphysema 

and predominantly occur in the upper lobes of the lung in both CLE and PSE, though 

it is more frequently found in PSE.72 The study of Smith et al. suggested that PSE was 

significantly more common in men compared with women, unlike other types of 

emphysema, and surprisingly was of little physiologic significance in terms of clinical 

consequences.73 
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Figure 6. (D), Paraseptal phenotype of emphysema shows typical lesions (arrowheads) beneath pleural surface 
on gross specimen, and micro-CT scan shows that alveoli adjacent to lobular septa are dilated and destroyed, 
with sparing of center of lobule. Terminal bronchiole (white arrow) and respiratory bronchiole (green arrow) are 
normal.72 
 

1.5.3 Airflow Limitation 

Inarguably, the hallmark of chronic obstructive pulmonary disease (COPD) is 

permanent airflow limitation.75 There are three main reasons that can cause this 

permanent airflow limitation: emphysematous lung damage that leads to a decrease 

in lung compliance, increased resistance of the small conducting airways, or both.75 

Emphysematous lesions are formed by exposure to inhaled noxious gases and 

particles in an extended period that chronically stimulates the host’s innate and 

adaptive inflammatory immune response, with smoking, inarguably being the number 

one risk factor for COPD development (10 pack Years; 50% smokers develop 

COPD).75-77 Spirometry is used to objectively measure persistent airflow in COPD, 

which is defined by a post-bronchodilator ratio of forced expiratory volume in 1 second 

to forced vital capacity (FEV1/FVC) of <0.7.57,58 In COPD patients, there is generally a 

steady yearly decline in FEV1 of approximately 50-60 mL compared to approximately 

20-30 mL in healthy adults.77  

The primary site of airway obstruction in COPD is found in the smaller 

conducting airways (<2 mm in internal diameter), spread out between the fourth and 

14th generation of the airways.75 In healthy lungs, small airways only account for 25% 

of total lower-airway resistance and 10-15% of total airway resistance.75 However, this 
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number is significantly increased in COPD patients due to morphological and 

physiological abnormalities. These abnormalities include mucosal oedema and goblet 

cell hyperplasia, which subsequently causes mucous plugging and impaction, airway 

fibrotic remodelling, and increased thickness and tone in the airway smooth muscle 

(ASM).9,77  Mucus in combination with inflammatory exudates obstruct the lumen of 

the airway, and a repeated process of the host’s innate tissue recovery thickens the 

walls, hence the decrease in the internal diameter of the conducting airways.78 Jones 

et al. have suggested that increased thickness of the ASM contributes most to the 

increased airway wall thickness in COPD.78 The mechanism responsible for the 

changes in the thickness of the ASM layer is still not precise as of recently, but there 

are two speculations as to how the ASM layer actually thickens: hyperplasia 

(increased number of smooth muscle cells) or hypertrophy (increased volume of the 

individual smooth muscle cells).78  

 In emphysema, the damage sustained by the lung due to elastin proteolysis 

reduces maximum expiratory flow by decreasing the elastic recoil force available to 

drive air out of the lung, which causes airflow resistance to increase significantly.75 77 

The inability to drive air out of the lung causes hyperinflation, which subsequently 

causes dyspnoea and the barrel-shaped chest.77 Hyperinflation in COPD is also a 

consequence of the increased functional residual capacity (FRC) due to the 

insufficient inward lung elastic recoil pressures acting as a recompense for the outward 

recoil pressures of the thoracic cage.77 Hyperinflation leads to hyperventilation, which 

aggravates the already increased FRC with each successive breath due to inspiration 

beginning before full expiration is achieved. At this point, FRC no longer happens at 

the passive point of equilibrium pressure between the chest wall and lung recoil but 

instead at positive end-expiratory pressure (PEEP).77 
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1.5.4 Respiratory Muscle in COPD 

Muscle dysfunction is defined by the presence of at least one of the following 
conditions: weakness, reduced endurance, and fatigue in relatively physiological and 

stable situations.79 In respiratory muscles, muscle strength can be determined by the 

measurement of maximal respiratory pressures both in clinical and experimental 

settings and muscle endurance can be evaluated using tests that involve the use of 

either progressive loads or a continuous submaximal load until exhaustion.79 

Respiratory muscles are striated muscles that facilitates the respiration process of the 

host by allowing breathing movements that leads to alveolar ventilation.79 These 

respiratory muscles can be classified into inspiratory and expiratory muscles based on 

the role they play in the ventilatory process. Inspiratory muscles expand the thoracic 

cage, increasing the negativity of intrathoracic and alveolar pressure that results in 

inspiratory flow.79,80  

The main inspiratory muscles are the diaphragm, external intercostals and 

parasternal. Nonetheless, other muscles such as scalenes, sternocleidomastoid, 

latissimus dorsi, serratus and pectoralis can also be utilised in inspiration when the 

ventilatory load is increased and/or the main inspiratory muscles are suboptimal.80 

Expiration is a more relaxed process since it is passive, secondary to the relaxation of 

the inspiratory muscles.79,80 However, there are muscles that can assist the expiration 

process should exhalation be forced, the abdominal wall muscles (mostly major and 

minor obliques and transverse abdominis) and the internal intercostal group (with the 

exception of parasternal).80  

Lung hyperinflation in COPD leads to a progressive increase in functional 

residual capacity (FRC).81 Total diaphragm length is also reduced in COPD patients 

both at residual volume and at FRC.81 Additionally, due to their limited ability to further 

shorten the diaphragm fibres COPD patients have less diaphragm mobility in the 

ventilation process.81 Respiratory muscles consist of different fibre types (type I and 

II) of tissue. In COPD patients, the respiratory muscles undergo atrophy in both types 

of fibre and are progressively altered to type I fibres that are more oxidative and have 

higher endurance.81 Consequently, this makes the diaphragm more resistant to fatigue 

but overall diminishes the power able to be generated during contractions.81 Both 

pulmonary hyperinflation and increased airway resistance increase the work of 
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respiratory muscles.81 Furthermore, the increased activity of the respiratory muscles 

in COPD patients translates into escalating metabolic demands for nutrient and 

oxygen.80 This is especially crucial as the gas exchange in COPD is already 

compromised by abnormalities occurring in the airway and in the lungs that further 

disrupt the oxygen delivery to these muscles.80  

 In correlation to respiratory muscles, peripheral muscles have also been 

observed to deteriorate in COPD patients, especially in lower limbs.80,82 Studies have 

shown the decrease of overall mass and a general increase in lactate production and 

myocyte acidification, which indicate abnormalities in the oxidative pathways.80 

Though the causes have not been fully grasped, it is highly speculated that a reduction 

in physical activities plays a considerable role.80,82 

1.5.5 Collateral Ventilation (CV) 

The collateral ventilation is usually defined as ventilation of alveolar spaces via 

channels other than the typical anatomical ways. CV is present in most species, 

including humans. CV in human alveoli can be beneficial or harmful, depending on the 

clinical circumstances. For example, in patients with severe emphysema, CV can 

connect alveolar spaces of an entire lung, if incomplete fissures are present. 

Pathologically, a much larger pathway of alveolar and airway destruction may develop 

as a result of alveolar wall destruction.83  

CV status has been a significant determinant in the effectiveness of non-

surgical attempts to reduce lung volumes in emphysematous patients or those with 

massive bullae, thereby improving their quality of life. Determination of the presence 

or absence of CV is presently done using the ChartisTM system. The Chartis system 

consists of a balloon-tipped catheter inserted through bronchi to occlude a lobar 

bronchus. This technique assesses both expiratory airflow, pressure, and resistance.84 

The presence of CV is indicated by the persistent airflow after lobe occlusion.84 

Alternately, the absence of airflow after lobe occlusion indicates high CV resistance 

and subsequently, the absence of CV which indicates a suitable candidate for BLVR 

therapy using valves.84  

It is also understandable that the degree of fissure incompleteness in patients 

with severe emphysema is directly proportional to the likelihood of interlobar collateral 
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ventilation.83,85 A previous study suggested that interlobar CV is associated with 

radiologically homogenous emphysema. Higuchi et al. found that a homogenous 

pattern of emphysema predicted the presence of CV, while a heterogenous predicted 

its absence.86 Figure 7 demonstrates the importance of CV in lung volume reduction 

valve treatment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Interlobar CV is responsible for the failure of valve treatment as occluded lobes are backfilled through 
collateral channels.87 
  

Fig. 7 
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1.5.6 Fissure Integrity  

Anatomy of the lung 

The human lungs consist of five lobes, three lobes on the right lung namely, upper, 

middle, and lower lobe, and two on the left, namely upper and lower lobe. Each lobe 

is subdivided by visceral pleura called a pulmonary fissure. The right upper and right 

middle lobe are separated by right minor fissure, and right lower lobe and the rest of 

the lung are divided by the right major fissure. In the left lung, there are only two the 

lobes, left upper lobe and left lower lobe, divided by the left major fissure.88 The 

renderings of the anatomy of the lungs can be seen in figure 8. 

 

Figure 8. Renderings of the anatomy of the lungs image.  
(a) shows a rendering of the lungs subdivided into the right upper (RU), right middle (RM), right lower (RL), left 
uppeer (LU), and left lower (LL) lobe. Image (b) shows a rendering of the vessels (red) and bronchi (blue) tree 
of the right lung. There are no major supply branches at the lobar boundaries (arrows) 
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Anatomy of Fissures 

Studies in fissure integrity analysis have been done using CT analysis or postmortem. 

The fissures assist the lungs in a more consistent expansion of whole lungs for more 

air intake during respiration. Anatomically, an accessory fissure is a cleft of varying 

depth lined by visceral pleura. These accessory fissures usually occur at the 

boundaries of the bronchopulmonary segments. The commonly found accessory 

fissures are superior accessory fissure (SAF), inferior accessory fissure (IAF), and left 

minor fissure (LMF).  

The awareness of anatomical variations in fissures and lobes is of great 

significance for the localisation of bronchopulmonary segments which might help 

surgeons to exactly diagnose, plan and perform lobectomies and in segmental 

resection. It could also assist in interpreting radiological images. Studies consistently 

find that compared to the other fissures, the minor fissure has the highest frequency 

of being incomplete.89,90 Furthermore. fissures near the hilus also have a higher 

chance of being incomplete.84 
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1.6 RADIOLOGY IN COPD 

1.6.1 Chest X-Ray  

While spirometry is an essential diagnostic criterion for diagnosing airway obstruction 

in COPD, chest x-ray (CXR) has been a staple in the clinical evaluation of COPD 

patients due to the affordability, accessibility, and the low-dose of radiation exposure 

it provides.91,92 CXR in COPD patients is generally taken in the posteroanterior and 

lateral views. Generally accepted proposed characteristics of emphysema in CXR 

include: increased radiolucency of the lung fields, flattening of the diaphragms, pruning 

of the peripheral vasculature, increased retrosternal airspace, widening of the 

intercostal spaces, and narrowed and more vertical cardiac silhouette.92 The 

application of these CXR criteria has helped physicians in detecting emphysema, 

though when compared to histopathologic examination it has garnered mixed 

success.92  

 Some studies performed prior to the writing of this paper have discussed the 

value of CXR in the diagnosis and phenotyping of emphysema. A study by Miniati et 

al. in 2008 showed that both experienced and inexperienced radiological raters with 

minimal training could discern the presence of moderate to severe emphysema with 

an overall inter-rater agreement of 95%, and a sensitivity and specificity of over 90%, 

concluding that chest radiography is invaluable in the diagnosis moderate to severe 

emphysema, though it is less accurate in defining the regional distribution of 

emphysema.93 This report is supported by the study of Komatsu S, which states that 

CXR is not competent in diagnosing early-stage COPD, but is quite useful in detecting 

advanced stages of COPD as it shows cardinal characteristics such as pulmonary 

hypovascularity, tear-drop heart, increased radiolucency of the lung, flattening of the 

diaphragm, and increased retro-sternal lucency.94 

 In the 2019 GOLD Report, CXR is not one of the three required criteria in the 

diagnosis of COPD, nor is it incorporated in the refined ABCD assessment tool.95 

However, it could still be useful in ruling out differential diagnoses and finding 

significant comorbidities.95 
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1.6.2 Chest Computed Tomography (Chest CT) 

Since their invention over 40 years ago, computed tomography (CT) scan has become 
a staple in the detection and quantification of emphysema. Fundamentally, a CT 

scanner is a densitometer that registers the attenuation or brightness of each pixel 

that is determined by the density of the imaged tissue.92 The tissue’s density is 

expressed in numbers as the Hounsfield Units (HU). This density unit can have a 

negative or positive value, ranging from −1000 HU (air) through 0 HU (water) to +1000 

HU (bone), though the polar values of each CT scanner brand may slightly differ from 

one another.92 One of the most used techniques in objectively identifying essential 

points on the CT lung histogram is the application of a fixed HU value such as -950 or 

-910 HU to be used as threshold or cut-off point for the detection of low attenuation 

emphysematous regions.92,96  

 Emphysema can mainly be classified into three major subtypes: centrilobular, 

panlobular, and paraseptal emphysema. These subtypes of emphysema can be 

reliably distinguished using CT imaging by the regional distribution of low attenuation 

and degree to which they involve the secondary pulmonary lobule, though it becomes 

more difficult as the severity of emphysema increases.34,92 Centrilobular emphysema 

is the most prevalent subtype of emphysema and manifests as an evenly distributed 

centrilobular tiny areas of low attenuation due to the central destruction of the 

secondary pulmonary lobular parenchyma, with vague borders surrounded by healthy 

lung on CT.72,92 Panlobular emphysema is seen on CT as an evenly distributed 

destruction of the lobule.92 Earlier stages of panlobular emphysema can be difficult to 

distinguish on CT, and the use of QCT is advised.72 Paraseptal emphysema can 

usually be located on CT in the subpleural and peribronchovascular region of the lung 

that manifests as foci of low attenuation, isolated by intact fibrotic septa.72 

 In the early 1970s, the concept of dual-energy CT (DECT) was introduced by 

Chiro et al.97,98 However, the widespread use of the technique was hindered due to 

the limited technology of that time. As time progresses and technology advances, the 

integration of DECT in actual clinical practices is becoming more common. DECT 

allows several data to be taken at the same time using different tube voltage settings 

for material differentiation, and it can provide lung perfusion and ventilation information 

without having to change the instrumental setup.97 An article by Kong et al. has 
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suggested that biphasic xenon-enhanced DECT can be reliably used to evaluate the 

regional distribution of structural and ventilation abnormalities simultaneously in 

COPD patients.97 According to the study of Kyoyama et al., xenon-enhanced DECT is 

able to safely and practically evaluate the pulmonary ventilation qualitatively using the 

single-breath-hold technique, and even detect abnormalities in the ventilation that are 

usually undetectable on conventional or thin-slice CT.99 

 Recently, several publications have studied the potential of QCT utilisation in 

the optimisation of patient selection for BLVR. Current patient selection for LVR 

procedures relies on three main inclusion criteria: low attenuation area (LAA in %), 

also known as emphysema index (EI), heterogeneity score (HS), and fissure integrity 

score (FI).100,101 QCT analysis of these criteria could play an essential role in choosing 

the best suited BLVR technique and post-operative assessment for selected 

patients.100 102 In 2007, Desai et al. published a study about the quantification of 

emphysema using a composite physiologic index (CPI) to understand further the best 

combination of functional indices best reflecting the extent of emphysema. This study 

found that both visual and CT quantification had stronger functional-CT relationships 

when used in combination with two specific functional indices; FEV1 and Kco as 

identified in separate multivariate analyses. Using the same retainable variables, the 

equation explanatory power was greater when using the visual method compared to 

the automated method. However, there was a strong correlation between the visual 

and automated composite indices.102 

 In the 2019 GOLD Report, chest CT is not one of the three required criteria in 

the diagnosis of COPD, nor is it incorporated in the refined ABCD assessment tool.95 

However, CT could be used to find suggestive features of differential diagnoses of 

COPD, such as bronchiectasis and diffuse panbronchiolitis.95 When lung volume 

reduction procedure is considered, chest CT is required to evaluate the distribution of 

emphysema, since it is one of the most important factors of predicting favourable 

surgical outcomes. 

1.6.3 Ventilation and Perfusion Scan 

Ventilation-perfusion (V/Q) scintigraphy or scan was first invented in the 1960s to 

serve as a credible test for the diagnosis of pulmonary embolism, and it is still mainly 
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used to diagnose pulmonary embolism to this day.103 Nevertheless, V/Q scan can also 

be utilised to evaluate the severity and heterogeneity of COPD, and when combined 

with low-dose CT, it has the capability of diagnosing various complications and 

comorbidities of COPD.104  

Perfusion scintigraphy relies on the process of microembolisation following the 

injection of commercially available radiolabelled macroaggregated human albumin 

particles (99mTc-labelled) into a peripheral vein.104 After the IV administration of the 
99mTc-labeled macroaggregated albumin, three perfusion acquisition techniques that 

give a varying level of details are available: planar imaging, single-photon emission 

computed tomography (SPECT), and SPECT/CT.105 Out of these three techniques, 

planar imaging is the least detailed in terms of spatial and contrast resolutions required 

for defining a perfusion defect, while SPECT/CT is the most detailed.105  

Ventilation scanning or imaging is achieved by the inhalation of radionuclides 

by the subject, which is then captured by a gamma camera and subsequently 

registered as images from the lungs and pulmonary vessels. Three different groups of 

radiopharmaceuticals could be used for ventilation scan based on their state of matter: 

gases, aerosolized liquid droplets, and aerosolized solid particles.105 A study by 

Opanowski et al. has concluded that the most common agent used for ventilation 

studies in the United States is the aerosolized liquid droplet Technetium-99m-labelled 

diethylenetriamine pentaacetic acid (99mTc-DTPA).106 However, according to Metter et 

al., the most favourable tracer for planar imaging and SPECT ventilation studies is an 

ultrafine dispersion of 99mTc-labeled carbon (Technegas, Cyclomedica) that provides 

higher percentage deposition in the alveolar spaces and less unwanted adherence to 

the central airways.105 Ventilation imaging is usually performed together with lung 

perfusion to specify perfusion abnormalities as matched, mismatched (perfusion 

defect is present with normal ventilation/less abnormal ventilation defect), or reverse 

mismatched (ventilation defect is more notable than a perfusion defect.105  

The use of V/Q scan and CT are not uncommon in selecting eligible patients 

and identifying the most diseased target lobes for LVR treatments such as LVRS or 

endoscopic treatments with one-way valves or coils.104 A study by Cederlund et al. 

suggested that the combination of planar perfusion scintigraphy combined with CT 

was superior to a CT based assessment alone in establishing emphysema 
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heterogeneity prior to LVRS.107 Another study, conducted by Shigemura et al. 

concluded that lung uniformity, in correlation to  FEV1, measured by perfusion 

scintigraphy combined with conventional clinical evaluation serves as a good predictor 

of the functional response to LVRS.108 
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1.6.4 Quantitative CT 

Based on radiologic studies, chest CT-scan is able to measure lung density 
quantitatively, and in an emphysematous area is identified by pixels density values 

less than -910 HU (LAA-910I) or -950 HU (LAA-950I) at full inspiration, while healthy 

lungs have a value between -750 to -850 HU.109 The presence of emphysema is 

considered if 10% of the pixels are -950 HU or less.109 It was found that the percentage 

of lung pixel values of -910 HU and -950 HU was significantly higher in patients with 

higher degrees of COPD.110 Higher percentages of LAA-950 is also correlated with 

lower FEV1, FEV1/FVC, and exercise capacity as observed by lower 6MWD test.110,111 

Moreover, the percentage of area with a density value of -856 HU (LAA-856E) or 

lesser, which defines air trapping, has a negative relationship with FEV1 and 

FEV1/FVC.110 

Emphysema can be categorised into three types according to the distribution 

of the most destructed area as seen in a chest CT-scan.112 The first type is markedly 

heterogeneous emphysema, characterised by an obvious regional difference in 

emphysema severity observed in at least two adjacent lung segments of either lung.112 

In the second type, partially heterogeneous emphysema, obvious regional dissimilarity 

in emphysema severity is seen in one or more areas, but not in adjacent lung 

segments of the other lung.112 The last type is homogenous emphysema in which the 

severity of emphysema is distributed uniformly or almost evenly throughout the entire 

lung.112 

Emphysema score can be calculated from the areas of low attenuation in every 

lung lobe – the right upper lobe, right middle lobe, right lower lobe, left upper lobe, left 

lower lobe, and lingula.113 If the difference in emphysema score is ≥15%, then it is 

defined as heterogeneous emphysema.113 On the other hand, if the ratio between the 

upper and lower lobe emphysema score is ≥1, it is known as upper lobe dominant 

emphysema.113 

Long-standing and severe emphysema will result in the development of 

pulmonary hypertension. It was found that the destruction of small pulmonary vessels 

with a total surface area of 5 mm2 or lesser is significantly correlated with increased 

pulmonary artery mean pressure in severe emphysema.114 Further, an enlarged 
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pulmonary artery to aorta (PA: A) ratio of >1 is a predictor of severe COPD 

exacerbation.113,115 

Another essential feature that can be observed through chest CT-scan is the 

completeness of interlobar fissures. A fissure is regarded as complete if there is no 

evidence of segmental vessels crossing over lobe boundaries and having more than 

90% of the fissure on all axes on thin-slice HRCT.116,117 This feature is essential in 

determining collateral ventilation since the presence of collateral ventilation in 

incomplete interlobar fissures will significantly reduce the effectiveness of severe 

emphysema treatment such as bronchoscopic lung volume reduction using 

endobronchial valve placement.118 

The existence of a ventilation/perfusion (V/Q) mismatch can be observed in 3-

dimensional Tc-99m–Technegas-MAA single photon emission computed tomography 

(SPECT).119 In this examination, the patient is asked to inhale Tc-99m technegas to 

depict the ventilation distribution.119,120 Furthermore, the perfusion can be determined 

by injecting Tc-99m MAA. A combination of these two approaches provides an 

assessment of the V/Q mismatch.119,120 

1.6.4.1 Semi-automated Quantitative Lung Segmentation 

An enormous number of relevant clinical studies utilise independent programs such 

as VIDA (VIDA Diagnostics Inc., Cupertino, USA), Myrian (Intrasens, Paris, France) 

and MeVisPULMO 3 D (Fraunhofer MEVIS, Bremen, Germany), to improve the 

process of fissure integrity analysis. To the best of our knowledge, the validation 

studies of these software packages need to be done in animals at post-mortem, as 

such observation is essential in validating anatomic-related studies. These software 

programs are now discussed. QCT density measurements can be seen in figure 9. 
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Figure 9. QCT density measurements.  

(A) Low attenuation area below -950 HU are highlighted in green from the right lung and red for the left lung (Apollo 
software; VIDA diagnostics Inc., Coralville, IA, USA). (B) 3D representation of the low attenuation cluster below -
950 HU (ur coded for the different lung lobes) (Apollo software). (C) 3D representation of fissure completeness, 
where green and blue areas represent the incomplete and complete portions of the fissure surfaces (Apollo 
software).121  
 

The percentage of the fissure surface with a complete fissure can be measured 

on CT images. Figure 9 shows a 3D representation of fissure completeness (Apollo 

software; VIDA Diagnostics Inc., Coralville, IA, USA), where the green and blue areas 

represent, respectively, the incomplete and complete portions of the fissure surfaces. 

Fissure integrity has been validated as a minimally invasive surrogate for collateral 

ventilation, which is critical in endoscopic treatment selection for severe emphysema 

patients.121 

Methods of detecting fissures include fitting the existing portions of the fissures 

to a lobar atlas. Some embodiments include a system for visualising pulmonary 
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fissures of a patient’s lungs including a processor and Software comprising 

instructions for the processor for creating a visual display comprising the 3-

dimensional model of the pulmonary fissures. In some embodiments, the existing 

fissure portions may be displayed in a different colour than the missing fissure portions 

in the 3-dimensional model. Because the fissure integrity Score provides a numerical 

assessment of how intact (or not intact) the fissures are, it provides a global 

quantitative assessment of possible collateral ventilation. 
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1.6.4.2 Automated Quantitative Lung Segmentation 

Quantitative multi-detector computed tomography (MDCT) densitometry enables an 
evaluation of the distribution of emphysema (i.e., lobar-based volume and attenuation 

changes), which can be useful not only for patient selection in treatment planning but 

also in the post-interventional follow-up. Automated quantification has several 

advantages compared with visual scoring of emphysema. Firstly, it is less time-

consuming for the routine practice, in the daily evaluation of patients with COPD. A 

second advantage is the high repeatability of automated quantification. It has been 

shown that spirometric gating is not necessary for obtaining repeatable automated 

quantification of emphysema.122  

Yet Another CT Analyzer (YACTA) 

A study was conducted by Lim et al. using two versions of in-house program YACTA 

(v.2.3.0.2 and v.2.4.3.1) applying algorithms without and with advanced lung vessel 

segmentation (program 1 and 2 respectively). The program analysed each stack of 

around 300 images per patient fully automatically. When the density of the lung voxel 

was equal to or below the threshold of -950 HU, it was assigned to emphysema. Noise 

correction was performed for pixels with -910 to -949 HU which needed at least four 

adjacent pixels with a density of ≤-950 HU to be annotated as emphysema. Variables 

such as total lung volume (LV) and respective lobar volume (LVLUL, LVLLL, LVRUL, 

LVRML, LVRLL) of the lung, EV, EI, MLD, and 15th percentile of lobar density (15th) 

were computed and exported as a structured report.  In the second version of YACTA 

(v.2.4.3.1), an additional algorithm for an advanced lobe segmentation was 

introduced. This version also includes pulmonary vessels, while the first version only 

assessed the bronchial tree to account for lobe separation. Segmentation in the first 

version of YACTA was unsuccessful in 1 out of 66 patients (1%), while the second 

version of YACTA could analyse all datasets.123 
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Pulmo3D 

Syngo.Via is a commercial post-processing software environment for routine 

diagnostics. Lim et al. conducted a study using Syngo.Via to assess the eligibility of 

the program in COPD patients.123 The Multi-Dimensional CT (MDCT) datasets were 

sent from the (Picture Archiving and Communication System) PACS to the respective 

post-processing server. The emphysema threshold of -950 HU was chosen as for the 

other software programs. The parameters measured were LV, MLD, 15th, full width at 

half maximum of lung density histogram (FWHM), and low attenuation volume in 

percent (equals EI of other programs). The emphysema pixels (EV) needed to be 

calculated manually by multiplying low attenuation volume in percent with lung volume. 

Segmentation using Syngo.Via was unsuccessful in 7 out of 66 patients (10%).123 

 

CT COPD 

CT COPD is a pre-commercial prototype visualisation software package made in 

Boston, MA. It is the fourth program used in the study of Lim et al. In the study, the 

DICOM data of each patient was manually loaded into the software template. A pre-

selection of the emphysema threshold is possible, and -950 HU was used for the 

study. The parameters that were calculated by the program are LV, 15th, MLD, EV, 

EI. At the end of the study, segmentation using CT COPD was unsuccessful in 5 out 

of 66 patients (7%).123  

 

Syngo Pulmo CT  

Syngo CT Pulmo 3D package (Siemens Medical Solutions, Erlangen, Germany) 

provides computer-aided detection of pulmonary nodules and automatic segmentation 

of pulmonary lobes. Edit menu is provided for user corrections. Both -950HU and                

-910HU can be selected for lobar emphysema score analysis.  
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Myrian  

MYRIAN XP-LungMyrian XP-Lung (Intrasense, Montpelier, France) is a commercial 

software offering automatic lung segmentation and interactive lobe segmentation for 

lung pathology analysis.  The software delineates the lungs from the surrounding chest 

structures using a density threshold-based region growing method. It also excludes 

high attenuation areas such as pulmonary vasculature and lung volume reduction 

coils. Fissures need to be drawn on multiple sagittal planes with multiple anchor points 

and interpolated for the rest of the lungs. Once all the fissures are marked, lobar 

volumes, densities and emphysema scores at -910HU are automatically calculated. 

 

1.6.4.3 Fissure Integrity in LVR 

A complete fissure is defined when more than 90% of the fissure length is visible  on 

at least one axis (axial, sagittal or coronal), as classified by a consensual reading at 

thin section (0.625-1.25mm slice thickness) CT images.124 Even though, there was 

also interest in comparing the fissure status among the different COPD groups, 

especially because of the results as described by Higuchi et al., who showed that 

interlobar collateral ventilation occurred considerably in patients with radiologically 

homogeneous than in those with heterogeneous emphysema.124 A CV-negative result 

was considered to be comparable to a complete fissure on CT, while a CV positive 

result can be considered comparable to an incomplete fissure.87 In a patient with 

heterogenous disease (upper lobe predominant) fissure integrity can be used to 

determine which intervention is optimal: endobronchial valve (complete fissure) and 

endobronchial coil (incomplete fissure)125 Recently, there has been increasing 

evidence that fissure integrity is vital for selecting suitable patients for minimally 

invasive LVR techniques.126 Schuhmann M. Et al. in their article proved that the odds 

ratio for positive LVR outcome increased by 1.47 times every 5% increase in FI (OR= 

[1.25,1.72].126 
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Lung Volume Reduction Surgery (LVRS) 

In late 1950 Brantigan and Mueller performed LVRS in patients with diffuse 

emphysema using staged bilateral thoracotomies, multiple lung resections, plications 

of the most diseased-appearing lung regions, and radical hilar stripping to denervate 

the lung (to reduce sputum production). The goals of LVRS are two-fold: to eliminate 

emphysematous regions of the lung and to reduce hyperinflation.126 The National 

Emphysema Treatment Trial (NETT) is a multi-center prospective randomised 

controlled trial that compared optimal medical treatment, including pulmonary 

rehabilitation, with an optimal medical treatment plus LVRS.127 The NETT study 

provided high-quality evidence on a high evidence-based level, that  LVRS is very 

effective in selected patients. However, in this trial, the severity of emphysema was 

categorized based on a qualitative scale of 0-4, whereby 0 indicates no emphysema 

and 4 indicates lung involvement.100  

 

a b 

10.a 10.b 
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Table 1.Criteria for determination of candidacy for LVRS128 

Criteria Good candidates Poor candidates 

History and physical 
examination 

 

 

 

 

 

 

 

Diagnostic 
Procedures 

• Age <75 year 

• Emphysema by clinical evaluation 

• Ex-smoker> 4mo* 

• Clinically stable on no more than 

20mg prednisone daily 

• Significant functional limitation 

after 6-12 weeks of pulmonary 

rehabilitation on optimal medical 

therapy 

• Demonstrated compliance with 
medical regimens. 

 

• Post-bronchodilator FEV1≤ 45% 

predicted for all ages and ≥15% if 

age ≥150% predicted 

• Post rehabilitation 6MWD > 140 

m 

• Low‡ post rehabilitation exercise 

capacity (demonstrated by 

maximal achieved cycle 

ergometry watts) 

• HRCT demonstrating bilateral 
severe emphysema, ideally with 

upper-lobe predominance 

• Age >75 year 

• History of recurrent bronchial 
infections with increased 

sputum production 

• Cardiovascular comorbidities 

causing significant coronary 
artery disease, recent MI, 

CHF or uncontrolled 

hypertension or arrythmias 

• Pulmonary hypertension at 

rest 

• Non pulmonary comorbidities 
causing significant functional 

limitation (morbid obesity†) or 

that could limit survival (e.g., 

cancer) 

• History of thoracic surgery or 
chest wall deformity that could 

interfere with pulmonary 

reaction. 

• FEV ≤20% predicted and 

either DLCO ≤ 20% predicted 

or homogeneous distribution 
of emphysema on HRCT 

scan 

• Non-upper-lobe distribution of 

emphysema with high 

exercise capacity post 

rehabilitation (demonstrated 

by maximal achieved cycle 
ergometry watts) 

• Significant pleural or 

interstitial changes on HRCT. 
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As seen in the Table 1. The NETT trial did not include FI in their criteria for patients to 

have LVRS.  Integrity was assumed for the superior half of the right oblique fissure 

plus horizontal fissure. A complete fissure was arbitrarily defined as having ≥90% of 

the fissure present and the absence of segmentation or vessels crossing lobe 

boundaries on any axis (sagittal, axial or coronal views) on thin-slice High-Resolution 

Computed Tomography (HRCT). Patients with FI 90% were considered CV negative. 

In contrast, an incomplete fissure was defined as having <90% of the FI present, and 

in these cases, the absence of CV cannot be confirmed.129  

Endobronchial Valves (EBV) 

Initially, LVRS was proposed to reverse the detrimental effects of emphysema but was 

discarded soon after the initial experience presented high mortality risk. However, 

successful lung-volume-reduction programs due to consistent features such as 

meticulous patient selection, methodical preparation with reduction of risk factors, and 

attentive postoperative care have led to varying mortality, thus arising 

reconsiderations about the technique.130 A study conducted by NETT has suggested 

that overall mortality did not differ between the patients undergoing LVRS and those 

assigned medical therapies only, with a better overall result after a period of 24 

months.130  

One of the techniques used in LVRS is with a unilateral bronchoscopically 

installed valve implants in emphysematous patients. Recently published RCTs using 

endobronchial valves were contained in the most recent Cochrane Database review 

and a comprehensive meta-analysis. These included IMPACT, BeLieVeR-HIFi , 

European VENT, USA VENT , STELVIO and VENT 2014.131 In the Bronchoscopic 

Lung Volume Reduction with Endobronchial Valves (BeLieVeR-HIFi), 50 patients were 

recruited who had CT features of heterogeneous emphysema (15% difference in LAA) 

and intact interlobar fissures. Two expert radiologists visually performed CT 

assessment, though QCT was not employed. Collateral ventilation by airflow 

measurement after endobronchial balloon occlusion (Chartis System®) was also 

assessed in these patients as an adjunct to visual CT assessment.100 In this 

randomised trial, visual assessment of fissure integrity was used to select patients.132  
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The visual scoring itself was a scoring technique done by dividing the lung into 

thirds to define the apical and basal zones. After the lung was divided, each zone was 

compared against the other zones to evaluate the heterogeneity.123 Spatial distribution 

of emphysema was evaluated by visual scoring using a five-point scale based on the 

percentage of lung involved, (0) no emphysema, (1) up to 25%, (2) 25-50%, (3) 50-

75%, and (4) 75-100% of lung parenchyma, as initially purposed by Bergin et al.122 

Patients with no evidence of collateral ventilation had significant improvements in both 

physiologic parameters and quality of life after endobronchial valve placement 

compared to the control group. The outcomes of patients with collateral ventilation 

were similar to those in the control group.133 The importance of collateral ventilation 

assessment is underscored by the fact that many patients with “complete fissures” on 

CT had evidence of collateral ventilation at bronchoscopy.100 

Unlike the BeLieVeR-HiFi trial, STELVIO used CT scan to preselect potential 

candidates, but the Chartis assessment determined whether the patients were 

included in the trial. A study conducted by Klooster et al. presents that the one-year-

follow-up results of patients with severe emphysema and absence of collateral 

ventilation who were previously treated with one-way EBV in the STELVIO trial 

showed clinically relevant and remarkable improvements in pulmonary function, 

exercise capacity, and quality of life.134 As used in VENT study criteria, the patient 

selection criteria are: All patients had a diagnosis of severe emphysema (GOLD III or 

IV) and a residual volume of more than 150% predicted. All subjects were ex-smokers 

who quit smoking at least six months before the valve treatment.129 The BeLieVeR-

HIFi and STELVIO studies were small single-centre studies that provide encouraging 

data that supports the use of endobronchial valves in carefully selected patients with 

emphysema.135 Table 2 summarizes the endobronchial valve studies, while table 4 

summarizes the endobronchial coil studies.
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Table 2. Endobronchial Valves Studies 

Authors and trial 
acronym 

BLVR 
procedure 

Physiologic selection 
criteria 

Radiologic selection criteria Outcome 

Sciurba et al. (VENT 
Study) 

 

 

 

 

 

 

 

 

 

EBV 

 

 

 

 

 

 

 

 

 

 

• FEV1 15–45% 

predicted, 

• TLC >100% 

predicted, 

• RV >150% 

predicted, 

• 6MWD at least 

140 m 

 

 

 

 

 

• Heterogeneous emphysema: 

target lobe selected using semi-

automated computer-based 

quantitative analysis of CT; the 

lobe with the highest 

percentage of emphysema and 

heterogeneity were favoured for 

treatment  

• Fissure integrity was 

determined as presence of at 

least 90% of visual fissure on 

CT 

 

 

 

• FEV1 improved by overall 

14.9% in 38 patients 

• 6MWD improved by 

overall 20.4% in 38 

patients 
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Davey et al. BeLieVeR-
HiFi 

 

 

 

 

 

 

 

 

 

 

 

 

EBV 

 

 

 

 

 

 

 

 

 

 

 

 

 

• FEV1 <50% 

predicted, 

• TLC >100% 

predicted, 

• RV >150% 

predicted, 

• MRC dyspnoea 

score ≥3. 

 

 

 

 

 

 

 

• Heterogeneous emphysema 

and intact interlobar fissures 

using thoracic CT  

• Visual scoring system 

according to NETT 

emphysema score; worst 

affected lobe had score >2 and 

at least 1 point more than the 

ipsilateral lobe; intact interlobar 

fissure was determined as 

presence of at least 90% of 

oblique fissure.  

• Target lobe based on CT 

appearance alone according to 

visual lung destruction score 

and intact interlobar fissure. 

 

 

 

 

• FEV1 >15% in 47 % 

responder 

• RV 0,35L reduction in 

58% responder 

• 6MWD 26 minutes 

improvement in 63 

patients 

• Endurance cycle time 

105s Improvement in 47 

% responder 

• SGRQ 4 points reduction 

in 58% responder 

• CAT 2 points reduction in 

68% responder 
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Criner et al. LIBERATE 

 

 

 

 

 

 

 

Kemp et al. 
TRANSFORM 

 

 

 

 

EBV 

 

 

 

 

 

 

 

EBV 

 

 

 

 

 

• FEV1 15–45% 

predicted, 

• TLC >100% 

predicted, 

• RV >175% 

predicted, 

• DLCO ≥20% 

predicted, 

• 6MWD 100-500m 

 

 

• FEV1 15–45% 

predicted, 

• TLC >100% 

predicted, 

• RV >180% 

predicted 

• 6MWD 150–450 m 

 

• Heterogeneous emphysema 

defined by quantitative 

software as absolute 

• Difference ≥15 in destruction 

scores between targeted and 

ipsilateral lobes 

• Absence of collateral 

ventilation assessed by 

Chartis System 

 

 

• Heterogeneous emphysema 

defined by quantitative 

software from HRCT scans 

Absence of collateral 

ventilation assessed by 

Chartis System. 

 

 

• FEV1 increased by 18% 

in 12 months 

• 6MWD increased by 39.3 

m in 12 months 

• SGRQ decreased by 7.1 

points in 12 months 

 

 

 

• FEV1 improved by 0.15 L 

in 3 months (p<0.001) 

• 6MWD improved by 40 m 

in 3 months (p<0.001) 

• RV decreased by 0.60 L 

in 3 months (p=0.002) 

• SGRQ decreased by 9 

points in 3 months 

(p=0.018) 
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Valipour et al. IMPACT EBV • FEV1 15-45% 

predicted, 

• TLC >100% 

predicted, 

• RV >200% 

predicted 

• Homogeneous emphysema 

defined by quantitative 

software < 15% difference in 

emphysema destruction score 

between target and ipsilateral 

lobes. 

• Absence of collateral 

ventilation assessed by 

Chartis System 

 

 

 

 

• FEV1 improved by >15% 

overall in ITT and PP 

population in 3 months 

• 6MWD improved by 40 m 

in 3 months (p=0.002) 

• RV decreased by 0.48 L 

in 3 months (p=0.01) 

• SGRQ decreased by 

9.64 points in 3 months 

(p<0.0001) 
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Endobronchial Coils (EBC) 

Endobronchial coil therapy (PneumRx, Inc. Mountain View, California, USA) is a non-

blocking partially irreversible treatment that is independent of collateral ventilation.131 

The coils are made of nitinol wires that regain their preformed shape following 

deployment. They’re designed to compress emphysematous tissue, thus restoring 

elastic properties in adjacent lung tissue and improving ventilatory mechanical 

function.136  

Three endobronchial coil trials show a statistically and clinically significant 

benefit of this treatment at three months (RESET), six months (REVOLENS), and one 

year (RENEW) for pulmonary function and quality of life, with modest improvements 

for 6MWD, in patients with very severe emphysema.135 

 Zoumot et al. used the assessment of heterogeneity for treatment planning. A 

scoring system with a range from 0 to 5 was used to quantify the lobar emphysema 

severity using HRCT scan analysis. Definition of each score is:  0-score: no 

parenchymal damage; 1-score= mild centrilobular damage with 1-3mm bullae; 2-

score=  centrilobular damage with max 5-10mm bullae; 3-score= blebs and/or small 

bullae max 10-20mm; 4-score= significant pan lobular damage 20-50mm in diameter; 

5-score= severe bullous disease and lobes presenting with little remaining lung 

structure. The major lobes in each lung were compared, and if the score variation is 

within 1 point, the lung was considered homogenous; if the score differed by ≥2points, 

the lung was considered heterogeneous.137 Patients with homogeneous disease and 

very severe hyperinflation may benefit from coil placement but not valve placement.125 

The key points regarding lung volume reduction procedures can be seen in table 3. 
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Table 3. Key points regarding endobronchial valves, coils, vapor and sealant therapy for severe emphysema, 
BLVR, bronchoscopic lung volume reduction.131 

BLVR technique Requires fissure 
Integrity 

Lobar or Sub-Lobar (segmental) 
therapy possible 

1. Endobronchial Valves 
Yes Lobar 

2. Endobronchial Coils 
No Lobar 

3. Bronchoscopic Thermal 
Vapour Ablation (BTVA) No Sub-lobar 

4. Polymer 
No Sub-Lobar 
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Table 4. Endobronchial Coils Studies 

Authors and trial 
acronym 

BLVR 
procedure 

Physiologic selection 
criteria 

Radiologic selection criteria Outcome 

Shah et al. 
RESET 

EBC 
• FEV1 ≤45% predicted,  

• TLC >100% predicted,  

• RV >150% predicted,  

• MRC dyspnoea score ≥2 

• CT to classify emphysema as uni-
/bilateral and homo-/heterogeneous 

• CT densitometry (Pulmo-CMS 
version 2.1.5) used to map lung 
area with 

• density <–950 HU 
• Coils placed at the most affected 

segmental airways 
(*not included fissure integrity 
analysis) 

• FEV1 10% improvement in 57 % patients 
• SGRQ ≥4 points improvement in 65% 

patients 
• RV 0.35-L reduction in 57% patients 
• 6MWD >25m improvement 74% patients 

Deslée et al. 
REVOLENS  

EBC 
• FEV1 <50% predicted 
• RV >220%redicted 

• Emphysema quantification based on 
visual scoring system similar to 
NETT  

• Most severely affected lobe was 
determined as target lobe  

• Upper lobe was chosen as a target 
if ipsilateral scores were the same 

• 6MWD increased by at least 54 m in 6 
months (p=.03) 

• FEV1 increased by 8% in 12 months 
(p=0.002) 

• RV decreased by 9% in 12 months (p= 
0.003) 

• SGRQ decreased by 9.1 points in 12 
months (p<0.001) 
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6MWD, 6-minute walk distance; FEV1, forced expiratory volume in 1 second; CT, computed tomography; mMRC, modified medical research council; TLC, total lung capacity. 

 

Sciurba et al. 
RENEW 

EBC 
• FEV1 ≤45% predicted, 

TLC >100% predicted, 
RV ≥225% predicted 
(6MWD ≤140 m: 
exclusion criterion) 

• CT scan to categorise hetero-
/homogeneous emphysema semi-
quantitative analysis used upper 
lobe was determined as the target 
lobe in homogeneous emphysema 

• FEV1 % predicted ≥+10% 
• 6MWD ≥25m 
• SGRQ ≤-4 
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1.7 MANAGEMENT OF COPD 

1.7.1 Medical Management of COPD 

The 2019 GOLD Report states that the ultimate aim in treating COPD patients is to 

improve the quality of life by symptom reduction and exercise tolerance improvement, 

while simultaneously minimising the threat of frequent and severe exacerbations.95 

Pharmacological management of COPD is preferred to be specifically tailored for an 

individual, taking into account the patient’s preference, clinical profile (symptom 

severity and exacerbations), and ability to use the delivery device, while also taking 

into account the drug availability and cost.95  

Smoking cessation is the first step of emphysema treatment as it is the most 

critical risk factor for COPD according to GOLD, and the continuation of smoking 

worsens the disease after its development as indicated by the hastening decline of 

lung function.138 Despite the apparent advantages of smoking cessation in COPD 

patients, studies have shown that approximately 54-77% of mild symptomatic COPD 

patients were still smoking, and approximately 38-51% of severe symptomatic COPD 

patients were still smoking.139 One of the oldest drugs available for smoking cessation 

is the nicotine-replacement therapies (NRTs).139 These NRTs come in different forms 

such as gum, inhaler, nasal spray, skin patch and mouth spray. A double-blind study 

performed by Tønnesen et al. concluded that the nicotine mouth spray form of NRT 

showed a one-year quit rate of 13.8% compared to 5.6% in the placebo group, highly-

likely due to it being more effective over other forms of NRT as a consequence for its 

faster uptake and action.139 Other pharmacotherapies such as Bupropion and 

Varenicline have also been shown to be quite useful in smoking cessation. Bupropion 

is a non-tricyclic antidepressant that has been shown to be particularly useful in COPD 

patients, more so when NRT is also used.139 The integration of NRT as an adjunct to 

bupropion is more effective than their independent counterparts.139 Some of the most 

common adverse events from bupropion are insomnia and dry mouth, with the most 

severe events being major motor seizures (0.1%) and allergic reactions (1-2%).139 

Varenicline is a high-affinity a4b2 nicotinic acetylcholine receptor partial agonist, which 

stimulates the brain’s central nicotine receptors by attaching to the designated nicotine 

receptors.138,139 Tønnesen has stated that varenicline is more effective than bupropion 

or a single NRT in inducing smoking cessation, though the combination of two NRTs 
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has comparable effects.138 Individual and group counselling has also shown a 2.5% 

increase in quit rates.138 The study of Hoogendoorn et al. have suggested that the 

combination of pharmacotherapy and intensive counselling to be the most cost-

effective and superior form of smoking cessation therapy.140  

In LVRS, as smoking may increase operative risk and hinder recovery, it is 

essential for candidates to stop smoking from 6 to 12 weeks prior to the procedure 

and before starting pulmonary rehabilitation.141 One of the enrolment criteria for the 

National Emphysema Treatment Trial (NETT) was the cessation of tobacco smoking 

for at least four months.142 

Bronchodilators are crucial in the treatment of COPD patients for their ability to 

reduce bronchial obstruction and hyperinflation, and overall aid COPD patients 

improve their airflow and alleviate clinical symptoms.143 Two main drug classes are 

mainly used in treating COPD patients, beta-2 agonists (B2-agonists) and anti- 

muscarinic drugs. B2-agonists work by triggering the beta-2 adrenoreceptors, which 

then causes the airway smooth muscle to relax. Antimuscarinic drugs work by 

suppressing the parasympathetic nervous system by blocking the muscarinic 

receptors which relax the airway smooth muscle. Bronchodilators are further 

subdivided into four groups, short-acting beta-agonists (SABA), short-acting 

muscarinic-antagonists (SAMA), long-acting beta-agonists (LABA), and long-acting 

muscarinic-antagonists (LAMA).  GOLD 2019 Report suggests the use of the 

combination of SABA (salbutamol), LABA (indacaterol, salmeterol, formoterol, 

olodaterol), LAMA (tiotropium bromide, glycopyrronium bromide), and inhaled 

corticosteroids (ICS) depending on the GOLD patient criteria from A to D.95,144  

Group ‘A’ patients experiencing intermittent symptoms are recommended to try 

SABA, while LABA is recommended for patients experiencing persistent low-grade 

symptoms.95 Group ‘B’ patients are recommended to take LABA monotherapy with 

escalation to dual bronchodilator therapy for persistent symptoms.95 For group ‘C’ 

patients who are frequent exacerbators with mild to mediocre symptoms, LAMA 

monotherapy is recommended, with the combination of LAMA + LABA preferred over 

the combination of LABA + ICS for treatment of escalation of symptoms.95 For group 

‘D’ patients with severe symptoms and frequent or severe exacerbations, the 

recommendation for baseline therapy includes LAMA, LAMA + LABA, or LABA + ICS 
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with escalation to LAMA + LABA + ICS or addition of roflumilast or macrolide if 

needed.95 A meta-analysis performed by Cope et al. concluded that glycopyrronium, 

tiotropium, and indacaterol are some of the most beneficial bronchodilators in 

improving lung function, health status, and relieve symptoms of dyspnoea at six 

months into medication.144 

The bacterial load and risk of exacerbations of COPD patients have been 

shown to be reduced with the use of intermittent and long-term prophylactic 

antibiotics.145 Additionally, not only has the use of prophylaxis antibiotics shown a 

statistically significant decrease in the number of exacerbations in several studies, but 

it also has shown a statistically significant improvement in the quality of life as 

measured by the St. George’s Respiratory Questionnaire (SGRQ) as well.145,146  

Despite the advantages, adverse events in the use of antibiotics should also be 

taken into consideration. Azithromycin was linked to a significant but partially 

reversible hearing loss, while the use of moxifloxacin showed a marked increase in 

gastrointestinal adverse events.146 Some other adverse events that physicians should 

take into consideration when prescribing antibiotics include the development of long 

QTc and tinnitus.146 The development of antibiotic resistance in the community should 

also be taken seriously and monitored in the use of antibiotics. Another type of drug 

that could potentially reduce the odds of exacerbation is mucolytics, used to reduce 

the viscosity of sputum and make it easier to expectorate.147 The study of Cazzola et 

al. has shown that the most effective mucolytics were carbocysteine, erdosteine, and 

N-acetylcysteine. The use of ICS or the severity of the airway obstruction does not 

affect the efficacy of mucolytics.147 

 

1.7.2 Surgical Management of COPD 

Lung volume reduction surgery (LVRS) is aimed to reduce hyperinflation by resecting 

abnormal parts of the lung, decreasing the Pbreath/Pmax ratio, hence allowing the 

respiratory muscles to perform more efficiently.55,148 Based on the spirometry findings, 

an emphysema patient is considered a good candidate if the post-bronchodilator FEV1 

is >20-45% of the predicted value; or ≥ 15% of the predicted in patients aged 70 years 

or older.128,149 In addition, this approach is suitable for patients with severe bilateral 
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emphysema, preferably with upper lobe predominance as shown by High-Resolution 

CT-scan (HRCT).128 A higher mortality attributed to this approach is found in patients 

with homogenous emphysema, FEV1 ≤ 20% of predicted, and DLCO ≤ 20% of 

predicted.128,149 Functional outcomes such as FEV1, 6MWD, and maximum world load 

had significantly better improvements in patients with severe emphysema who 

underwent LVRS as compared to those who underwent medical treatment.150 From 

the National Emphysema National Trial (NETT), it was reported that the 90 days post-

operative mortality was 5.5%, while intra-operative and 30 days post-operative 

complications occurred in 9% and 58.7% patients, respectively.151 

     There are two conventional techniques of lung volume reduction surgery, 

including median sternotomy and video-assisted thoracoscopic surgery (VATS).152 

There was no difference in the post-mortality and complication rate between these two 

approaches.153 Moreover, the functional outcome of these two methods was found to 

be not significantly different.153 Sealing of the resected lung parts is achieved either 

by mechanical staples placement or Nd-YAG laser, with a higher mortality rate found 

in the latter.128,154 

Furthermore, LVRS might be conducted either unilaterally or bilaterally.152 

Bilateral LVRS was associated with better functional outcomes, including increased 

FEV1, reduced residual volume, and better exercise tolerance measured by 6MWT 

compared to unilateral LVRS.155,156 However, there is some evidence which suggests 

that the post-operative mortality and morbidity is higher in bilateral LVRS, although 

this is still a conflicting issue.155,156  

 

1.7.3 Bronchoscopic Lung Volume Reduction (BLVR) in COPD 

The high complications rate and limitations in the availability of a good candidacy 

criteria for lung volume reduction surgery (LVRS) has led to increasing search and use 

of alternatives for a non-surgical approach of lung volume reduction. Bronchoscopic 

Lung Volume Reduction (BLVR) refers to all methods which use bronchoscopy in the 

management of severe emphysema with FEV1<45%.148,157 Some techniques of BLVR 

involve the placement of valves, coils, a biologic sclerosing agent, and the use of 

thermal ablation.157 
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 Endobronchial valve placement is an approach which involves the placement 

of a one-way valve in the emphysematous lobes, preventing inspired air from entering 

while permitting expired air and secretions to exit those lobes.158 As a result, 

atelectasis will occur in the treated lung lobes.158 Currently, there are two types of 

endobronchial valves – the Zephyr valve and the intrabronchial valve (IBV).158 

 According to several randomised controlled studies, functional outcomes such 

as the FEV1, total lung capacity and functional residual capacity, arterial PO2, and 

results of the six-minute walk test saw marked improvements following the placement 

of endobronchial valves, as compared to sham placement or medical 

treatment.133,159,160 Furthermore, the completeness of interlobar fissure had a 

significant influence on the efficacy endobronchial valve placement. An incomplete 

interlobar fissure indicates the presence of collateral ventilation.161 Patients with a 

complete interlobar fissure had significantly higher total volume lung reduction as 

shown by HRCT and the improvements in FEV1.159,161,162 

 The rate of adverse events associated with the placement of endobronchial 

valve placements was not significantly different as compared to sham 

placement.133,159,162 The three-month mortality rate was found to be between 0.9% and 

8%.133,162 Furthermore, less than 8% of subjects suffered from other adverse events 

such as respiratory failure, hemoptysis, pneumothorax, and pneumonia.133,162 

 Other than chest CT-scan, the Chartis Pulmonary Assessment System may be 

used to determine the presence collateral ventilation.163,164 This system uses a 

catheter with an inflatable balloon, which is passed through bronchoscopy.158,164 The 

balloon is inflated to block air from entering the target lobe while allowing expiratory 

air to pass out through the catheter.158,164 The absence of collateral ventilation is seen 

as a gradual decline in expiratory airflow, whereas any collateral ventilation is exhibited 

by the persistence of expiratory airflow for 5 minutes following inflation of the 

balloon.158 The Chartis system I known to have a comparable diagnostic performance 

compared to chest CT-scan.163 Furthermore, patients who were found without 

collateral ventilation as determined by the Chartis system had better total lung volume 

reduction and FEV1 improvements following valve placement.164 
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 Another BLVR approach is endobronchial coil placement.165 In this method, the 

emphysematous airway and parenchyma are compressed by a curve-shaped coil, 

thus reducing airflow to these abnormal areas.165 One randomised controlled study 

which included patients with homogenous emphysema revealed significant 

improvements in clinical symptoms as measured by the St George’s Respiratory 

Questionnaire (SGRQ) with the mean of improvement -8.11 points, in the 90 days 

following coil placement.166 Additionally, significant decreased residual volume and 

improvements in FEV1 and the 6-min walk test were also observed.166 There was no 

difference in the occurrence of adverse events between coil placement and the group 

receiving medical treatment.166 In addition, no mortality was observed until 90 days 

following coil placement.166 

 Furthermore, improvement in the clinical outcomes were maintained even until 

360 days following placement of the coil, according to a follow up study in which 66.7% 

of the participants had homogenous emphysema. The clinical outcomes assessed in 

this study include the SGRQ, FEV1, forced vital capacity, residual volume, and the 6-

min walk distance test, all of which were still significantly higher compared to the 

baseline value.137 Similarly, significant improvements in these functional outcomes 

were observed until 180 days post coil placement in patients with severe heterogenous 

emphysema with bilateral incomplete fissure.167 

 Another approach directed to patients with homogenous emphysema is the use 

of a biological sclerosant, although this approach is still undergoing clinical trials.168 In 

this technique, a fibrin-based hydrogel is inserted into the target airway structure to 

induce collapse and remodeling of the lung segments in response to localized scarring 

and contraction.168 The significant improvement in functional outcomes associated 

with this method is dose-dependent. Furthermore, chest CT-scan revealed that 

scarring is positively correlated with improvements in FEV1.168 There were no serious 

adverse events, such as pneumothorax and respiratory failure, reported.168 However, 

adverse events such as COPD exarcebations, transient fever, and malaise have been 

reported.168 

 Fibrosis and shrinkage of the emphysematous parts of the lungs can be 

achieved through Bronchial Thermal Vapor Ablation (BTVA).169 This method produces 

local inflammation by exposing the target lobes to heated water vapor.169 A study on 
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the use of BTVA in subjects with upper-lobe heterogenous emphysema resulted in 

significant improvement in functional outcomes including increased FEV1, SGRQ, 

6MWD, and reductions in residual volume.170 Moreover, significant reductions in lobar 

volume with an average reduction of 48% at the 6-month follow up was observed in 

the HRCT.170 An the 6-month follow up, the mortality rate was 2.3%.170 Moreover, 

serious adverse events such as hemoptysis, respiratory tract infection, and COPD 

exacerbation occurred in 43.2% of subjects.170 

 Studies have found that the BLVR approach improves the clinical symptoms of 

patients with severe emphysema based on the GOLD classification and radiologic 

findings. In particular, endobronchial coil-placement and the use of a biological 

sclerosing agent have been proven to be beneficial for patients with homogenous 

emphysema. Previously, treatment options for this type of emphysema were limited 

since such an approach was associated with higher mortality in LVRS. 

Studies have found that impulse oscillometry and nitrogen gas washout 

measurements are able to determine the pathologic conditions of peripheral airways 

in emphysema. These approaches are found to have a high specificity in determining 

the pathological condition of the peripheral airways, describing the conditions more 

accurately. However, a measurement of BLVR outcomes associated with these two 

approaches has not been studied extensively. Therefore, there is a need to study 

these two methods in detail, including the outcomes attributed to the BLVR methods, 

thus justifying the treatment approach. 
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1.7.3.1 BLVR with Coils (PneumoRxÒ) 

Lung volume reduction procedures have been shown to improve elastic recoil, 

enhance the radial traction of the airways, and increase conductance and expiratory 

flows. 171 Bronchoscopic lung volume reduction methods such as coils and valves are 

emerging as a reasonable alternative to lung volume reduction surgery. Endobronchial 

coils are wire devices made out of nickel-titanium metal alloy called nitinol, implanted 

bronchoscopically using fluoroscopy for guidance to recover the tension of the lung, 

usually used in severe cases of emphysema (Figure 10).137 Through the reduction of 

the hyperinflated emphysematous lung parenchyma, the implantation of 

endobronchial coils is expected to reduce airflow to the damaged parts of the lungs.100 

A catheter is used as an insertion device to install the endobronchial coil into the 

designated airway, which then forms and splints the airway open.172 Endobronchial 

coil treatment is generally done in two separate procedures, placing around 10-14 

coils at each procedure, to treat two contralateral lobes with a 4-8 weeks interval 

between procedures.172  

Atelectasis is not instigated through the implantation of endobronchial coils; 

hence the gas exchange area of the treated lobe is minimally reduced.172 Installation 

of endobronchial coils is beneficial, especially in homogeneous emphysema, 

independent of collateral ventilation.100 The RESET trial, conducted by Shah et al. 

concluded that the lung volume reduction coils (LVRC) when implanted, exerted radial 

traction that consequently tethered open the small airways and reduced volume in the 

designated lung areas, and had no overall effect on TLC.171  

 Currently, different views exist about the mechanisms of action for 

endobronchial coils. One aspect suggests that the real lung volume reduction effect is 

the product of the distortion of the airway and subsequent compression of the 

damaged parenchyma, along with the re-tensioning of the damaged airway network 

to reduce air-trapping and hyperinflation, due to the nitinol wires returning to their pre-

set shape after installation.100,172,173 Properly-implanted coils stiffen and stabilize the 

lung parenchyma, which improves overall homogeneity of ventilation and improve 

inspiratory muscle and diaphragm function, which could hypothetically improve elastic 

recoil forces locally.172  
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Patient selection is a crucial part of the treatment using LVRC for achieving the 

best possible outcomes. The first essential criterion is the presence of severe airflow 

obstruction (FEV1  predicted) and severe hyperinflation measured using body 

plethysmography.172 Patients with an RV >200% are considered to be the best 

candidate for the procedure.172 The second essential criterion is the presence of highly 

symptomatic dyspnoea and a restriction in their exercise performance, exhibited by 

mMRC >1 and 6MWD <450 m respectively, though patients with a 6MWD of <140 m 

are not the ideal candidates for the procedure.172 Moreover, patients exhibiting severe 

symptoms of concurrent chronic airways disease and frequent exacerbation should be 

excluded from coil treatment consideration.172 The last essential criterion is the 

morphology of the emphysema. QCT should be taken advantage of to assess the 

amount of parenchymal damage and guide the optimal selection of the treatment site. 

The emphysema phenotype found to yield the best coil treatment outcome is the 

centrilobular to moderate panlobular emphysema. In contrast, severe panlobular 

emphysema, giant bullae, and paraseptal emphysema phenotypes are found to be 

unsuitable phenotypes for coil treatment.172 Figure 11 shows the radiological imaging 

of the coil treatment procedure. 
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Figure 10. The PneumRx endobronchial coil system. 
The system consists of a single-patient use delivery sytem with a cartridge, catheter, guidewire, forceps and 
coils. The coil is available in 3 lengths (100, 125 and 150 mm) to accommodate the different airways. The distal 
and proximal ends of the coil are designed to reside in sub-segmental airways.172 
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Figure 11. Coil treatment radiological imaging.  
(A) Fluoroscopic image during coil treatment of the right upper lobe in a severe emphysema patient; (B) chest 
X-ray after treatment with coils.173 

 

Recently a few studies have been made, mainly concerning the effectiveness 

and safety of LVRC. The RESET trial, was the first randomised controlled trial study 

that showed considerable improvements in both clinical functions and quality of life in 

emphysema patients treated with endobronchial coils compared to usual care.174 

Primary and secondary outcomes changes 90 days after final treatment in patients 

treated with endobronchial coils showed promising results; around 57% of the LVRC 

patients had an ≥8-point improvement in SGRQ, 57% of the LVRC patients showed a 

0.35 L reduction in respiratory volume, 74% of the LVRC patients showed 26 m 

improvement in the 6MWD, and 57% of the LVRC patients showed a 10% 

improvement in FEV1.174 The results of this study suggested that there has been a 

reduction in static hyperinflation and overall improvements in the lung elastic recoil 

and small airway. Some serious adverse events were also reported in the RESET trial, 

with six serious adverse events occurring in LVRC patients. All serious adverse events 
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happened during or immediately after the procedure, with some of the events being 

resolved within three days with the use of chest-tube thoracostomy, though most were 

self-limiting and resolved themselves within seven days.174  

The REVOLENS trial is a randomised clinical trial conducted by Deslée et al., 

which analysed and compared the results between 50 LVRC patients (47 received 

bilateral coil, 3 received unilateral coil) and 50 usual care patients.175 Deslée et al. 

suggested that the six months outcomes of LVRC patients were superior compared to 

usual care patients, though it comes with a high short-term cost. At six months, 18 out 

of 50 patients (36%) in the coil group achieved a 6MWD improvement of at least 54 

m, compared to only 18% of the usual care group.175 At six months after the treatment, 

improvements from baseline in secondary outcomes such as FEV1, FVC, RV, RV/TLC, 

mMRC, and SGRQ also proved to be significant in the coil group compared to the 

usual care group.175 Pneumonia was the most common adverse outcome found in this 

study, though all cases were able to be resolved with medical care. Within a year, four 

deaths occurred in the coil group and three deaths occurred in the usual care group. 

The RENEW trial is a randomised clinical trial conducted by Sciurba et al. which 

analysed 315 emphysema patients (158 coil treatment, 157 usual care), most of which 

with homogeneous emphysema.136 In this study, the 6MWD at 12 months favoured 

the coil-treated patients, with a median of 10.3 m compared to -7.6 m in usual care 

patients.136 The change in other outcomes such as FEV1, SGRQ, and RV also 

favoured the coil-treated patients in both homogeneous and heterogeneous 

emphysema, also in both groups of patients with a residual volume of <225% predicted 

and ≥225 % predicted.136 This study also showed that the number of major 

complications occurred more frequently in the coil group (34.8%) compared to the 

usual care group (19.1%), though the number of deaths is the same in both groups.136  

As of the writing of this thesis several studies concerning coil treatments are 

still ongoing. The first one of these studies being the “REACTION study: Identifying 

Responders and Exploring Mechanisms of ACTION of the Endobronchial Coil 

Treatment for Emphysema” (www.clinicaltrials.gov identifier: NCT02179125), a non-

randomised open-label multi-centre intervention study. The objectives are to gain 

more knowledge on the mechanism of action, identifying predictors of response and 

describing the effect on patient-based outcomes of endobronchial coil treatment.  
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The other study is the ELEVATE trial, the latest randomised controlled study 

conducted by Herth et al. that is prospectively designed to confirm the safety and 

effectiveness of the coil system in patients with severe emphysema.176 A total of 210 

patients were randomised in a 2:1 ratio of treatment to control.176 The primary 

endpoints of this study are the percent change in FEV1 and change in SGRQ from 

baseline to 6 months, while the secondary endpoints are the responder rate at 6 

months defined as percent of subjects that achieve 2 or more of the following minimal 

clinically important difference (MCIDs): 6MWD (≥26 m), SGRQ (≤-4 points), FEV1 

(≥10%), RV (≤-350 mL), change in mean expiratory target lobar volume measured by 

HRCT, and change in VC as measured by plethysmography.176 

 

Patient Selection 

As of the writing of this paper, no studies have included specific QCT indices as a 

radiological criterion for patient selection in coil treatment. Future studies must apply 

a standardised QCT analysis and baseline parameters in predicting better clinically 

significant outcomes in potential candidates. Key points for the inclusion criteria of 

potential EBC patients can be seen in figure 12. 
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Figure 12. Key points inclusion patient criteria for coil treatment.172 
 

1.7.3.2 BLVR with Valves (PulmonXÒ) 

In 2017, for the first time, the GOLD-COPD guidelines included a therapeutic, minor 
invasive bronchoscopic treatment using one-way endobronchial valves for selected 

patients with severe lung hyperinflation due to emphysema.177 Studies have shown 

that emphysema patients whose symptoms of severe dyspnoea have not subsided in 

spite of optimal treatment may significantly benefit from this minor invasive procedure 

in terms of pulmonary function, exercise capacity, physical activity, and overall quality 

of life.177  

 Endobronchial valves (EBV) is a one-way valve implant, usually consists of a 

polymer membrane encased in a nickel-titanium (nitinol) frame, that is inserted into all 

the bronchi leading to the target lobe, which aims to induce atelectasis in the target 

Medical History 
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• Optimal 
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non-pharmacological 
treatments (6 months 
tobacco smoking 
abstinence) 
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bronchitis, 
bronchiectasis; 
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> 50 mmHg 

• Prior lung surgery 

 

High Resolution Computed 
Tomography (HRCT) 

• Tissue destruction with 
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Lung Function Test 

• FEV1 <45% predicted 
• RV/TLC >58% 
• RV >200% predicted 

Health-Related Quality of Life 
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• 6MWD >140 m 
• mMRC >1 
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lobe by preventing inspired air from entering the lung but allowing expired air to exit 

the lung (Figure 13).100,178 When the target lobe is treated thoroughly, an eventual full 

lobar collapse preceded by lobar volume will happen, which will subsequently lead to 

reduced hyperinflation, improved overall clinical symptoms and quality of life.179 Unlike 

endobronchial coils, EBV installation is believed to be more suitable for patients with 

severe heterogeneous emphysema and complete fissures, with the absence of 

collateral ventilation between the treated and ipsilateral lobes being crucial for 

procedural success.100,180 The Chartis Diagnosis System (Pulmonx) therefore is 

essential in the installation process of the EBV as it facilitates precise and accurate 

assessment of collateral ventilation status.181 The EBV procedure can be done on 

either upper and lower lobes of the lungs, unlike LVR surgery.178 The procedure of 

valve implantation is usually done under light anaesthesia or heavy sedation.178 The 

valves can be withdrawn if needed, such as in the events of complication or 

misinsertion.178 Several types of EBV are currently available: the Zephyr one-way EBV 

(PulmonX Corp., Redwood City, CA, USA); the Spiration valve system (Spiration, Inc., 

Redmond, WA, USA); MedLung EBV (MedLung, Barnaul, Russia); and the 

endobronchial Miyazawa valve (Novatech, La Ciotat, France). Figure 14 shows the 

pre- and post-valve treatment radiological images of a valve-treated patient and the 

formation of atelectasis. 
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Figure 13. Endobronchial valves (Zephyr valve system, Pulmonx).(A) and endobronchial valves (Spiration valve 
system, Spiration/Olympus) (B).182 
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Figure 14. Pre- and post-procedural X-rays from a patient who underwent valve therapy for severe emphysema.  
The left image shows the preprocedural X-ray from a female patient with severe emphysema. The right image 
shows the X-ray obtained 1 week after valve therapy in the left upper lobe. Note evidence of left upper lobe 
atelectasis (white arrow) and an elevated diaphragm (black arrow). The patient responded favourably to the 
treatment with an improvement in her symptoms, lung function, and exercise capacity.182 

 

As with the LVRC procedure, patient selection is also crucial in BLVR with 

valves as it can determine the extent of the successful outcomes. The first criterion of 

patient selection in EBV therapy is the spirometry measurement and the presence of 

hyperinflation in the patient. While there are no absolute cut-offs, it is suggested that 

the patient have an FEV1 value of 15-50% predicted.180 EBV works by reducing the 

hyperinflation of the lungs; therefore it is essential for potential candidates to have 

hyperinflated lungs as reflected by TLC >100% and RV >175%, both measured by 

body plethysmography.180 The second criterion is the absence of collateral ventilation 

between the treated and ipsilateral lobes. The Chartis System is currently the most 

used and studied diagnostic tool for identifying the status of collateral ventilation. 

However, QCT has shown promising results with predictive abilities that are in the 

immediate range of Chartis in small data sets. Fissure completeness of 80-95% in 

QCT warrants an additional Chartis measurement to confirm the absence of collateral 

ventilation, while fissure completeness of >95% in QCT indicates that EBV treatment 
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can be directly performed.180 The third criterion is the patient’s exercise capacity. The 

patient should have a 6MWD of 100-500 m to tolerate the procedure and potential 

complications.180 Reassessment should be considered after pulmonary rehabilitation 

for patients with a 6MWD of <200 m.180 The fourth criterion is the morphology of 

emphysema in patients. Recent findings suggest that emphysema heterogeneity 

found in HRCT scan should no longer be considered an exclusion criterion for EBV 

therapy. However, physicians should meticulously review the CT scan for pathological 

findings that could suggest potential complications, active infection, or disqualifying 

criteria (severe bronchiectasis, severe paraseptal emphysema, extensive fibrosis or 

other conditions that significantly impair outcomes).172 The fifth criterion is the patient’s 

prior surgery history. Patients with a history of surgery on the contralateral lung of the 

target lobe may still be considered for the procedure, while patients with prior surgery 

on the ipsilateral of the target lobe (including bilateral lung transplant or previous 

bilateral LVRS), or patients with the previous pleurodesis should not be considered as 

a suitable candidate due to the possibility that the remaining lobes may have 

insufficient compliance.180 The sixth criterion is the absence of severe hypercapnia 

(>60 mmHg on room air) and/or severe hypoxemia (<45 mmHg on room air).180 The 

final criterion is the medical history and stability of the patient. Patients with severe 

heart failure (left ventricle ejection fraction of <35% under medication), unstable 

cardiac arrhythmia, myocardial infarction, or stroke within the past six months should 

be stabilized first to be a potential candidate.180  

 Smoking cessation for six months before the procedure is also expected from 

the candidate. Overall, the patient should be clinically stable prior to the procedure. 

Some experienced European interventional pulmonologists recently published 

recommendations for what they discovered to be the best practice in EBV treatment. 

These “best practice recommendations” include critical selection criteria and 

procedure recommendations.179 The key selection criteria are divided into do’s and 

don’ts that have been summarized in Figure 15. Precise disease phenotyping is crucial 

to achieving optimal results which makes this treatment a unique example of 

personalised medicine. Best practice recommendations for endobronchial valves are 

summarized in figure 15. 
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Figure 15. Best practice recommendations for Endobronchial Valves.179 

 

Patients with severe emphysema, advanced hyperinflation and absence of 

collateral ventilation have been known to be the most suitable candidates for EBV 

treatment as they have a high probability of yielding clinically significant 

outcomes.177,179However, as of the writing of this paper, there is still no precise 

definition or cut-offs of the exact amount of emphysema, hyperinflation, and collateral 

ventilation that could be used to optimize patient selection that relates to optimal 

outcomes.177,179 Further development of quantitative high-resolution CT software 

analysis could be crucial in the assessment of fissure integrity, emphysema score, 

vascular volume, and amount of air trapping on a lobar level that could predict the best 
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lobe to collapse, as choosing the appropriate lobar target to collapse is decisive in the 

success of EBV therapy.177,179 As predictors and risk factors of pneumothorax are still 

vague, these efforts might be useful in identifying risk factors for pneumothorax 

development following EBV procedure. 

 Several randomised controlled studies about endobronchial valves have been 

published recently and could be used as a general overview of the safety and 

effectiveness of EBV treatment. The BeLieVer-HIFi study was a single-centre, double-

blind sham-controlled trial conducted by Davey et al. to study the safety and efficacy 

of EBV treatment.183 In this study, 50 patients (25 EBV, 25 control) with CT features 

of heterogeneous emphysema and intact interlobar fissures that were confirmed by 

two expert radiologists were selected to participate.183 Subsequently, the Chartis 

System was used to assess the status of collateral ventilation as a complement to 

visual CT assessment.183 This study concluded that the lung function of patients with 

heterogeneous emphysema and intact lobar fissure could benefit significantly from 

unilateral lobar occlusion with EBV.183 In the BLVR group, FEV1 increased by a median 

8.77% compared to 2.88% in the control group, 6MWD increased by an average of 25 

m in the BLVR group compared to 3 m in the control group, RV/TLC improved by an 

average of -3.95 in the BLVR group compared to -1.20 in the control group, and SGRQ 

points improved by a median of -4.40 in the BLVR group compared to -3.57 in the 

control group.183  

The STELVIO study was a randomised controlled study conducted by Klooster 

et al. to compare endobronchial valve treatment with standard medical care.184 This 

study shortlisted potential candidates using a CT scan, but the patients were ultimately 

chosen based on their Chartis measurement.184 This study found that EBV treatment 

in emphysema patients with the absence of collateral ventilation improved lung 

function, exercise performance, and health related quality of life measurements 

significantly, as shown by the mean changes from baseline in primary and secondary 

efficacy outcomes at six months and one-year follow-up.134,184  

The Endobronchial Valve for Emphysema Palliation Trial (VENT) study was the 

first prospective, randomised, multi-centre trial to study endobronchial valves, 

conducted by Sciurba et al. to compare the safety and efficacy of EBV treated patients 

with heterogeneous emphysema versus standard medical care.159,185 A total of 321 
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patients were recruited, with 220 being randomly assigned to receive EBV and 101 to 

receive standard medical care as the control group.159 All patients were required to 

quit smoking for six months before the recruitment and had severe emphysema within 

the GOLD III or IV classification and an RV of  >150% predicted.159 Before 

randomization, the patients received 6-8 weeks of pulmonary rehabilitation and 

optimized medical management using the GOLD management guidelines.159 HRCT 

was then used to determine eligibility and optimal selection criteria.159 This study 

concluded that unilateral lobar treatment with EBV produced subtle improvements in 

lung function and overall clinical symptoms with the risk of more frequent hemoptysis 

and COPD exacerbations in the months following EBV implantation.159 

Heterogeneous emphysema and intact lobar fissures appear to indicate patients who 

are more likely to respond better to EBV treatment in terms of substantial functional 

and physiological improvements.159 

The IMPACT study was a randomised, controlled, one-way crossover study 

that was conducted in eight sites and three countries (Austria, Germany, 

Netherlands).186 Valipour et al. selected severe emphysema patients (GOLD III and 

IV) who were ≥40 years old and were ex-smokers. Lung function parameters for 

inclusion included FEV1 15-45% predicted, TLC >100% predicted, and RV ≥200% 

predicted.186 QCT was used to determine lobar volumes and emphysema destruction 

by lobe.186 When all inclusion or exclusion criteria were met, Chartis system was used 

to determine collateral ventilation status.186 This study found that EBV therapy should 

be considered in selected homogeneous emphysema patients without collateral 

ventilation as it showed promising clinically meaningful improvements in lung function, 

exercise capability, and quality of life.186 

Two on-going studies investigated the Spiration valve system: the REACH 

study and the Empower trial. In the REACH study, emphysema patients treated with 

valve showed significant improvements from baseline at 6 months and 12 months 

post-valve treatment in FEV1, 6MWD, and SGRQ. However, the pneumothorax rate 

at 6 months was 7.6%.187 The EMPROVE trial is a study that was presented at the 

2018 International European Respiratory Society Congress, with a total sample of 172 

patients (EBV: n=113; standard care: n=59). The EMPROVE study showed 
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improvements at 12 months post-treatment in FEV1 (+99 mL), SGRQ (-9.5 points), 

and 6MWD (+6.9 m). 188 

1.7.3.3 Clinical Safety Data 

Adverse events in EBC implantation mostly occur in the peri-procedural and post-
procedural period, with the rate of occurrence returning to baseline in the subsequent 

months following the second procedure.172 The most common adverse event in 

patients treated with EBC is non-infectious pneumonia, marked as a dense 

consolidation on the X-ray, mimicking organizing pneumonia referred to as “coil-

associated opacity” (CAO).172 Pneumonia in EBC treated patients are considered to 

be secondary to the force of the coils on the lung parenchyma, causing an 

inflammatory response.172  

 Several recent studies concerning EBC could be used as a general overview 

about the safety of the procedure. The RESET trial conducted by Shah et al. reported 

six serious adverse events in the LVRC group during the initial treatment recovery 

period (<30 days after each treatment) and three serious adverse events in the LVRC 

group during days 30-90 of study follow-up.174 COPD exacerbation (5% incidence), 

lower respiratory tract infection (5% incidence), and pneumothorax (5% incidence) 

happened within the initial treatment recovery period, though most of these events 

were self-limiting and resolved within seven days.174 In the post-treatment periods, 

COPD exacerbations (7% incidence) and lower respiratory tract infection (7% 

incidence), were reported. However, these serious adverse events resolved within 3 

days with the use of chest-tube thoracostomy.174 No deaths occurred in either group 

during the RESET study.174 In the REVOLENS trial conducted by Deslée et al., the 

most common non-serious adverse event was mild hemoptysis which resolved itself 

within 30 days after the procedure.175 The most frequent serious adverse event in the 

trial was pneumonia, including 11 events in 9 patients (18%) in the coil group and 2 

events in 2 patients (4%) in the usual care group within 12 months.175 Within a year, a 

total of seven deaths occurred in the REVOLENS trial, with 4 deaths (8%) in the coil 

group and 3 deaths (6%) in the usual care group.175 In the RENEW trial conducted by 

Sciurba et al., COPD exacerbation was the most frequent serious adverse event and 

tended to be more prevalent in coil treatment (n=43; 27.7%) compared to usual care 

(n=32; 20.4%).136 Pneumonia and pneumothorax occurred relatively often in this trial 
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and were significantly higher in the coil treatment compared to usual care.136 

Pneumonia happened in 31 patients (20%) in the coil treated group compared to 7 

patients (4.5%) in the usual care group.136 Pneumothorax occurred in 15 patients 

(9.7%) in the coil treated group compared to 1 patient (0.6%) in the usual care 

group.136 There were two immediate procedure-associated deaths in the RENEW trial; 

one patient died because of an intraprocedural pulmonary haemorrhage, and another 

patient died of respiratory failure six days following the second coil procedure.136 

 Complications and adverse events such as pneumothorax, pneumonia, 

respiratory exacerbations, and valve migrations have been reported in studies about 

EBV placement, with pneumothorax being the most common complication (20% of 

cases) and approximately 80% of pneumothorax cases occur in the two days following 

EBV treatment.180 Significant volume reduction on post-procedure X-rays may signify 

a higher risk of pneumothorax; therefore, physicians should be vigilant.180 Acute 

bronchitis, pneumonia, and lung infections within the first three months of the 

procedure are also not uncommon complications in EBV treatment and should be 

treated according to the standard of care.180  

 Several recent studies about EBV provide safety analysis concerning the 

complications and adverse events of the procedure. In the BeLieVeR-HIFi study 

conducted by Davey et al., 16 out of 25 patients in the EBV group had a total of 23 

events of exacerbation, five of which required hospitalisation.189 Also in the EBV 

treated group: pneumothorax occurred in two patients, pneumonia occurred in two 

patients, and four patients expectorated valves.189 Two patients in the EBV group died 

within 90 days of the procedure. The first patient died due to a tension pneumothorax 

that developed into respiratory failure. The second patient died suddenly three days 

after the procedure due to COPD with cor pulmonale.189 In the STELVIO trial 

conducted by Klooster et al., pneumothorax was the most frequent serious adverse 

event, occurring in 22% of the EBV population.134 All cases of pneumothorax 

happened in the first six months of the procedure, occurring predominantly during the 

immediate post-treatment. No additional pneumothorax cases happened between six 

and 12 months of the follow-up.134 Two patients underwent permanent valve removal 

due to the formation of granulation tissue after six months of follow-up; one patient 

underwent permanent valve removal between six and 12 months.134 Two patients died 
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in this study, one after 58 days due to progressive respiratory failure, and one after 

338 days of monitoring due to myocardial infarction.134  

 The VENT study by Sciurba et al., showed that by six months, the rate of the 

composite of six major complications was 6.1% in the EBV group and 1.2% in the 

control group.159 In the follow-up from six months to 12 months, the rate of 

complications in the EBV group and control group were similar, 4.7% and 4.6% 

respectively.159 The overall complications composite rate at 12 months was 10.3% in 

the EBV group and 4.6% in the control group.159 By 12 months, the rates of death from 

any cause were quite similar in the EBV group (3.7%) and in the control group 

(3.5%).159 The IMPACT study conducted by Valipour et al. reported that at the three 

month follow-up period, serious respiratory adverse events occurred in 44.2% of the 

EBV group compared to 12% of the standard of care group.186 Procedure-related 

pneumothoraces occurred in 12 events and 11 subjects, with seven events occurring 

on the day of the procedure.186 During three months of follow-up, no deaths were 

reported in the EBV group, and one death was reported in the standard of care group 

due to nosocomial pneumonia.186 
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1.8 MECHANISM OF PHYSIOLOGY AND RADIOLOGICAL IMPROVEMENT 
AND CORRELATION FOLLOWING LUNG VOLUME REDUCTION 

Patient selection is crucial in lung volume reduction treatments, as it could possibly 

predict the patient’s outcome and response post-procedure. Radiological indices 

measured using QCT in correlation with physiological indices have the potential to 

serve as practical parameters in LVR procedures. Slebos et al. recently conducted a 

post hoc analysis study where 125 patients underwent EBC treatment that had 

evaluable 12-month follow-up results.190 Of those 125 patients, 78 patients had EBC 

done on the lobes with the highest emphysematous damage determined by QCT.190 

A subgroup of 50 patients out of those 78 was discovered with baseline residual 

volume >200% predicted, emphysema score > 20% low attenuation area, and 

absence of airway disease.190 Overall, this subgroup of patients attained more 

significant lobar residual volume reduction in the treated lobes, associated with 

notable mean improvements in FEV1 (15.2 ±	3.1%), SGRQ (-12 ± 2 points), and RV 

(-0.57 ± 0.13 L). This study concluded that QCT analysis is crucial in patient selection 

for coil therapy and identifying optimal lobar treatment.190 A separate study conducted 

by Kontogianni et al. evaluated clinical and QCT outcome measures as potential 

predictors for the clinical outcome in post-treatment EBC patients.191 This study 

suggested that the standard deviation of low attenuation cluster (LAC) sizes in the 

treated lung and the target lobe analysed using QCT were QCT predictors for 6-MWT 

minimal clinically important difference (MCID) (Δ6-MWT ≥26 m) and RV MCID (ΔRV 

≥10%), while the median size of LAC in the central region of the target lobe showed 

a predictive value for the FEV1 MCID (ΔFEV1 ≥12%).191 The findings of this study 

highlight the importance of QCT in the process of patient selection for successful EBC 

treatment.191  

 QCT predictors for satisfactory response and outcome in EBV therapy have 

also been reported. Herth et al. conducted a study analysing efficacy predictors in LVR 

based on the VENT study.192 This study found that a subgroup of patients with 

complete fissure (>90% of the fissure present on thin-slice HRCT on at least one of 

the saggital, axial, or coronal axis) and lobar occlusion as evidenced on CT yielded 

superb results in terms of clinical parameters. At 12 months, 67% of this subgroup of 

patients achieved the MCID of ≥15% improvement for FEV1, 56% achieved the MCID 
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of ≥35 m improvement for 6MWD, and 67% achieved the MCID of ≥ 4  points 

improvement in SGRQ.192 Overall, the study found that the most important factors in 

establishing success in EBV treatment are the status of collateral ventilation and 

complete lobar occlusion, as suggested by CT.192  

 Another proposed utilisation of CT in COPD patient is the identification of 

patients at risk for exacerbations based on the findings of pulmonary vascular 

abnormalities. Prior studies have explored the correlation between pulmonary 

hypertension and acute exacerbations of COPD; however, one study explored the 

relationship between an available CT measure of pulmonary vascular disease and 

severe COPD exacerbations. Wells et al. conducted a study to find the association 

between pulmonary artery enlargement (determined by a ratio of the pulmonary artery 

to the diameter of the aorta [PA:A ratio] as measured on CT) and severe exacerbations 

in COPD patients.115 This study concluded that a PA:A ratio of >1 measured using CT 

was associated with severe exacerbations of COPD.115 
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CHAPTER 2 METHODS 

 

2.1 ETHICAL APPROVAL OVERVIEW 

 

The Ethics Committee of the Royal Brompton and Harefield NHS Trust approved the 

LVR coil, valve and surgery studies. All subjects who participated in trials reported in 

this thesis provided written informed consent. 

 

Ethical approval was provided for the Long-Term Coil Study in the UK by the National 

Research Ethics Service – London Brent Committee on the 29th October 2012 (12 / 

LO / 1434). For the crossover study, ethical approval was granted by the National 

Research Ethics Service – London Stanmore Committee on 14th March 2014 (14 / LO 

/ 0376). Ethical approval was provided for the Long-Term Coil Study in Groningen, 

Netherlands. Both study centers were registered with Clinicaltrials.gov 

(NCT01608490).  

 

Ethical approval was approved for the Short-Term Valve Study by the London-

Bentham Research Ethics Committee on the 2nd December 2011 (11 / LO / 1608), 

protocol serial number 11647 with trial registration number: ISRCTN04761234. The 

trial was conducted by the National Institute for Health Research (NIHR) Respiratory 

Biomedical Research Unit at Royal Brompton Hospital and Harefield NHS Foundation 

Trust and Imperial College, London (UK). 
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2.2 PATIENT SELECTION  

2.2.1 Patient Selection 

All patients included in these studies were discussed prior to each study’s recruitment 

at the advanced Multidisciplinary COPD Meeting at The Royal Brompton Hospital. This 

advanced COPD MDT meeting aims to discuss possible treatment options including 

lung volume surgery, bronchoscopic lung volume reduction, to those patients 

diagnosed with GOLD stage 3 or 4, with significant evidence of lung hyperinflation 

measured by lung function test and impaired exercise tolerance.  

Those wishing to consider taking part in any coils or valves study were offered 

comprehensive-detailed information approved by the Research Ethics Committee. A 

written correspondence letter from patient’s consultant / advanced COPD team was 

sent to the patients to inform the outcome of the meeting and necessary information 

regarding the proposed treatment for the patient. The patients then scheduled for 

screening visit for further assessment to determine whether they met the following 

inclusion and exclusion criteria: 
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Inclusion and Exclusion Criteria for Long-Term Coil Study 

Inclusion Criteria for Long-Term Coil Study 
• Subject ≥35 years old. 

• CT scan indicates bilateral emphysema. 

• Subject has post-bronchodilator forced expiratory volume in one second (FEV1) of 

≤45% predicted. 

• Subject has total lung capacity (TLC) >100% predicted. 

• Subject has residual volume (RV) ≥225%. 

• Subject has marked dyspnoea scoring ≥2 on modified medical research council 

(mMRC) scale of 0-4. 

• Subject has stopped smoking ≥8 weeks prior to entering the study, confirmed by 

Cotinine test or other appropriate diagnostic tests. 

• Subject has read, understood, and willingly signed the informed consent form. 

• Subject has completed a pulmonary rehabilitation program six months prior to 

treatment and/or is regularly performing maintenance respiratory rehabilitation if 

initial supervised therapy occurred more than six months prior to baseline testing. 

• Subject has received influenza and pneumococcal vaccinations consistent with 

local recommendations and/or policy. 

Exclusion Criteria for Long-Term Coil Study 
• Subject has severe homogeneous emphysema. 

• Subject has comorbidities potentially affecting trial completion (e.g., severe 

arthritis, planned knee surgery) or baseline limitation on 6MWT is not due to 

dyspnoea. 

• Subject has a change in FEV1 >20% (or, for subjects with pre-bronchodilator FEV1 

below 1 L, a change of >200ml) post-bronchodilator. 

• Subject has DLCO <20% of predicted. 
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• Subject has severe gas exchange abnormalities as defined by: 

o PaCO2 >55 mmHg 

o PaO2 <45 mmHg on room air 

• Subject has a history of recurrent clinically significant respiratory infections, 

defined as 3 or more hospitalizations for respiratory infection during the year prior 

to enrolment. 

• Subject has severe pulmonary hypertension defined by right ventricular systolic 

pressure >45 mm Hg via right heart catheterization and/or echocardiogram. 

• Subject has an inability to walk >140 meters in 6 minutes. 

• Subject has evidence of other severe disease (such as, but not limited to, lung 

cancer or renal failure), which in the judgment of the investigator may 

compromise survival of the subject for the duration of the study. 

• Subject is pregnant or lactating or plans to become pregnant within the study 

timeframe. 

• Subject has an inability to tolerate bronchoscopy under conscious sedation 

or general anaesthesia. 

• Subject has clinically significant bronchiectasis. 

• Subject has giant bullae >1/3 lung volume. 

• Subject has had previous LVR surgery, lung transplantation, lobectomy or 

LVR devices or other devices to treat COPD in either lung. 

• Subject has been involved in pulmonary drug or device studies within 30 

days prior to this study. 

• Subject is taking >20 mg prednisone (or equivalent dose of similar steroid) 

daily. 

• Subject requires high level chronic immunomodulatory therapy to treat a 

moderate to severe chronic inflammatory autoimmune disorder. 

• Subject is on an antiplatelet (such as Plavix) or anticoagulant therapy (such 

as heparin of Coumadin) which cannot be stopped for seven consecutive 

days prior to procedure. 

• Subject has a known sensitivity or allergy to Nickel. 

• Subject has a known sensitivity to drugs required to perform bronchoscopy. 
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• Subject has been diagnosed with Alpha-1 antitrypsin deficiency. 

• Subject has any other disease, condition(s) or habit(s) that would interfere 

with completion of study and follow-up assessments, would increase risks 

of bronchoscopy or assessments, or in the judgement of the investigator 

would potentially interfere with compliance to this study or would adversely 

affect study outcomes. 

 

Inclusion and Exclusion Criteria for Short-Term Valve Study 

Inclusion Criteria for Short-Term Valve Study 

• FEV1 <50% predicted. 

• Significant hyperinflation as measured by TLC >100% and RV >150%. 

• Restricted exercise capacity as measured by 6MWD <450 m. 

• Substantial breathlessness indicated by MRC dyspnoea score ≥3. 

• On optimum medical therapy (inhaled corticosteroids, LABA, anti-cholinergic 

agents), unless intolerant or declined to use them. 

• CT thorax must demonstrate heterogeneous emphysema with a defined target 

lobe with lung destruction and intact adjacent interlobar fissures. Scans will be 

reviewed by two radiologists independently and a third will adjudicate on any 

disagreements. Radiologists will have to agree that the worst affected lobe of the 

lung has an emphysema score of ≥ 2  (according to the NETT study scoring 

system), that it is at least 1 point higher than the ipsilateral lobes and that it has 

intact fissures visible on at least one projection. 

Exclusion Criteria for Short-Term Valve Study 

• Substantial comorbidity restricting their exercise capacity or prognosis. 

• Substantial daily sputum production. 

• Hypoxia (ie, PaO2 <6.5 Pa breathing air). 

• Clinically too frail to undergo bronchoscopy or tolerate a pneumothorax. 
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2.3 STUDY ASSESSMENT 

2.3.1 Physiologic Assessment 

Pulmonary physiologic functions were assessed by spirometry, body 

plethysmography, and DLCO single breath technique, and selected subjects will 

undergo impulse oscillometry and multiple nitrogen washout or both. Indices reported 

in this study are described in the next chapter. 

 

2.3.1.1 Calibration Check 

Initial readings of ambient air pressure, humidity, and temperature were recorded prior 

to calibration and patient testing. All pneumotachographs were calibrated and checked 

before patient testing. A 3.0 L syringe was used to check the accuracy and precision 

of the pneumotachographs over a spectrum of flows (0.5 – 12 L.s.-1). The volume at 

which each flow rate should meet the accuracy requirement is ±	3.5% . Daily 

calibration was conducted on the mouth pressure and box pressure transducers. Daily 

automated two-point calibration for known concentrations of gasses was conducted, 

and gas analysers were set to zero prior to each test. The linearity of gas concentration 

measurements was conducted every month. Biological control tests of spirometry, gas 

transfer and lung volumes were conducted weekly. 

 

2.3.1.2 Spirometry 

Spirometry was performed in the upright seated position. Following that, a one-way 

mouthpiece was placed while a nose clip closed the nose. The subject was asked to 

perform tidal breathing several times. Afterwards, the subject was asked to perform a 

full inspiration by inhaling as deep as possible, followed by forced exhalation as hard 

and fast as possible. No flow (<0.025 L) for ≥ 1 second was ensured by the constant 

surveillance of the volume-time curve during testing. Tests interrupted by artefacts 

such as coughing or glottic closure were considered invalid and had to be restarted. 

Attempts were considered admissible if the values of FEV1 and FVC were within 0.5 

L of each other. No less than three admissible attempts were recorded, with the 
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highest value of FEV1 and FVC from valid attempts were registered as the ultimate 

values. 

Baseline bronchodilator reversibility testing was also conducted. Patients were 

prevented from using any inhaled long-acting antimuscarinic drugs for at least 24 

hours, any long-acting bronchodilators for ≥ 12 hours, and any short-acting inhalers 

for ≥4 hours. A spacer device in 100mcg actuations delivered 400mcg of salbutamol. 

Spirometry was conducted at 15-minute intervals. Significant reversibility was 

considered if there was evidence of ≥200 mL or 12% improvement in FEV1. 

 

2.3.1.3 Lung Volumes 

Subjects used a one-way mouthpiece and a nose clip to seal the nose after they were 

seated, and the chamber door was closed to equilibrate the temperature and pressure. 

The subject was asked to do several tidal breathings. Afterwards, the shutter was 

closed for about 2-3 seconds while the subject was asked to breathe continuously. At 

the point when the shutter was reopened, the subject breathed 2-3 tidal breathings 

followed by maximal inspiration then maximal expiration to measure the expiratory 

reserve volume (ERV), and finally, another maximal inspiration was performed to 

measure inspiratory vital capacity (IVC). The manoeuvre was repeated until three 

acceptable values were obtained. Values were considered acceptable if they were 

within 5% of each other. 

Some patients with severe obstructive lung disease were having difficulties 

performing an ERV manoeuvre following panting. Thus, these patients unable to 

perform the linked manoeuvre adequately were allowed to perform an unlinked 

manoeuvre. Said manoeuvre consisted of a rapid inspiratory capacity (IC) manoeuvre 

on opening the shutter, followed by a vital capacity (VC) manoeuvre. 

Boyle’s law is the foundation that establishes FRC. Boyle’s law states that 

under isothermal and isovolumic conditions within a closed system, the definite 

pressure exerted by a given mass of an ideal gas is inversely proportional to the 

volume it occupies. 
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Therefore:      

Palv1 . VTG2 = Palv2 . VTG2 

Palv1 and  VTG2 are  the  pressure  and  volume  respectively  at  FRC  before  the 

panting  manoeuvre,  while  Palv2 and VTG2 are  the  pressure  and  volume  after  the 

manoeuvre.  The  thoracic  gas  volume  (TGV)  is  expanded  and  compressed  with 

corresponding  pressure  changes  measured  at  the  mouth  during  the  panting 

manoeuvre.  Mouth pressure is expected to be equal to alveolar pressure when there 

is no flow. A rise in TGV causes a rise in the box pressure due to the plethysmograph 

being sealed. The shift of volume is deduced from the change of pressure within the 

box. 

Therefore, to calculate FRC:  

FRCpleth = (-./-0) . (Palv1 - -0) 

The reported value of FRC is its registered mean value. The rest of the lung volumes 

are calculated with the following formulas: 

RV = FRC – ERV 

TLC = RV + IVC 

Formulas used in patients who performed unlinked manoeuvres: 

RV = TLC – VC 

TLC = FRC + IC 
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2.3.1.4 Gas Transfer 

The DLCO single breath technique was performed in the upright seated position 
followed by placement of a one-way mouthpiece and a nose clip to close the nose. 

The subject was asked to take several tidal breathings followed by unforced exhalation 

to tidal volume. The test gas mixture (0.3% carbon monoxide, 10% helium, 21% 

oxygen, and balanced nitrogen) was then initialized. Afterwards, the subject was 

asked to inhale rapidly for a maximum of four seconds and hold their breath for 10 

seconds, followed by unforced and steady exhalation. Dead space was taken into 

account, discounting the first 750 mL of exhaled gas. A graphical display verified the 

steady concentration of the gas mixture used as a tracer, and that any dead space 

was excluded from the sample. Three tests that met the criteria mentioned above were 

conducted with a four-minute break in-between tests. The higher values of the results 

were registered, provided they were within 1 mmol.min-1. kPa or 10% of each other. 

 

2.3.1.5 St George Respiratory Questionnaire for COPD (SGRQc) 

The SGRQ is a self-completed questionnaire the patients need to fill-in without the 
help of an investigator. The questionnaire consists of 14 questions with several answer 

options with a different weight point for each question. The 14 questions were divided 

into three components, which were: symptoms, activity, and impact on daily life 4 

weeks prior to the investigation. The score for each element and total score were 

calculated. A total score of 0 suggests that the patient is in the best possible health 

condition, while a total score of 100 suggests the opposite. Several studies have 

shown that higher SGRQ scores are independently linked with increased risks of 

exacerbations and overall mortality.193 One study conducted by Jones et al. has 

suggested that SGRQ scores are inversely proportional to FEV1 and 6MWD in COPD 

patients.194,195 Another study by Jones et al. has stated that the minimal clinically 

important difference (MCID) for SGRQ in response to treatments is approximately 4 

points.194,195 
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2.3.1.6 Modified Medical Research Council Dyspnoea Score (mMRC) 

The scale consists of five degrees of breathlessness severity. Each grade has a 
statement regarding the severity of dyspnoea as follows: 

Grade     Statement 

0      I only get breathless with strenuous exercise 

1     I get short of breath when hurrying on level ground or walking up a slight         

 hill 

2      On level ground, I walk slower than people of the same age because of  

breathlessness, or I have to stop for breath when walking at my own 

pace on the level 

3      I stop for breath after walking about 100 yards or after a few minutes on  

level ground 

4      I am too breathless to leave the house or 

I am breathless when dressing 

 

The investigator dictated and explained each statement to each of the patients 

and instructed the patients to choose a single statement that suited their condition 

related to their breathlessness the most. The patients were instructed to evaluate their 

limitation on their own without the interference of the investigator. Oga et al. have 

suggested that mMRC is correlated to alterations in lung function and SGRQ scores, 

and it declines over time.196 A study by Nishimura et al. has found that a higher mMRC 

score is an independent risk factor for mortality in COPD patients.197 Nevertheless, 

due to its restricted number of categories, it is better suited as a discriminative 

instrument between patients instead of being a longitudinal evaluative instrument. 
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2.3.1.7 Six Minute Walk Distance (6MWD) 

The goal of the 6MWD test is to observe and record the longest distance the subject 
could cover by walking in a sustainable pace in a span of six minutes. The test was 

performed in the room with a 30-meter walking course. The ATS guideline was used 

to standardized the test.198 A practice walk test was conducted if the subjects had not 

performed a 6MWD test in the last year prior to this research. 

Prior to the test, the subjects received bronchodilators and sat at rest for 10 

minutes. The subjects’ baseline saturations were measured before the test and 

subjects with resting oxygen saturations below 90% were given supplementary 

oxygen to reach a cut-off saturation of >90%.  Subjects were allowed a maximum of 6 

L/min of supplemental oxygen but were required to carry their personal oxygen tanks 

during the test. Subjects who usually require walking aids were allowed to use them. 

The subjects’ dyspnoea baseline was assessed using the Borg scale (0 to 10 in which 

0: dyspnoea was absent and 10: very, very severe/maximal dyspnoea). Afterwards, 

the subjects were asked to walk for 6 minutes back and forth. The subjects were 

permitted to slow down or rest if dyspnoea occurred and resume walking when they 

were able to continue. The total distance that subjects were able to cover and the post-

test Borg scale were recorded. The distances measured were rounded up to the 

nearest metre. Vital signs such as oxygen saturation, blood pressure and pulse were 

also measured post-test and recorded. 

 The 6MWD test is an established and objective clinical measure in COPD 

patients, with a moderate to strong correlations to physical activity and peak V’O2 

measured by incremental cardiopulmonary exercise testing. This test demonstrates 

the detrimental systemic effects that COPD imposes on exercise capacity, but is not 

a reliable test in measuring the severity of symptoms and disease.199 Pulmonary 

rehabilitation has been shown to have a positive effect on the 6MWD test.200 The MCID 

that has been chosen for this research is the 26 m mark that was coined by Puhan et 

al.201 

The health-related quality of life measurement was conducted using the St 

George’s respiratory questionnaire for COPD (SGRQc). 
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2.3.1.8 Chartis™ Assessment  

To further assess collateral ventilation as a prognostic tool for BLVR, a method called 
the Chartis system was developed.84,202 The Chartis system consists of a balloon-

tipped catheter inserted through bronchi to occlude a lobar bronchus.84 This technique 

assesses both expiratory airflow, pressure, and resistance.84 The presence of CV is 

indicated by the persistent airflow after lobe occlusion. 84Alternately, the absence of 

airflow after lobe occlusion indicates high CV resistance and subsequently, the 

absence of CV.84 Chartis has shown an accuracy of 75% in predicting atelectasis 

formation after valve installation in BLVR.84,202 

Measurements under conscious sedation are often challenging due to practical 

reasons such as increased coughing, mucus secretion, bronchoconstriction, swelling 

of mucosa, and difficulty to maintain an optimal level of sedation.203 A retrospective 

study comparing conscious sedation versus general anaesthesia by Welling et al. has 

concluded that performing Chartis measurement under general anaesthesia is more 

efficient, without the consequence of losing diagnostic power.203 Thus, general 

anaesthesia has recently been recommended as the preferred technique in 

performing Chartis measurement.203 

In these studies, The Chartis system was performed on the target lobe in 

patients using general anaesthesia, it was induced through the administration of 

propofol and fentanyl and muscle relaxation was achieved using rocuronium bromide. 

Patients were intubated using a flexible 8.8 or 9-mm endotracheal tube which was 

based on the pre-anaesthesiology assessment and positive pressure was applied with 

target settings of low ventilation frequency, long expiratory settings; and positive end-

expiratory pressure. Figure 16 shows the process of the Chartis measurement. 
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Figure 16.Chartis Measurement. 84  

Notes: (A) The Chartis balloon at the distal tip of the catheter. (B) Bronchoscopic view of the Chartis balloon 
blocking the entrance to the right lower lobe to measure collateral ventilation to this lobe. (C) Example of a negative 
Chartis measurement with absence of collateral ventilation, measured in spontaneous breathing patient. The 
orange pattern shows the expired flow (mL/min). The decrease of the flow pattern indicates there is no collateral 
flow. The blue pattern shows the negative intrapleural pressure (cmH2O) and indicates the quality of the occlusion 
by the balloon. (D) example of a positive Chartis measurement with collateral ventilation, as there is no decline in 
the expired flow. (E) Example of a negative Chartis measurement with absence of collateral ventilation, measured 
in a sedated patient with positive pressure ventilation. Therefore, only the decreasing flow pattern is shown, 
indicating there is no collateral flow. 
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2.3.2 Radiologic Assessment 

 

2.3.2.1 High Resolution CT 

HRCT determines the region with emphysema by identifying the low attenuation areas 

(pixels of -910 HU or less). The interlobar fissure is defined as complete if the fissure 

is presented at 90% or more, according to a thin slice HRCT on at least one axis. The 

axes are determined as sagittal, coronal, and axial. The HRCT results will be analysed 

through a computer-based quantitative analysis (in-house developed software 

LungSegâ). Furthermore, emphysema is categorised as heterogeneous if the 

difference in emphysema score between the target lobe and the ipsilateral lobe is 10% 

or more on the -950 HU threshold. The radiologic examination results will be assessed 

by an independent radiologist to determine the outcomes. CT scans will be taken at 

1mm slice thickness at 120 kV for both inspiratory and expiratory scans. All patients 

will receive the same instructions before image acquisition to ensure uniformity. 

2.3.2.2 Lung Segmentation (LungSegÒ software) of QCT 

Lung Segmentation (LungSegÒ software) of QCT (the Hamlyn Centre, Imperial 

College London, UK, in conjunction with the Royal Brompton Hospital, London, UK) is 

a lightweight interactive pulmonary lobar segmentation prototype program that was 

originally developed to optimize anatomical implantation location and patient selection 

for superior outcomes of BLVR procedures. Development of LungSeg started as early 

as 2015, and development gained its momentum as further research was done in the 

Royal Brompton Hospital, London, UK, starting October 2016. In its first iteration, the 

configuration of LungSeg was semi-automated, with features only limited to the 

quantification of lobar volumes and emphysema index (EI) scores. Lung lobe 

segmentation is a multi-stage task. It mainly consists of three steps: extracting the 

lungs and pulmonary vessels, and delineating the three major fissures, as seen in 

figure 17. Further iterations of the program added more features such as vessel 

volume measurements and pulmonary artery to aorta (PAA) ratio. 

LungSeg was first utilised for lobar volume and lobar destruction scores 

quantification in a group of 30 patients who participated in a long-term coil study. 
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Initially, a total of 108 CT scans of emphysema patients were used for validation. 

LungSeg has been shown to be able to measure lobar volumes and emphysema 

indices reliably with satisfactory inter-software variability when compared to a 

commercially available lung segmentation software package: Syngo.101 Moreover, the 

reproducibility of the LungSeg program has also been proven satisfactory, as shown 

by the low inter-user variability.101 However, a constant difference between TLC 

measured using body plethysmography, and TLC measured by CT analysis was 

found.101 Further discussion on this occurrence will be discussed in chapter three of 

this paper.  

Quality Assurance of LungSeg Pulmonary Segmentation 

Prior to the validation of our in-house software, LungSeg, the candidate received 

continuous training in image segmentation from the secondary supervisor and the 

developer of the software (who was also a Ph.D candidate in software engineering) 

from November 2016 until April 2017. To further ensure the quality of LungSeg and 

our study, the data was routinely checked by the candidate and the primary supervisor. 

To ensure the quality of the LungSeg software, we first validated its ability to 

accurately measure lung volume by analysing it against the measurement of body 

plethysmography, which was, and still is as of the writing of this paper, the gold 

standard in lung volume measurement. We found that LungSeg had a good agreement 

with body plethysmography in measuring lung volumes; results can be seen in the 

third chapter of this thesis. Next, we also evaluated its ability to measure lung lobar 

volumes and emphysema destruction score by comparing it against two commercially 

available lung segmentation software packages, Syngo and Myrian, to ensure that 

LungSeg’s performance in quantifying lobar volumes and emphysema destruction 

score was up to par with these software packages which had been used in numerous 

scientific publications. Inter-software variability for these variables (lobar volume, EI -

910HU, and EI -950HU) between LungSeg, Syngo, and Myrian can be seen in table 

6 and 7. Based on these tables, we concluded that the lobar volume as measured by 

LungSeg had no significant difference with lobar volume as measured by Syngo. 

Furthermore, we also found that there was no significant difference between 

LungSeg’s and Syngo’s measurement for the EI at the -950 threshold.  
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As of the writing of this paper, development of the LungSeg software utilising 

CT scans of emphysematous subjects to increase the reliability of its features further 

is still ongoing. It should also be noted that once the development of the software has 

finished, we strongly suggest that the future validation study of this proposed software 

include consultant thoracic radiologists as raters. 

2.3.2.2.1 Lobar Volumes Measurements 

Both lungs are divided into five segments according to each lung’s respective lobes in 

two steps: digital extraction of the lungs and delineation of the three major fissures. 

The right lung is divided into three lobes: right upper lobe (RUL), right middle lobe 

(RML), and right lower lobe (RLL). The left lung is divided into two lobes: left upper 

lobe (LUL) and left lower lobe (LLL). Each lobe is identified and classified individually 

based on their 3D position relative to the three fissure surfaces. Subsequently, the 

volume of each individual lobe is calculated with -950 HU or -910 HU as the 

characteristic density value of the emphysematous area. Lobar volume measurements 

are measured in millilitres (mL). 

2.3.2.2.2 Emphysema Index (EI) / Destruction Scores of Emphysema 

Once each lung has been segmented after the steps mentioned above, the 

emphysema index (EI) of each lobe could be calculated with by entering the desired 

threshold of -856 HU, -950 HU or -910 HU as the characteristic density value of the 

emphysematous area on both inspiratory and or expiratory chest CT scan. The QCT 

report is presented using -950 HU, -910 HU, and -856 HU. Heterogeneity Index (HI) 

was assessed as the difference in destruction (percentage of pixels) between 

ipsilateral lobes of the lungs at the -950HU threshold, with a difference of less than 

10% defined as homogeneous, a difference of more than 10% defined as 

heterogeneous, and combined heterogeneity results from two lobes are presented as 

mixed. 

2.3.2.2.3 Fissure Integrity (FI) 

The fissure integrity (FI) score calculation feature was added after the initial program 

was subsequently updated. The utilisation of histogram equalisation is required for 

image contrast and fissure appearance enhancement. The right major, right minor, 
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and left major fissures on any CT cross-section with visible fissures are essentially 

marked by users. Bilateral interpolation algorithm is used for complete fissure 

segmentation to interpolate input fissure lines into smooth 3D fissure surfaces. The 

program will subsequently guide users by marking fissure outlines that have been 

missed by the user or marked post-interpolation incorrectly. The user can then edit the 

fissure outline according to the software guidance, marked with a red line, as opposed 

to the blue interpolated line. The fissure is considered intact when the fissure integrity 

(FI) score is > 90%. 

 

Figure 17. Lung lobe segmentation consists of delineating bronchi, pulmonary vessels, fissures and lobes from 
chest CT scans. 

2.3.2.2.4 Artery to Aorta Ratio (PAA Ratio) 

Pulmonary artery to aorta (PAA) ratio can only be measured in the axial plane, in the 

slice with the most vivid view of both pulmonary artery and aorta. A line is drawn at 

the greatest diameter of the aorta to represent the dimension of the aorta (marked by 

a red line), and another line is drawn at the level of the pulmonary artery bifurcation to 

represent the dimension of the pulmonary artery (marked by a blue line). In the case 
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of a non-uniformed aorta diameter, two perpendicular (90 degrees apart) lines of 

measurements are taken, and the larger diameter is used. Enlarged pulmonary artery 

is defined as PA:A >1, which is related to an increased risk of COPD exacerbation and 

hospitalization, as well as resting pulmonary hypertension.115,204 Figure 18 and 19 

show the PAA measurement of patients in LungSeg, while figure 20 shows the overall 

LungSeg QCT report. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. LungSeg measurement of PAA ratio showing a subject with a normal PAA ratio. 

 

 

 

 

 

 

 

Figure 19. LungSeg measurement of PAA ratio showing a subject with enlarged pulmonary artery 
(PAA ratio >1). 
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2.3.2.2.5 Vessel Volume 

In CT, pulmonary vessels are recognizable by their tubular structure and high intensity 
compared to the surrounding lung tissue and airways. Digital extraction of pulmonary 

vessels is the first step in the quantification of vessel volumes and dimensions. The 

extraction is done based on the vessels’ high-intensity value88 and vesselness map 

produced by a multi-scale Hessian vessel filter.205  
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Figure 20.LungSeg QCT report 
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CHAPTER 3 THE VALIDATION OF QUANTITATIVE 
COMPUTED TOMOGRAPHY (QCT) - LUNGSEGÒ SOFTWARE 

3.1 INTRODUCTION 

Hyperinflation serves as a crucial therapeutic target in treating emphysema, as it 

represents the structural abnormalities and declining function of the lungs that 

subsequently lead to dyspnoea and a decrease in exercise tolerance.75,206,207 Lung 

volume reduction surgery (LVRS) has been shown to be quite effective in reducing 

hyperinflation and improving pulmonary function, exercise capacity, quality of life, and 

life expectancy in suitable patients that respond poorly to medical therapy.207 

However, complications and early mortality in LVRS have made minimally invasive 

bronchoscopic procedures such as endobronchial coils more favourable to treat 

severe emphysema.135,136,174 Emphysema heterogeneity is the analysis of the 

distribution of emphysema within the lungs and is critical in determining suitable 

patients and target lobe selection in a successful bronchoscopic lung volume reduction 

procedure.208 Despite the use of core radiology laboratories and standardisation, 

current conventional visual scoring systems remain unsatisfactory.  

 There are currently three main inclusion criteria for patient selection in lung 

volume reduction procedures: low-attenuation area (LAA in %) or emphysema index 

(EI), heterogeneity score (HS), and fissure integrity (FI) score.126 Emphysematous 

areas of the lungs have a tissue density of <-856 HU on CT, while the two most 

frequently used values in existing computer-aided diagnosis software for quantifying 

lobar EI are -910 and -950 HU.161 A percentage difference of more than 10-15% in 

emphysema severity between ipsilateral lobes is interpreted as heterogeneous 

emphysema.113,174,209 Interlobar fissure integrity can be illustrated by outlining the 

major fissures on the chest CT scans and is considered complete if there is more than 

90% of the course of the fissure visible on CT.117,121 The presence of collateral 

ventilation may be indicated by an incomplete fissure.161 Selected patients with 

homogeneous emphysema and incomplete fissures have been found to benefit the 

most from lung volume reduction coils.167,208,210  

 The existing automatic segmentation methods such as atlas-based and airway-

guided lobe segmentation techniques rely heavily on the anatomy of healthy 
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lungs.88,211,212 However, pulmonary lobar volumes are altered after lung volume 

reduction procedures, which means the typical presumptions about lung anatomy may 

no longer be viable on the post-interventional CT scan. Moreover, automatic fissure 

detection depends on the discernibility of fissures on CT scans, but patients selected 

for coil treatment generally have incomplete fissures.213 Manual corrections are often 

necessary to ensure the success and quality of segmentation for pathological and 

post-treatment CT scan analysis due to the deformed lung anatomy. Thus, an 

interactive pulmonary lobar segmentation prototype program (LungSeg) implemented 

in MATLAB 2017a (The MathWorks, Natick, MA, USA, 2017) was developed. 

LungSeg was initially used to quantify the lung lobar volume and destruction scores in 

EBC treated subgroup of patients in the RENEW study.136 To ensure the reliability of 

this program, a commercially available lung segmentation software package called 

Syngo was used as a comparison. Inter-user variability was calculated to assess the 

reproducibility of the LungSeg program. Furthermore, the agreement between the 

quantitative measurements produced by the segmentation software and 

plethysmography was analysed. 

 

3.2 AIMS 

The aim of this study is to validate the reliability of an in-house CT Lung Segmentation 

software called LungSeg (the Hamlyn Centre, Imperial College London, UK) for the 

quantification of lung lobar volume and emphysema in COPD patients. 
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3.3 SEMI-AUTOMATED VERSION OF LUNGSEGÒ QUANTITATIVE LUNG 
SEGMENTATION 

METHODS 

Study Population 

LungSeg was tested on 108 CT scans from a cohort of 30 emphysema patients who 

had participated in the multicentre RENEW trial of endobronchial coils between 

December 2012 and November 2015. These patients were all subjects recruited at 

the Royal Brompton Hospital, London, UK (clinicaltrials.gov Identifier: 

NCT01608490).136 Demographics and baseline characteristics are summarised in 

Table 5.  

All subjects underwent non-contrast, supine, volumetric thin-section CT scans 

at full inspiration and expiration. Scans were performed at baseline and at 1 year 

following intervention or control. The CT scans were performed using a 64-slice 

multiple-detector CT scanner (Somatom Sensation 64; Siemens, Erlangen, Germany). 

All scans were reconstructed using a high spatial frequency, the B40F kernel 

(Siemens, Munich, Germany). The subjects were scanned from lung apices to bases 

using a peak voltage of 120 kilo volts peak (kVp) with tube current modulation (range, 

30–140 mA). Images of 1 mm thickness were viewed at window settings optimised for 

the assessment of the lung parenchyma (width 1,500 HU; level – 500 HU). Body 

plethysmography and CT scans were performed on the same day before the 

procedure as part of the baseline assessment and repeated at the 1-year post-

treatment or control assessment.  

Quantitative Image Evaluation 

LungSeg and Syngo analysed CT scans for lobar volume and lobar destruction score 

quantification. Four observers performed the lung volume quantification with the 

LungSeg toolbox for the inter-user variability. Three observers had a clinical 

respiratory background, and one was a non-clinician given training in reading CT 

images for COPD and fissure marking. All ratings were conducted individually on the 

anonymised CT scans, and all observers were blinded to any diagnostic information 

prior to conducting any analysis. One of the observers with clinical background was 
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randomly selected to perform the same analysis with Syngo package for the inter-

software variability analysis. 

Table 5. Demographic and baseline characteristics of the subjects.101 

Demographic 
characteristics Treatment (N=17) Control (N=13) 

Men 11 (64.7%) 6 (46.2%) 

Age in years 63.1 (8.07) 61.7 (8.28) 

Lung Function    

FEV1   

Absolute FEV1 (L) 0.75 (0.23) 0.71 (0.17) 

% predicted value  26.2 (7.32) 28.2 (8.19) 

FVC   

Absolute FVC (L) 3.07 (0.78) 2.49 (0.67) 

% predicted value 85.0 (13.0) 78.3 (13.5) 

FEV1/FVC (%) 23.7 (5.62) 27.4 (6.26) 

TLC predicted value (%) 142 (9.47) 138 (11.4) 

RV predicted value (%) 250 (32.6) 249 (38.1) 

RV/TLC  64.74 (6.6) 67.18 (3.89) 

TLCOc predicted (%) 37.54 (13.9) 37.18 (13.8) 

St George’s Respiratory 
Questionnaire (total score) 55.8 (12) 61.6 (9.6) 

mMRC dyspnoea scale   

1.00 0 (0%) 0 (0%) 

2.00 7 (41.2%) 4 (30.8%) 

3.00 8 (47.1%) 7 (53.8%) 

4.00 2 (11.8%) 2 (15.4%) 

Exercise performance    

6 min walk test (m) 330 (92.6) 268 (74.5) 

 
Mean (± standard deviation); BMI, body mass index; FEV1, forced expiration volume in 1 second; FVC, forced vital capacity; RV, 

residual volume; TLC, total lung capacity; Percentage according to the predicted value. 
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The LungSeg Toolbox 

The LungSeg Toolbox (the Hamlyn Centre, Imperial College London, UK) is 

developed to enable lung density analysis for clinical research studies. The main 

processing steps involved in segmentation are outlined in Figure 21. The program is 

compatible with DICOM images and displays the 3D image volume in three image 

planes (axial, coronal, and sagittal). 

All CT scans were pre-processed using Gaussian smoothing for noise 

reduction and histogram equalization for contrast enhancement. The image artefacts 

from the coils were not significant enough to affect the visibility of fissures and thus 

volume measurements. An adaptive region growing method is utilised for airway 

segmentation. The seed for the region growing process is automatically detected 

using tracheal detection based on its circular shape and size on the axial cross-

section. Lung volume segmentation is achieved by threshold-based region growing 

followed by morphological operations. Lung volume segmentation with adaptive region 

growing is used to separate the left and right lungs. There is the option of manual 

correction at each segmentation step to address issues caused by individual 

anatomical variability. Pulmonary vessels are extracted from the segmented lung 

volumes based on their high-density value.  

Users are required to mark the right major, right minor, and left major fissures 

on any cross-section of the segmented lungs with clear fissure appearances. Input 

fissure lines are interpolated into smooth 3D fissure surfaces. The right upper lobe 

(RUL), right middle lobe (RML), right lower lobe (RLL), left upper lobe (LUL), and left 

lower lobe (LLL) are labelled with connected component analysis. Lobar volume and 

emphysema scores are calculated automatically for each segmented major lobe, with 

a choice of –950 or –910 HU as the characteristic density value of emphysematous 

area. The workflow summary of LungSeg program can be seen in figure 21. 
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Figure 21. The workflow of LungSeg program 

 

Syngo CT Pulmo 3D 

Syngo CT Pulmo 3D package (Siemens Healthcare GmbH, Erlangen, Germany) 

provides computer-aided detection of pulmonary nodules and automatic segmentation 

of pulmonary lobes. Edit menu is provided for user corrections. Both –950 and –910 

HU can be selected for lobar emphysema score analysis. The bullae index (BI) is used 

to quantify emphysema percentage rather than pixel index (PI). Bullae Index was 

believed to provide a more reliable detection of the destruction caused by emphysema 

when emphysema coexists with fibrosis. 
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Statistical Analysis 

The inter-user variability of the proposed MATLAB LungSeg Toolbox was investigated 

by calculating the intraclass correlation coefficient (ICC) between the measurements 

from four observers. The ICC was calculated using IBM SPSS Statistics Version 24.  

The inter-software variability was analysed with correlation coefficients and 

Bland-Altman plots. Data were checked for normality using the Kolmogorov-Smirnov 

test. The correlation between the measurements given by two compared programs 

was quantified using Pearson correlation coefficient r (normally distributed data), 

Spearman’s rank correlation coefficient rho (non-parametric data), and root-mean-

square error (RMSE). Bland-Altman plots using median difference and the 95% limits 

of agreement (LOA) estimated by interquartile range (IQR) were used to analyse non-

parametric data (i.e., 95% LOA were calculated as median +/– 1.45 IQR). The mean 

difference and 95% limits of agreement based on standard deviation (SD) were used 

for normally distributed data.  

Bland-Altman plots were constructed to assess the agreement in lung volumes 

between CT (TLCCT and RVCT) and plethysmography (TLCpleth and RVpleth) for each 

software. The Bland-Altman and Correlation Plot MATLAB Toolbox by Ran Klein was 

used to compute the statistical analysis. Additional tables and figures for the statistical 

analysis of this study and screenshots of the compared software can be found in the 

Appendices.  
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RESULTS 

Data Processing 

A total of 108 CT scans from 30 subjects who participated in the RENEW trial were 

available. One subject was excluded from the analysis owing to missing scans after 

randomisation. The analysis was based on 29 baseline inspiratory and expiratory CT 

scans, and 25 post-interventional inspiratory and expiratory CT scans. Lobar volume 

and emphysema quantification were measured using both software packages. The 

following measurements were computed for each segmented major lobe, each lung, 

and the whole lungs: volume, emphysema percentage at –910 and –950 HU. An 

example lung lobe segmentation result for the baseline and post-interventional scans 

is illustrated in Figure 22. 

Figure 22. An example lung lobe segmentation result for (a) the baseline and (b) post-interventional scans is 
shown.101  
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Inter-User Variability of the LungSeg Program  

The ICC of the measurements performed by 4 users on the 108 CT scans from 29 

subjects was computed. A bar plot of the intraclass correlation for lobar volume and 

emphysema quantification is shown in Figure 23.  

 
Figure 23.The intraclass correlation of the measurements analysed by LungSeg program.101  
TLV, total lung volume; LtV, left lung volume; RtV, right lung volume; LUL, left upper lobe; LLL, left lower lobe; RUL, right upper 
lobe; RML, right middle lobe; RLL, right lower lobe; Tot, total lung; LV, lung volume; EI, emphysema index.  
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Table 6. Single Measures of the interclass correlation coefficient of the measurements analysed using the 
LungSeg program.101 

Single Measures  95% Confidence Interval 

 Interclass Correlation Lower Bound Upper Bound 

LV [mL] TLV 0.986 0.982 0.99 

 LtV 0.988 0.984 0.991 

 RtV 0.985 0.98 0.989 

 LUL 0.986 0.981 0.99 

 LLL 0.979 0.973 0.985 

 RUL 0.938 0.918 0.954 

 RML 0.879 0.843 0.91 

 RLL 0.972 0.963 0.98 

EI (-950) [%] Tot 0.992 0.989 0.994 

 LUL 0.993 0.991 0.995 

 LLL 0.994 0.992 0.995 

 RUL 0.975 0.966 0.981 

 RML 0.973 0.964 0.98 

 RLL 0.994 0.992 0.996 

EI (-910) [%] Tot 0.992 0.989 0.994 

 LUL 0.995 0.993 0.996 

 LLL 0.992 0.989 0.994 

 RUL 0.983 0.977 0.987 

 RML 0.978 0.97 0.984 

 RLL 0.99 0.987 0.993 

• TLV, total lung volume; LtV, left lung volume; RtV, right lung volume; RUL, right upper lobe; RML, right middle lobe; RLL, right lower 

lobe; LUL, left upper lobe; LLL, left lower lobe.  

• Number of CT scans processed: N= 108, Number of raters: N = 4, One-way random effects model was chosen where people effects 

are random.  



Page 135 of 304 

 

Inter-Software Variability  

The inter-software variability between LungSeg and Syngo software was calculated 

based on the single-user measurements for the 108 CT scans. The correlation 

parameters, including Spearman’s rank correlation (rho) and RMSE computed for the 

comparison between CT programs, are illustrated in Table 7. Quantitative results from 

Bland-Altman analyses, such as the 95% LOA, median differences, and the p values, 

are listed in Table 7. Variations in absolute lobar volumes and emphysema index at –

910 and –950 HU were analysed. The comparison plots and Bland-Altman plots 

comparing LungSeg and Syngo in measuring lobar volumes and emphysema 

quantification is shown in figure 24 and 25 respectively, while figure 26 shows the 

Bland-Altman plots for the comparison between CT derived TLC and RV and 

pulmonary function between LungSeg and Syngo program. 

Table 7.Correlation and Bland-Altman analysis for inter-software variability.101  

Data are not normally distributed, so Spearman’s range correlation (rho), median difference and LOA are used; LOA: LOA 
estimate based on interquartile range (IQR) (for non-parametric statistics) where LOA = 1.45*IQR ~ LOA (if the distribution of the 
difference data is normal). 

RMSE, Root Mean Square Error; LOA, Limits of Agreement; EI. Emphysema Index in percentage; mL, millilitre; HU, Hounsfield 
Unit; P-values <0.05 are considered statistically significant. 

  
Lobar Volumes 

(mL) 
EI(-910HU) (%) EI(-950HU) (%) 

LungSeg-
Syngo 

rho 0.99 0.94 0.97 

RMSE 191.19 5.64 3.79 

LOA 214.60 2.03 1.74 

Median Difference 94.00 -1.50 -0.80 

P Value 0.26 0.003 0.06 
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Figure 24. The Correlation plots and Bland-Altman Plots for the comparison between LungSeg and Syngo 
program for the lobar volume measurements.101  

• Statistics for correlation plots and Bland-Altman plots: refer to the explanation in Figure 24. Kolmogorov-
Smirnov test results (p<0.05) indicate all the difference data in the pair-wise comparisons are skewed, so 
RPCnp is used rather than RPC. 
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Figure 25. The Correlation plots and Bland-Altman Plots for the comparison between LungSeg and Syngo 
program for the emphysema quantification at -910HU and -950 HU.101 

• (a). LungSeg vs. Syngo (-910HU). (b). LungSeg vs. Syngo (-950HU).  Statistics for correlation plots and Bland-
Altman plots: refer to the explanation in Figure 25. Kolmogorov-Smirnov test results (p<0.05) indicate all the 
difference data in the pair-wise comparisons are skewed, so RPCnp is used rather than RPC.  

 

 

 

  

(b) 



Page 138 of 304 

 

Agreement between CT-Derived Lung Volume and Plethysmography 

The Bland-Altman analyses were performed between the plethysmography results 

and the CT-derived lung volume results from the two programs on TLC and RV. There 

were statistically significant differences between TLC as measured by 

plethysmography and TLC as measured by either Syngo or LungSeg with a constant 

mean difference of -1118.11mL between TLCSyngo and TLCpleth, and a constant mean 

difference of -1356.00mL between TLCLungSeg and TLCpleth. There was a statistically 

significant difference between RV as measured by plethysmography and RV as 

measured by Syngo with a constant mean difference of 404.54mL between RVSyngo 

and RVpleth. Hence, there was no statistically significant difference between RV as 

measured by plethysmography and RV as measured by LungSeg (p=0.61), which 

shows a potential agreement between two parameters with a constant mean 

difference of 56.04mL. The quantitative results from Bland-Altman analyses are 

illustrated in Table 8.  

Table 8. Agreement between CT-derived lung volumes and plethysmography.101  

    RMSE LOA P Value Mean difference 
(mL) 

TLCCT vs. TLCpleth TLCSyngo-TLCPleth 798.37 1608.57 <0.05 -1118.11 

TLCLungSeg-TLCPleth 655.01 1372.85 <0.05 -1356.00 

RVCT vs. RVpleth RVSyngo-RVPleth 850.58 1654.62 <0.05 404.54 

RVLungSeg-RVPleth 813.68 1579.83 0.61 56.04 

• Measurements of 53 CT scans from 26 subjects were used for the comparison of TLC and 54 CT scans from 26 subjects 
were used for the comparison for RV. 

• Data for comparison between TLCsyngo and TLCpleth and between TLCLungSeg and TLCpleth are normally distributed, so mean 
difference and LOA are used for the normally distributed data. 

RMSE, Root Mean Square Error; LOA, Limits of Agreement; mL, millilitre; TLCCT, Total Lung Capacity measured by CT; TLCpleth, 
Total Lung Capacity Measured by Plethysmography; TLCSyngo, Total Lung Capacity measured by Syngo software on CT 
inspiration; TLCLungSeg, Total Lung Capacity measured by LungSeg software on CT inspiration; RVSyngo, Residual Volume 
measured by Syngo software on CT expiration; RVLungSeg, Residual Volume measured by LungSeg software on CT expiration;        
P-values <0.05 are considered statistically significant. 
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Figure 26. The Bland-Altman Plots for the comparison between CT derived Total Lung Capacity and Residual 
Volume and pulmonary function using LungSeg and Syngo program.101 

• (a). LungSeg vs. plethysmography (TLC). (b). Syngo vs. plethysmography (TLC). (c). LungSeg vs. plethysmography (RV). (d). Syngo 
vs. plethysmography (RV). Statistics for correlation plots: n = number of CT scans, r = Pearson Correlation Coefficient, rho = Spearman’s 
rank correlation coefficient, RMSE=sample standard deviation of the differences. Statistics for Bland-Altman analysis: KS p-value: 
Kolmogorov-Smirnov test (the difference data is Gaussian if p>0.05), difference data is Gaussian if kurtosis is close to 3. RPC (%) 
=reproducibility coefficient (=Limits of Agreement (LOA)) and % of values, RPCnp=RPC estimate based on interquartile range (IQR) 
(for non-parametric statistics) where RPCnp = 1.45*IQR ~ RPC (if the distribution of the difference data is normal)26. RPCnp was 
calculated for the comparison of TLC between Syngo program and plethysmography because the data is not normally distributed. RPC 
was calculated for the rest well normally distributed data.  
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3.4 AUTOMATED VERSION OF LUNGSEGÒ QUANTITATIVE LUNG 
SEGMENTATION 

A semi-automatic lung lobe segmentation program requires manual annotation to 
utilise its features to its utmost capacity. The utilisation of Bayesian networks and deep 

learning techniques have been explored to facilitate the automation of multiple 

features of lung lobe programs to minimise the annotation effort and reduce bias 

caused by individual subjectivity between users. One example of an automatic lung 

lobe segmentation program is the LungSeg Version 2.2. 

LungSeg Version 2.2. 

The LungSeg Toolbox 2.2 (the Hamlyn Centre, Imperial College London, UK) is 

developed to automatically perform lung density analysis including fissure integrity 

quantification, lobe segmentation and lobar emphysema quantification for clinical 

research studies. The user interface is illustrated in Figure 27. U-Net architecture is 

adopted to produce fissure probability maps from sagittal slices, and the 3D fissure 

surface is reconstructed using connected component analysis or watershed 

transformation. Figure 27. shows an example of the segmented fissures and lung 

lobes using LungSeg Toolbox.  

A limited set of labelled datasets with data augmentation was used to train the 

automated program. Validation of the accuracy of the automated program in automatic 

labelling of the three major fissures and automatic lobe segmentation were acquired 

by comparing them against manually labelled data. Validation results showed that the 

automated program yielded satisfactory accuracy for both pulmonary fissures and 

lobes. 
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Figure 27. LungSeg Graphical User Interface and an example of the detected fissures and lobes.101 
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3.5 DISCUSSION 

This study has found the LungSeg program to be reliable for emphysema 

quantification and lobar volume based on the excellent intraclass association between 

the four users. The performance of LungSeg and Syngo software have also been 

found to be comparable. The estimation of total lung volume by TLCpleth is higher 

compared to TLCCT, but the agreement between CT analysis and plethysmography 

for RV measurement is up to par. The excellent reproducibility of some measurements 

can be seen by the lobar volume of LUL, LLL, RUL, RLL and the high ICC (ICC≥ 0.93) 

for TLV, LtV, and RtV as shown in Figure 23. The variance in identifying the right minor 

fissure is indicated by the relatively lower ICC for the lobar volume of the RML 

(ICC=0.88) and larger confidence interval (0.84, 0.91). The study of Molinari et al. 

suggested that the relatively higher variability regarding the identification of the right 

minor fissure is due to the fact that it is connected with the right major fissure.214 A 

missing or poorly established right minor fissure may cause difficulties in right lobe 

segmentation (Figure 28). Likewise, the computed EI values based on lobe 

segmentation has a lower ICC for right lung lobes (r = 0.973 for EI [–950 HU] and r = 

0.978 for EI [–910 HU]). Overall, the intra-software reproducibility regarding lung lobe 

segmentation is satisfactory in the LungSeg program. However, the quantification of 

the right lung lobes is still dependant on the identification of the right minor fissure by 

a user. 

 The comparison between LungSeg and Syngo program gives a good 

correlation coefficient (rho ≥0.94) regarding the measurements for both lobar volumes 

and EI (–910 and –950 HU) (Table 7). Although the Bland-Altman analysis shows a 

median difference of 94 mL and LOA of 214.60 mL between LungSeg and Syngo, the 

effect of the bias can be diminished by using the same program for pre- and post-

assessment. The large RMSE of lobar volume measurement is mainly caused by 

outliers in the measurements. The RMSEs, median differences, and LOAs of the 

difference of EI at –950 and –910 HU are all very small (≤5.64%), showing no 

significant difference between LungSeg and Syngo measurements. In general, in 

terms of lobar volume and emphysema quantification at -910 and -950 HU, Lungseg 

and Syngo have good correlation and fair agreement.  
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 The inspiratory total lung volume (TLCCT) is related to the total lung capacity 

(TLCpleth) measured by plethysmography, and the expiratory total lung volume (RVCT) 

is linked with the residual volume (RVpleth).215 There is a persistent difference (mean 

difference –1,356.00/– 1,118.11 mL) between TLCLungSeg/TLCSyngo and TLCpleth with 

greater volumes measured by pulmonary function tests suggested by the Bland-

Altman plots. It is suggested that this occurrence is due to the incorporation of dead 

space in the airways and upper gastrointestinal tract by body plethysmography-

derived measurements, whereas these areas are excluded from the CT-derived 

measurements. Moreover, plethysmography gives higher lung volume estimation 

when severe airflow obstruction and increased airway resistance are present, since 

the pressure changes measured at the mouth may not reflect the actual pressure 

change in the alveoli.216 Additionally, there may be a fall of up to 10% in volume 

capacity due to the change of the position of the diaphragm since CT is measured in 

the supine position.216 Another published data comparing plethysmography, helium 

dilution, and CT consistently finds that plethysmography gives higher lung volumes.217 

Figure 28 shows the sagittal view and 3D rendering of the sample segmentation of the 

CT scans using the LungSeg program. 

 

 

 

 



Page 145 of 304 

 

 

Figure 28.The sagittal view and 3D rendering of the sample segmentation of the CT scans with complete right 
minor fissure and incomplete right minor fissure from 4 users of the LungSeg program. a Result of a subject 
with incomplete right minor fissure. b Result of a subject with complete right minor fissure. 101 

 

 Besides, the RMSE and LOA for the difference in RV estimation are slightly 

larger than that in TLC for both software packages. There is a definite difference 

between RV measured by both CT programs and plethysmography. The incomplete 

airway segmentation due to disconnected airways could be one of the reasons for 
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having a higher estimation of the RV on the expiratory CT scans. Thus, partway of the 

lung volume is attributed to lung volume. Also, there might be discrepancies in 

instructions given by the physiologist and radiographer during the diagnostic 

procedures that might affect the volume precision of the expiratory phase. Possible 

changes in the end-expiratory lung volumes due to different body positions while 

performing plethysmography and during CT acquisition may also be present. There is 

no significant difference between the LungSeg-derived RVs and the RVs given by 

plethysmography (p = 0.61, mean difference = 56.04 mL).  In general, LungSeg proves 

to give relatively well-agreed measurements for TLC and RV compared with 

plethysmography given the smaller LOA and RMSE. LungSeg provides a way to 

estimate lobar pulmonary function for emphysema patients with reliable lobar volumes 

measured on inspiratory and expiratory CT scans. 

 The main concern is whether the expiratory CT acquisitions, particularly in 

patients with emphysema, represent true end-expiratory parameters. The expiratory 

scans may have a more prominent variability without experienced pulmonary function 

technicians. Additionally, the time required to process one CT scan dramatically 

depends on the patient’s anatomy and the quality of the scan for both LungSeg and 

Syngo. Approximately, it takes LungSeg 15 minutes to process one CT scan while it 

takes only 5 minutes for Syngo. LungSeg’s programming code can be further 

optimised to hasten processing time, but there is a trade-off between speed and 

flexibility. 

In conclusion, the LungSeg Toolbox is able to reliably measure lobar volumes 

and emphysema indices with low inter-user variability. The total lung capacities and 

residual volumes measured by LungSeg from CT scans have a satisfactory agreement 

with volume measurements obtained by plethysmography, though there is a constant 

difference between TLCpleth and TLC measured by CT analysis. Furthermore, there is 

a good correlation between LungSeg and Syngo for measuring lobar volumes and 

emphysema indices, as shown by the results of the inter-software variability analysis. 

Overall, LungSeg shows a promising and efficient way for deriving lobar function for 

emphysema patients, as shown by the quantitative results. 
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CHAPTER 4 PHYSIOLOGICAL AND RADIOLOGICAL 
CORRELATION IN BRONCHOSCOPIC LUNG VOLUME 

REDUCTION COIL FOR EMPHYSEMA 

4.1. INTRODUCTION 

Patients diagnosed with severe emphysema have limited treatment options that can 

be given. Patients with optimal medical therapy showing no signs of improvement 

require an alternative treatment that can improve lung function, reduce the frequency 

of hospitalisation, improve quality of life and increase the overall survival rate. 

However, only a subset of patients with advanced emphysema and severe 

hyperinflation can obtain appropriate alternative therapy and receive an excellent 

clinical response from selected therapies. Lung volume reduction surgery has been 

known to reduce the degree of hyperinflation, improve lung function and quality of life. 

Despite the high rate of post-complications complications, only a group of patients with 

upper-lobe predominance, a heterogeneous pattern of emphysema can be considered 

for this treatment.136  

Lung Volume Reduction Surgery has various limitations in providing the best 

therapy for patients with severe emphysema, justifying the development of alternative 

interventional treatments such as endobronchial valves, thermal vapour ablation, and 

biological/polymeric agents, i.e. sealant.136 A less invasive bronchoscopic approach 

targeting patients with homogeneous emphysema with or without the presence of 

interlobar collateral ventilation by using endobronchial coils has been developed and 

is now widely available for use. These endobronchial coils are 10-15 cm nitinol wires 

that gain their preformed shape following their deployment, and has been designed to 

compress emphysematous tissue, improve elastic recoil, reduce lung hyperinflation at 

rest and during exercise and prevent dynamic airway collapse on expiration.136,218,219  

Endobronchial coils have been tested in several clinical trials in patients with or 

without collateral ventilation. Preliminary studies show this therapy can improve the 

overall quality of life and exercise tolerance. There are few small-uncontrolled studies 

have shown the efficacy of coils in both heterogeneous and homogeneous patterns of 

emphysema at improving lung function, exercise capacity and symptoms.220-223 The 

first large randomised controlled trial to investigate the efficacy of EBC therapy in 

patients with severe emphysema was the RESET trial conducted by Shah et al. This 
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trial recruited and subsequently randomised 47 patients with severe emphysema and 

used the difference in response in SGRQ between treatment and usual care groups 

at 90 days post-treatment as the primary endpoint of the trial.174 The RESET trial found 

that EBC treatment improved the quality of life of patients with severe emphysema as 

measured using SGRQ.174 The REVOLENS study showed no significant improvement 

in walking distance and only a small increase in FEV1 were achieved despite clinically 

meaningful and statistically significant improvements in lung volumes and 

symptoms.175,222 The discussion raised from this study was related to optimal patient 

selection criteria associated with the durability of the effects of the implanted 

endobronchial coils.136,175 The endobronchial coil is then expected to provide an 

alternative treatment for a small group of patients who are not suitable LVRS or valves, 

whom also used to depend only on the final option, transplantation or palliative care. 

As of the writing of this thesis, many studies and publications about lung volume 

reduction coil (LVRC) still rely on whole lung volume assessments using tools such as 

spirometry and body plethysmography to measure improvements in COPD patients 

following coil treatment. This thesis deviates from the current practice and assesses 

baseline and post-treatment measurements on a lobar level by utilising quantitative 

CT in combination with physiological parameters, in hopes of a more precise and 

tailored analysis in relation to coil treatment. 

This chapter will discuss the efficacy of endobronchial coils in emphysema 

patients. This study is part of a prospective, multicentred randomised controlled trial 

comparing lung volume reduction coils to usual medical care.136 At 12 months post-

procedure, a final follow-up was conducted on all participants for the data collection 

on all endpoints. Based on the time required baseline data collection to the final follow-

up visit post-procedure, this study will henceforth be addressed as the long-term coil 

study.  

I undertook this study to assess the correlation between changes in lung 

function, health-related quality of life parameters with CT indices measured by an in-

house developed quantitative CT software (LungSeg), and ultimately to reassess the 

predictors of superior outcome in LVRC-treated patients that could lead to better 

patient selection. 
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4.2. METHODS 

4.2.1 Outcome Measures 

The original aim of the long-term coil study was to assess the safety and efficacy of 

lung volume reduction coil treatment in patients with severe emphysema and gas 

trapping. Meanwhile, the original primary hypothesis was; will there be a significant 

improvement in the walking capacity as measured by the six-minute walk distance 12 

months following treatment with lung volume reduction coils. The original primary 

outcome variable was the absolute change in 6-minute walk distance after 12 months. 

The other effectiveness outcomes parameters were lung function and health-related 

quality of life indices.  

CT lung volumes were measured using LungSeg QCT (our in-house program) 

for this study. Parameters measured are as follows: the total lung capacity on the 

inspiratory CT (TLCCT); residual volume on the expiratory CT (RVCT); target lobar 

volume inspiration (VTLINSP) and expiration (VTLEXP); emphysema index (EI) on -910, 

-950, -856 HU on both inspiratory and expiratory CT.   

Gas trapping measurements were measured on several proposed parameters 

as represented by: lobar volume at CT expiration / lobar volume at CT inspiration (LV 

E/I) ; mean lung density (MLD E/I)  from CT-expiration / CT-inspiration on  -910 & -950 

HU224 low attenuation threshold; and functional gas trapping (%fGT) was calculated 

using a formula of:         

 

%fGT = [%LAA-856exp – (%LAA-950insp – 6%)] 

where 6% of pixels under -950HU is assumed to be the threshold value to diagnose 

emphysema at QCT.225 

The clinical response of each patient (Responder) based on each parameter 

was measured by using common coil study endpoints (6MWD, FEV1, residual volume, 

total lung capacity, SGRQ and the minimum clinically important difference [MCID] for 

these end points) are as follows: an increase of 26 m in 6MWD.200 ; an increase in 

FEV1 of more than 100 mL.226; a reduction in residual volume of 0.35226; a reduction 

in total lung capacity volume of 0.35 L226 and a decrease by 4 points in total SGRQ 

score.194 
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Therefore, the primary outcome measure of this thesis is: 

• To identify baseline QCT parameters that determine response in lung volume 

reduction coils. 

The secondary outcome measures of this thesis are: 

• Change in target lobe volume at inspiration and expiration. 

• Change in target lobe emphysema score. 

• Change in target lobe gas trapping. 

• Change in non-target lobe at inspiration and expiration. 

• Change in non-target lobe emphysema score. 

• Change in non-target lobe gas trapping. 

 

Additionally, we will assess the correlation between change in CT lung indices 

and health-related quality of life measurements and agreement between the baseline 

lung volumes to those measured by body plethysmography.  

4.2.2 Study Design  

The long-term coil study was a prospective study conducted to assess the one-year 

effectiveness and safety endobronchial coils on exercise tolerance, quality of life and 

lung function in patients with severe lung hyperinflation and advanced homogeneous 

or heterogeneous emphysema. Patients were randomised in a 1:1 ratio treatment to 

control after completing the baseline assessment and fulfilling the inclusion and 

exclusion criteria to be enrolled in the study. We conducted a retrospective analysis 

based on the treated patients of the long-term coil study for the purpose of this thesis. 

Table 9 shows the long-term coil study schedule. 

For QCT analysis purposes, I processed the CT dataset of all 60 treated 

patients. All data collection, analysis, statistical analysis, including the LungSeg QCT 

analysis and interpretation, and writing of this thesis were independent of the study 

sponsor.  
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CT scans were performed in the study as part of the eligibility and on the follow-

up to assess changes in QCT parameters and possible complications. Both ethical 

approvals covered the evaluation of the CT scan. We set out to perform the QCT 

analysis using a private in-house developed QCT software, LungSegÒ in the CT 

images based on our hypothesis.  

There were no additional funds for the QCT analysis of the CT dataset from our 

centre and all funds for the development of the LungSegÒ software was paid for by 

research funds held by Prof. Pallav Shah (primary PhD supervisor). 

 

4.2.3 Patient Selection 

Treated patients with baseline CT scans from the initial randomisation were analysed 

for baseline characteristics analysis. All treated patients taking part in the long-term 

coil study who had paired baseline and 12 months follow-up CT scans were used for 

primary endpoint and secondary endpoint analysis. There were no additional inclusion 

or exclusion criteria other than the ones mentioned in the second chapter. 
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Table 9. Long-Term Coil Study Schedule 

Procedure / Assessment 

Visit 1 
Pre-Treatment 

(Baseline 
Evaluation) 

Visit 2 
LVRC 

Placement 
#1 

Visit 3 
1 Week 

post Visit 2 
 ±3 days 
(Phone 

Call) 

Visit 4 
1 Month 

post Visit 2 
-2 / +4 
weeks 
(Office 
Visit) 

Visit 5 
LVRC 

Placement #2 
2 Months post 

Visit 2 
-2 / +4 weeks 

Visit 6 
1 Week 

post Visit 5  
±3 days 
(Phone 

Call) 

Visit 7 
1 Month 

post Visit 5 
-2 / +4 
weeks 

(Phone Call) 

Visit 8 
6 Months 

post Visit 2 
-2 / +4 
weeks 
(Office 
Visit) 

Visit 9 
9 Months 

post Visit 2 
-2 / +4 
weeks 
(Phone 

Call) 

Visit 10 
12 Months 
post Visit 2 
±4 weeks 

(Office 
Visit) 

Visits 11-14 
Annual follow-
up from Visit 2 
±2, 3, 4, 5 years 

±4 weeks 
(Office Visit) 

Informed Consent X 
  

Inclusion/Exclusion X 

Focused physical exam including vital signs and SpO2 X X   X X   X X   X X 

Record Spirometry, Lung Volumes and Diffusing Capacity, 
6MWT, SGRQ & mMRC measures 

X*                     

Spirometry X*   X   X X 

Lung Volumes & Diffusing Capacity Blinded Assessor X*     X     X X   X X 

6MWT Blinded Assessor X*     X     X X   X X 

SGRQ & mMRC X*     X     X X   X X 

Blood panel & ABG X Baseline Blood Panel includes: HgB, Hct, WBC, PLT, PT/INR, NA, K+, CL, Glucose, Total Prot. Albumin, BUN, Creatinine 

EKG X   

Echocardiogram X May use any echocardiogram taken within 6 months of Visit 1 

Concomitant Medications, O2 Use & AE Assessment X X X X X X X X X X X 

Pregnancy Testing X X   X   

CT Scan X     X   

Chest X-ray X X**   X**   

Bronchoscopy/Coil Placement   X   X   

*If Crossover Study Visit 1 occurs within 6 weeks of the 12-month RENEW Study evaluation, 6MWT results from the 12 month evaluation for RENEW Study may be used as baseline measures. If Crossover Study Visit 1 occurs more than 6 weeks after the 12 month 
RENEW evaluation, all baseline measures will be taken and recorded at Crossover Study Visit 1. 

** Chest X-ray #1 is done immediately post-procedure and Chest X-ray #2 is done prior to discharge.  
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4.2.4 CT Acquisition and Reconstruction 

CT scans for the long-term coil study were performed between November 2012 and 

June 2014 on a Siemens Somatom Sensation 64. Scans taken between July 2014 to 

September 2016 were conducted on a Siemens Definition Edge (a 128-detector 

scanner). Identical reconstruction parameters for all CT scans on both scanners were 

achieved through the use of the same software for a reliable comparison. Weekly 

calibration was conducted on the scanners based on the recommendations of the 

manufacturer. 

A senior radiographer at the Royal Brompton Hospital undertook the CT scans 

acquisition process. All patients received breathing training and instructions by the 

radiographer prior to the scan acquisition. Additional breathing instructions were 

provided by identical automated prompts. Intravenous contrast was not used, and all 

patients were in the supine position for scan acquisition. 

The following instructions were given to the patients: 

“Breathe all the way in, then hold your breath.” 

Following which the inspiratory scan was performed. Patients were allowed a 

short break to breathe normally and then instructed 

 “Breathe all the way out and hold your breath.” 

The patient was asked to indicate they had reached full exhalation by moving 

their foot and then the expiratory scan was performed. The parameters that were used 

to perform the scan and reconstruct images are listed in Table 10. 
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Table 10.CT Settings and Reconstruction Parameters 
Parameter Setting 

Slice Thickness 1mm 

Reconstruction Interval 1mm 

Reconstruction Kernel B40f 

kV 120 

Gantry Rotation Time 0.5 seconds 

mAs (dependant on body habitus) 80-100 

Pitch 1.5 

Table Speed 54mm/second 

Scan Time (40cm thorax) 7.4 seconds 

kV, kilovoltage; mAs, milliampere-second.  

 

4.2.5 Statistical Analysis 

SPSS Statistics, version 25 (IBM), was used for all analyses. The normality of 

descriptive data will first be determined using Kolmogorov-Smirnov and Shapiro-Wilk 

normality tests. Data that have p-values of ≥0.05 are deemed normally distributed. 

Normally distributed data are conveyed as mean and SD, while median and IQR are 

used to convey data that are not distributed normally. Different hypothesis tests will 

also be used for the primary and secondary endpoints based on the normality of the 

data.  

The difference between groups (responders and non-responders) will be 

analysed using the unpaired t-test if the data are normally distributed, while non-

normally distributed data will be analysed using the Mann Whitney test. Changes 

within a single group will be analysed with the paired t-test for normally distributed data 

and the Wilcoxon matched pairs signed rank test for non-normally distributed data. 

Qualitative data are presented as percentages and comparisons of these variables 

will be performed using Chi square or Fisher’s exact test. The Fisher’s Exact test will 

be used for responder analysis, to identify associations between parameters and to 

determine if there are any significant differences in the proportion of patients reaching 
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the minimum clinically important difference on both lung function and QCT 

parameters.  

Both baseline lung function and QCT indices will be evaluated for its ability to 

predict a responder on each coil study endpoint’s MCID using a receiver operating 

characteristics (ROC) curve. Sensitivity and specificity were calculated for specific 

lung function and QCT indices to identify the optimal threshold thus maximising the 

sensitivity and specificity.  

Baseline lung function and QCT variables that could serve as predictors of 

superior response to LVRC treatment will be explored using univariate linear 

regression. Variables with P-value < 0.1 in univariate analysis will be considered in the 

multivariate analysis regression. The parameters that are not significant as predictors 

at the level of 0.10 in the multivariate model will then be removed using backward 

elimination.  
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4.3 LONG-TERM COIL STUDY RESULTS 

4.3.1 Baseline Data 

In the long-term coil study, a total of 70 patients were analysed. Baseline data and 

characteristics are available for all analysed patients and are presented in Table 11.  

Most patients enrolled in this study are female, with male patients only accounting for 

27 out of the total 70 patients. Baseline lung function parameters were taken using 

body plethysmography. The mean FEV1 abs was 691.71 mL (± 192), and the mean 

FEV1%pred was 24.50% (± 6.99). Meanwhile, the mean RV was 5341 mL (± 1055.18), 

and the median of RV%pred was 244.9% (230.82 to 268.1). The mean TLC was 

8072.29 mL (±1708.84), and the median of TLC%pred was 142.25% (134.43 to 148.62). 

Detailed baseline characteristics are shown in Table 11. 
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Table 11. Baseline Characteristics of The Long-Term Coil Study 
Characteristics (N= 70) Characteristics (N= 70) 

Age (years) 63.5 (± 8.1) TLCCT (mL) 7052.32 (± 1411.55) 

Male (%) 27 (38.6%) RVCT (mL) 5530.47 (± 1255.26) 

SGRQ (point) 60.32 (± 12.48) LV E/I 0.78 (0.72 to 0.83) 

6MWD (m) 318.80 (± 82.69) Lung Density  

FEV1abs (mL) 691.71 (± 192) EI 910HU at Insp (%)  37.55 (34.72 to 
62.82) 

FEV1 % pred 24.50 (± 6.99) EI 910HU at Exp (%) 56.3 (47.57 to 62.8) 

TLCabs (mL) 8072.29 (±1708.84) EI 950HU at Insp (%) 41.66 (± 12.01) 

TLC% pred  
142.25 (134.43 to 

148.62) 
EI 950HU at Exp (%) 33.8 (24.45 to 40.75) 

RVabs (mL) 5341 (± 1055.18) EI 856HU at Insp (%) 43 (32.4 to 50.4) 

RV% pred 244.9 (230.82 to 268.1) EI 856HU at Exp (%) 31.14 (± 14.22) 

RV/TLC ratio 65.21 (± 5.83) Gas Trapping  

IC (L) 1.74 (± 0.5) -910HU MLD E/I 2.03 (1.83 to 2.25) 

FVC (L) 2.69 (± 0.72) -950HU MLD E/I 1.81 (1.49 to 2.15) 

FVC % pred 74.08 (± 14.98) -856HU MLD E/I 1.64 (1.4 to 1.91) 

Emphysema 
distribution 
- Homogeneous (%) 
- Heterogeneous (%) 
- Mixed (%) 

53 (75.7%) 
2 (2.9%) 
14 (20%) 

%fGT -4.286 (±8.09) 

Data is presented as mean ± standard deviation in case of normal distribution of data and as median (IQR, interquartile range) 
in case of non-normal distribution; categorical variables as number (%) of patients; SGRQ, St George’s Respiratory Questionnaire 
total score; 6MWD, 6-minute walk distance; FEV1abs, absolute forced expiratory volume in the first second; TLCabs, absolute 
total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual volume / total lung capacity;  IC, inspiratory capacity; 
FVC, forced vital capacity; Heterogeneous, ³ 10% ipsilateral difference in % LAA 950 in both lungs; Homogeneous, ≤  10% 
ipsilateral difference in % LAA 950 in both lungs; Mixed, one heterogeneous lung and one homogeneous lung; TLCCT, total lung 
capacity measured by LungSeg QCT presented in mL;  RVCT, residual volume measured by LungSeg QCT presented in mL; LV 
E/I, lobar CT-expiratory volume divided by lobar CT-inspiratory volume measured by LungSeg QCT; -910HU & -950HU MLD E/I, 
mean lung density from expiratory over inspiratory CT on  -910 & -950 HU low attenuation threshold; EI, emphysema index 
presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; HU, 
Hounsfield Unit. %fGT, percentage of functional gas trapping. 
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4.3.2 Enrolment and Procedural Details 

We analysed 70 patients from the original long-term coil study for baseline 

characteristics analysis. These 70 patients were originally randomised in a 1:1 ratio, 

in which 35 patients were set to receive coil treatment while the other 35 were set to 

be in the control group. At the one-year mark, 25 patients out of the 35 control patients 

crossed-over into the treatment group to receive coils. Overall, 60 patients completed 

the study and were analysed for the primary and secondary endpoints analysis. 

All procedures were done under general anesthesia carried out by anesthesiologists. 

The RML was excluded from this study, and no procedures were conducted on the 

RML.  Table 12, Figure 29 and 30 presents the procedural details of the long-term coil 

study. 

 
Table 12.Total Subjects Received LVRC in Treatment 1 and 2 in The Long-Term Coil Study 

 

LVRC, Lung Volume Reduction Coil; RUL, Right Upper Lobe; RLL, Right Lower Lobe; LUL, Left Upper Lobe; LLL, Left Lower Lobe.  

 Treatment 1 Treatment 2 

Target 
Lobe 

LVRC               

(N = 35) 

Crossover       

(N = 25) 

Total             

(N = 60) 

LVRC             

(N = 35) 

Crossover      

(N = 25) 

Total                  

(N = 60) 

RUL 24 (68.6%) 16 (64%) 40 (66.7%) 2 (5.7%) 0 2 (3.3%) 

RLL 5 (14.3%) 0 5 (8.3%) 1 (2.9%) 0 1 (1.7%) 

LUL 3 (8.6%) 0 3 (5%) 23 (65.7%) 15 (60%) 38 (63.3%) 

LUL 1 (2.9%) 0 1 (1.7%) 4 (11.4%) 0 4 (6.7%) 

Missing 2 9 11 5 10 15 
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Figure 29. Procedural Details of the First Treatment in the Long-Term Coil Study 

 

 

 

 

 

 

 

 

 

Figure 30. Procedural Details of the Second Treatment in the Long-Term Coil Study 
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4.3.3 Primary Endpoint for The Long-Term Coil Study 

Response in lung volume reduction coil treatment is represented by the reduction in 

TLC, RV and improvement in FEV1 post procedure.  

In table 13, there was no baseline QCT indices that could predict superior response 

based on improvement in TLCabs as measured by plethysmography. Superior 

response for TLCabs is based on its MCID: a 350mL reduction in TLCabs following 

coil treatment. In table 14, there was no baseline QCT indices that could predict 

superior response based on improvement in RVabs as measured by 

plethysmography. Superior response for RVabs is based on its MCID: a 350mL 

reduction in RVabs following coil treatment. 

Meanwhile, in table 15, we found these significant baseline QCT indices that could 

serve as potential predictors for superior response in FEV1 improvement as measured 

by plethysmography: target lobe LV at expiration, LV E/I, -910HU MLDE/I, -910HU EI 

at expiration, and -950HU EI at expiration. Superior response for FEV1 is based on its 

MCID: a 100mL improvement in FEV1 following coil treatment. 

Baseline QCT indices for superior TLC, RV, FEV1 response post coil treatment are 

presented in Table 13, 14, and 15.  
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Table 13. Baseline QCT Indices of Superior Response Based on TLC Reduction Measured by Plethysmography in the Long-Term Coil Study 

Variable 
Patients with TLCabs volume reduction Patients without TLCabs volume reduction 

95% CI P value 
N Mean SE SD N Mean SE SD 

Heterogeneity Index           

• Homogeneous 5 (20%)    20 (80%)     

0.427* • Heterogeneous 4 (33.3%)     8 (66.7%)     

• Mixed 3 (14.3%)    18 (85.7%)     

TLCCT  (mL) 13 7391.31 343.99 1240.30 46 6760.26 202.25 1371.78 -1477.14 to 215.04 0.141 

RVCT  (mL) 14 5650.50 297.04 1111.43 46 5403.52 184.11 1248.71 -991.95 to 497.99 0.510 

LV E/I 12 0.74 0.02 0.07 38 0.81 0.02 0.12 -0.007 to 0.14 0.075 

Target Lobe           

VTLINSP (mL) 12 3311.17 254.16 880.45 36 3059.67 116.56 699.38 -752.50 to 249.50 0.318 

VTLEXP (mL) 12 2577.92 214.72 743.84 36 2566.03 105.29 631.78 -454.93 to 431.15 0.957 

LV E/I 12 0.77 0.02 0.08 36 0.84 0.02 0.17 -0.04 to 0.16 0.234 

-910HU MLD E/I 12 1.18 0.10 0.34 36 1.27 0.03 0.22 -0.08 to 0.26 0.297 

-950HU MLD E/I 12 1.12 0.14 0.51 36 1.43 0.27 1.63 -0.67 to 1.27 0.536 

%fGT 12 -4.27 1.91 6.63 35 -3.84 1.34 7.98 -4.74 to 5.59 0.869 

EI 910HU at Insp (%) 13 64.46 7.06 25.47 36 71.88 1.14 6.85 -9.07 to 22.93 0.319 

EI 910HU at Exp (%) 13 59.46 5.95 21.48 36 61.58 2.14 12.86 -7.98 to 12.23 0.675 

EI 950HU at Insp (%) 13 42.92 6.00 21.64 36 46.58 1.84 11.04 -9.77 to 17.10 0.569 

EI 950HU at Exp (%) 13 39.53 5.27 19.02 36 37.66 2.14 12.85 -11.42 to 7.68 0.659 

• The threshold of –350 mL for total lung capacity (TLC) volume change was determined by using an MCID analysis anchored to total lung volume change/ reduction measured via body plethysmography.  
• N, number; SE, standard error; SD, standard deviation; 95% CI, 95% of confidence interval: TLCabs, total lung capacity absolute measured by plethysmography  presented in mL; TLCCT, total lung capacity measured by LungSeg QCT presented in mL;  RVCT, residual volume 

measured by LungSeg QCT presented in mL; VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; LV E/I, lobar CT-expiratory volume divided by lobar CT-inspiratory volume measured by LungSeg QCT; LVC/LTC, lobar vital capacity 
/lobar total capacity – the amount of exhaled volume following full expiration in relation to the maximal inspiratory volume on a lobar level; HU, Hounsfield Unit; -910HU & -950HU MLD E/I, mean lung density from expiratory over inspiratory CT on  -910 & -950 HU low 
attenuation threshold; EI, emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; %fGT, percentage of functional gas trapping. Analysis using Un-Paired t-test; Significant P-value are depicted 
in bold. *P-value from the categorical variable are analysed using Chi-Square. 
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Table 14. Baseline QCT Indices of Superior Response Based on RV Reduction Measured by Plethysmography in the Long-Term Coil Study 

Variable 
Patients with RVabs volume reduction Patients without RVabs volume reduction 

95% CI P value 
N Mean SE SD N Mean SE SD 

Heterogeneity Index           

• Homogeneous 7 (28%)    18 (72%)     

0.461* • Heterogeneous 6 (50%)    5 (50%)     

• Mixed 7 (33.3%)    5 (66.7%)     

Fissure Integrity 20 63.93 4.999 22.358 38 64.293 2.828 17.438 -11.111 to 12.306 0.918 

TLCCT (mL) 21 7137.67 294.11 1347.81 38 6767.58 221.51 1365.53 -1110.23 to 370.05 0.321 

RVCT (mL) 22 5700.05 225.10 1055.83 38 5322.84 209.12 1289.12 -1026.00 to 271.59 0.249 

LV E/I 20 0.79 0.02 0.12 30 0.79 0.02 0.11 -0.07 to 0.06 0.934 

Target Lobe           

VTLINSP (mL) 20 3202.70 180.55 807.45 28 3065.29 134.16 709.94 -580.43 to 305.60 0.535 

VTLEXP (mL) 20 2695.10 161.44 722.00 28 2478.93 112.73 596.54 -599.99 to 167.64 0.263 

LV E/I 20 0.86 0.04 0.17 28 0.79 0.02 0.13 -0.15 to 0.03 0.179 

-910HU MLDE/I 20 1.27 0.07 0.31 28 1.24 0.04 0.21 -0.18 to 0.11 0.654 

-950HU MLDE/I 20 1.24 0.12 0.55 28 1.43 0.34 1.83 -0.67 to 1.03 0.669 

%fGT 20 -4.07 2.26 10.10 27 -3.87 1.0 5.23 -4.35 to 4.76 0.928 

-910HU EI at Insp (%) 21 67.69 4.48 20.55 28 71.58 1.32 7.01 -5.76 to 13.56 0.413 

-910HU EI at Exp (%) 21 62.47 4.00 18.34 28 59.92 2.45 13.00 -11.55 to 6.45 0.572 

-950HU EI at Insp (%) 21 44.33 3.91 17.94 28 46.57 2.15 11.41 -6.21 to 10.69 0.597 

-950HU EI at Exp (%) 21 41.19 3.64 16.72 28 35.89 2.36 12.52 -13.69 to 3.09 0.211 

• The threshold of –350 mL for residual volume (RV) change was determined by using an MCID analysis anchored to total lung volume change/ reduction measured via body plethysmography.  

• N, number; SE, standard error; SD, standard deviation; 95% CI, 95% of confidence interval: RVabs, absolute residual volume measured by plethysmography  presented in mL; TLCCT, total lung capacity measured by LungSeg QCT 

presented in mL;  RVCT, residual volume measured by LungSeg QCT presented in mL; VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; LV E/I, lobar CT-expiratory volume divided by 

lobar CT-inspiratory volume measured by LungSeg QCT; LVC/LTC, lobar vital capacity /lobar total capacity – the amount of exhaled volume following full expiration in relation to the maximal inspiratory volume on a lobar level; HU, 

Hounsfield Unit; -910HU & -950HU MLD E/I, mean lung density from expiratory over inspiratory CT on  -910 & -950 HU low attenuation threshold; EI, emphysema index presented in  percentage of low attenuation area threshold 

of -910/-950/-856 HU on both CT inspiration and expiration; %fGT, percentage of functional gas trapping. Analysis using Un-Paired t-test; Significant P-value are depicted in bold. *P-value from the categorical variable are analysed 

using Chi-Square.
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Table 15. Baseline QCT Indices of Superior Response Based on FEV1 Improvement Measured by Plethysmography in the Long-Term Coil Study 

Variable 
Patients with FEV1abs improvement Patients without FEV1abs improvement 

95% CI P-value 
N Mean SE SD N Mean SE SD 

Heterogeneity Index           

• Homogeneous 3 (12%)    22 (88%)     

0.111* • Heterogeneous 5 (41.7%)    7 (58.3%)     

• Mixed 4 (19%)    17 (81%)     

Fissure Integrity 12 64.335 6.263 21.695 46 64.023 2.743 18.604 -14.846 to 14.221 0.964 

TLCCT (mL) 12 7276.42 471.87 1634.62 47 6803.02 187.05 1282.34 -1352.58 to 405.79 0.285 

RVCT (mL) 12 5885.50 336.35 1165.17 48 5355.06 175.19 1213.80 -1308.75 to 247.88 0.178 

LV E/I 12 0.82 0.04 0.13 47 0.78 0.01 0.10 -0.11 to 0.03 0.260 

Target Lobe           

VTLINSP (mL) 12 3362.58 210.32 728.57 36 3042.53 124.26 745.56 -817.60 to 177.49 0.202 

VTLEXP (mL) 12 2981.50 168.69 584.37 36 2431.50 103.81 622.87 -961.89 to -138.10 0.010 

LV E/I 12 0.92 0.05 0.20 36 0.79 0.02 0.12 -0.23 to -0.03 0.009 

-910HU MLDE/I 12 1.40 0.04 0.16 36 1.20 0.04 0.26 -0.36 to -0.02 0.022 

-950HU MLDE/I 12 1.43 0.14 0.51 28 1.32 0.27 1.64 -1.08 to 0.86 0.818 

%fGT 12 -4.00 3.58 12.41 35 -3.94 0.89 5.30 -7.96 to 8.07 0.988 

-910HU EI at Insp (%) 12 75.75 1.34 4.66 36 71.04 1.56 9.04 -10.42 to 1.006 0.104 

-910HU EI at Exp (%) 12 63.04 3.10 10.77 37 54.22 2.76 16.79 -17.30 to -0.31 0.043 

-950HU EI at Insp (%) 12 51.66 2.92 10.13 36 45.09 2.37 14.23 -15.16 to 2.02 0.131 

-950HU EI at Exp (%) 12 48.08 3.22 11.17 36 38.30 2.60 15.63 -18.65 to -0.71 0.035 

• The threshold of + 100 mL FEV1 was determined by using an MCID analysis anchored to FEV1 improvement measured via body plethysmography. 

• N, number; SE, standard error; SD, standard deviation; 95% CI, 95% of confidence interval: FEV1abs, absolute force expiratory volume in the first second measured by plethysmography  presented in mL; TLCCT, total lung capacity 

measured by LungSeg QCT presented in mL;  RVCT, residual volume measured by LungSeg QCT presented in mL; VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; LV E/I, lobar CT-

expiratory volume divided by lobar CT-inspiratory volume measured by LungSeg QCT; LVC/LTC, lobar vital capacity /lobar total capacity – the amount of exhaled volume following full expiration in relation to the maximal inspiratory 

volume on a lobar level; HU, Hounsfield Unit; -910HU & -950HU MLD E/I, mean lung density from expiratory over inspiratory CT on  -910 & -950 HU low attenuation threshold; EI, emphysema index presented in  percentage of low 

attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; %fGT, percentage of functional gas trapping. Analysis using Un-Paired t-test; Significant P-value are depicted in bold. *P-value from the categorical 

variable are analysed using Chi-Square.



 

Page 165 of 304 

 

4.3.4 Secondary Endpoint of the Long-Term Coil Study 
 

4.3.4.1 Changes in Lung Volumes  

A significant reduction of -440.897 mL (P-value = 0.0001) was found on the inspiratory 

target lobar volume (VTLINSP). Meanwhile, on the target lobar volume at expiration 

(VTLEXP), there was a significant reduction of -419.692 mL (P-value = 0.0001). When 

comparing the whole lung volumes at inspiration and expiration, there was a significant 

mean reduction in the whole lung volume at inspiration as measured by TLCCT of                 

-375.275 mL (P-value = 0.001), but not in the whole CT lung volume at expiration as 

the mean reduction was only -251.675 mL. Detailed results are presented in Table 16. 

 

4.3.4.2 Changes in Lung Density  

Detailed results of the changes in lung density are presented in Table 16. We found 

significant changes in the -910HU EI at inspiration (P-value = 0.0001) and expiration 

(P-value = 0.009), and -950HU EI at inspiration (P-value = 0.0001) on the treated lobes 

following LVRC placement. Meanwhile, in the non-target lobes, the lung density was 

increased but not statistically significant compared to the baseline measurements. 

 

4.3.4.3 Changes in Gas Trapping  

We used set of proposed gas trapping parameters measured by QCT. There were no 

significant changes on gas trapping parameters following LVRC placement. Detailed 

results are presented in Table 16. 
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Table 16. Change in QCT indices between baseline and 12-month follow up in the treatment group (N=40) 

Parameter Baseline Post 12-Month FU Difference P-value 

Lung Volumes on CT     

Change in TLCCT  (mL) 6894.45 ± 1383 6519.18 ± 1162.373 -375.275 0.001 

Change in VTLINSP (mL) 3116.82 ± 786.816 2675.92 ± 657.619 -440.897 0.0001 

Change in VNLTLINSP (mL) 3440.23 ± 903.825 3481 ± 882.822 +40.769 0.538 

Change in RVCT (mL) 5283.80 ± 990.254 5032.13 ± 1027.586 -251.675 0.056 

Change in VTLEXP (mL) 2536.90 ± 654.374 2117.21 ± 562.818 -419.692 0.0001 

Change in VNLTLEXP (mL) 2492.13 ± 703.061 2616.49 ± 726.520 +124.333 0.103 

Change LV E/I 0.776 ± 0.114 0.779 ± 0.147 +0.003 0.912 

Change LV E/I in Target Lobes 0.812 ± 0.157 0.804 ± 0.1581 -0.007 0.836 

Change LV E/I in Non-Target Lobes 0.731 ± 0.113 0.759 ± 0.17 +0.028 0.364 

Lung Density      

Change -910HU EI at Inspiration in Target Lobes (%) 71.82 ± 9.337 66.551 ± 10.403 -5.269 0.0001 

Change -910HU EI at Inspiration in Non-Target Lobes (%) 64.253 ± 11.617 64.497 ± 11.005 +0.243 0.771 

Change -910HU EI at Expiration in Target Lobes (%) 58.512 ± 14.694 54.038 ± 14.323 -4.474 0.009 

Change -910HU EI at Expiration in Non-Target Lobes (%) 48.261 ± 15.137 50.492 ± 15.940 +2.23 0.133 

Change -950HU EI at Inspiration in Target Lobes (%) 46.217 ± 14.051 42.346 ± 13.641 -3.871 0.001 

Change -950HU EI at Inspiration in Non-Target Lobes (%) 38.407 ± 12.209 38.412 ± 12.589 +0.005  0.995 

Change -950HU EI at Expiration in Target Lobes (%) 40.910 ± 14.949 36.833 ± 16.373 -3.591 0.165 

Change -950HU EI at Expiration in Non-Target Lobes (%) 31.946 ± 27.343 27.667 ± 13.052 -4.279 0.319 

Gas Trapping     

Change -856HU EI at Expiration in Target Lobes  41.091 ± 16.343 37.5 ± 14.267 -3.591 0.165 

Change -856HU EI at Expiration in Non-Target Lobes 26.386 ± 12.205 27.708 ± 12.789 +1.322 0.158 

Change -910HU MLD E/I in Target Lobes  1.236 v 0.279 1.245 ± 0.256 + 0.009 0.834 

Change -910HU MLD E/I in Non-Target Lobes  0.739 ± 0.160 0.762 ± 0.1784 +0.228 0.382 

Change -950HU MLD E/I Target Lobes  1.399 ± 1.591 1.124 ± 0.319 -2.689 0.294 

Change -950HU MLD E/I Non-Target Lobes  0.650 ± 0.189 0.680 ± 0.218 +0.029 0.373 

Change %fGT in Whole Lung -3.297 ± 7.146 -0.314 ± 11.15 +2.982 0.185 

Change %fGT in Target Lobe 1.105 ± 14.226  1.444 ± 14.194 +0.338 0.907 

Change %fGT in Non-Target Lobe -6.263 ± 5.631 -4.897 ± 5.688 +1.366 0.244 

TLCCT, total lung capacity measured by LungSeg QCT in mL; RVCT, residual volume measured by LungSeg QCT in mL; VTLINSP, volume 
target lobe at inspiration in mL; VNTLINSP, volume non-target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; 
VNTLEXP, volume non-target lobe at expiration in mL; LV E/I, lobar volume of  CT-expiratory volume over  CT-inspiratory volume ratio 
measured by LungSeg QCT; LVC/LTC, lobar vital capacity /lobar total capacity – the amount of exhaled volume following full expiration 
in relation to the maximal inspiratory volume on a lobar level;  HU, Hounsfield Unit; EI, emphysema index presented in  percentage of low 
attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; -910HU & -950HU MLD E/I, mean lung density 
ratio from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area threshold; %fGT, percentage of functional gas trapping. 
*Analysis using Paired t-test. Data are presented as mean ± SD, standard deviation; Significant P-value are depicted in bold. 
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4.3.4.4 Associations between FEV1 MCID with Target Lobar Volume 
Loss MCIDs          
There were significant associations between a FEV1 improvement of 100 mL (FEV1 

MCID) with a 350 mL reduction in target lobar volume loss (lobar volume loss MCID) 

at inspiration and expiration as measured by QCT. A significant association was found 

between FEV1 MCID and target lobar volume MCID at inspiration (Fisher’s Exact P-

value = 0.027). We also found a significant association between FEV1 MCID and target 

lobar volume MCID at expiration (Fisher’s Exact P-value = 0.0001). Detailed results 

are presented in Table 17.  

Table 17. Association between FEV1 MCID with Target Lobar Volume Loss MCIDs in The Long-Term Coil Study 
(N=60) 

  Patients with FEV1 
Improvement 

Patients without FEV1 
Improvement 

P-value 

VTLINSP 

Responder 7 (41.2%) 10 (58.8%) 

0.027 

Non-Responder 5 (11.6%) 38 (88.4%) 

VTLEXP 

Responder 9 (50%) 9 (50%) 

0.0001 

Non-Responder 3 (7.1%) 39 (92.9%) 

TLCCT 

Responder 7 (50%) 7(50%) 

0.004 

Non-Responder 5 (10.9%) 41 (89.1%) 

RVCT 

Responder 9 (42.9%) 12 (57.15) 

0.002 

Non-Responder 3 (7.7%) 36 (92.3%) 

FEV1, forced expiratory volume in the first second measured by plethysmography; TLCCT, total lung capacity measured by LungSeg QCT; 
RVCT, residual volume measured by LungSeg QCT; VTLINSP, volume target lobe at inspiration; VTLEXP, volume target lobe at expiration; 
MCID, Minimally Clinically Importance Difference. *P-value based on Fisher’s Exact, P-values <0.05 are considered statistically significant 
and shown in bold. 
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4.3.4.5 Association between Lung Volume MCID and HRQoL 
Measurements MCIDs 

There was a significant association between a reduction of 350 mL in the whole lung 

volume at expiration as measured by QCT (RVCT MCID) with an improvement of ≥26 

m in 6MWD (6MWD MCID) (Fisher’s Exact P-value = 0.033). There was no significant 

association between a reduction of 350 mL in the whole lung volume at inspiration as 

measured by QCT (TLCCT MCID) with the 6MWD MCID (Fisher’s Exact P-value = 1).  

There was a significant association between the RVCT MCID with a reduction of ≥4 

points in SGRQ (SGRQ MCID) (Fisher’s Exact P-value = 0.007). There was no 

significant association between the whole lung TLCCT MCID and the SGRQ MCID 

(Fisher’s Exact P-value = 1). Detailed results including the associations between target 

lobar volume MCIDs with HRQoL MCIDs are presented in Table 18 and 19. 

Table 18. Association between 6MWD MCID with Target Lobar Volume Loss MCIDs in The Long-Term Coil 
Study (N=60) 
 

6MWD, 6-minute walk distance; VTLINSP, volume target lobe at inspiration; VTLEXP, volume target lobe at expiration; TLCCT, total lung capacity measured by 
LungSeg QCT; RVCT, residual volume measured by LungSeg QCT; MCID, Minimally Clinically Importance Difference. *P-value based on Fisher’s Exact, P-
values <0.05 are considered statistically significant and shown in bold. 

  Patients with 6MWD 
Improvement 

Patients without 6MWD 
Improvement 

P-value 

VTLINSP 

Responder 8 (47.1%) 9 (52.9%) 

0.059 

Non-Responder 9 (20.9%) 34 (79.1%) 

VTLEXP 

Responder 11 (61.1%) 7 (38.9%) 

0.0001 

Non-Responder 6 (14.3%) 36 (85.7%) 

TLCCT 

Responder 4 (28.6%) 10 (71.4%) 

1 

Non-Responder 12 (28.3%) 33 (71.7%) 

RVCT 

Responder 10 (47.6%) 11(52.4%) 

0.033 

Non-Responder 7 (17.9%) 32 (82.1%) 
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Table 19. Association between SGRQ MCID with Target Lobar Volume Loss MCIDs in The Long-Term Coil 
Study (N=60) 

  Patients with SGRQ 
Improvement 

Patients without SGRQ 
Improvement 

P-value 

VTLINSP 

Responder 9 (52.9%) 8 (47.1) 

0.578 

Non-Responder 19 (44.2%) 24 (55.8%) 

VTLEXP 

Responder 14 (46.7%) 4 (22.2%) 

0.002 

Non-Responder 14 (33.3%) 28 (66.7%) 

TLCCT 

Responder 7 (50%) 7 (50%) 

1 

Non-Responder 21 (45.7%) 25 (54.3%) 

RVCT 

Responder 15 (71.4%) 6 (28.6%) 

0.007 

Non-Responder 13 (33.3%) 26 (66.7%) 

SGRQ, St George’s Respiratory Questionnaire; VTLINSP, volume target lobe at inspiration; VTLEXP, volume target lobe at expiration; TLCCT, 

total lung capacity measured by LungSeg QCT; RVCT, residual volume measured by LungSeg QCT; MCID, Minimally Clinically Importance 
Difference. *P-value based on Fisher’s Exact, P-values <0.05 are considered statistically significant and shown in bold. 

 

4.3.4.6 Lung Function Predictors of Lung Volume Loss  

A univariate analysis of baseline lung function factors associated with target lobe 

volume loss was conducted as seen in Table 20. Potential variables are as follows: 

TLCabs, FEV1abs, RVabs, RV/TLC, IC, and FVC. TLCabs, RV/TLC, and FVC were 

found to be statistically significant baseline lung function predictors for change in target 

lobar volume at inspiration. Meanwhile, we did not find any statistically significant 

baseline lung function predictors for change in target lobar volume at expiration. 

Univariate regression data and ROC analysis of baseline radiological factors 

associated with change in total lung volume at inspiration and expiration are presented 

in Table A.1, A.2 and A.3 in the appendix. 
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Table 20. Univariate Analysis of Baseline Lung Function Predictors for Lobar Volume Loss at Inspiration and 
Expiration in the Long-Term Coil Study.   

Lung 
Function 

Predictors 

Change in Target LV at Insp Change in Target LV at Exp 

R2 ß 95% CI P-value R2 ß 95% CI P-value 

TLCabs  0.144 -0.145 -0.262 to -0.027 0.017 0.076 -0.121 -0.257 to 0.015 0.080 

FEV1abs 0.001 -0.065 -0.879 to 0.750 0.873 0.001  -0.107 -1.031 to 0.816 0.815 

RVabs  0.049 -0.137 -0.338 to 0.064 0.175 0.061 -0.175 -0.399 to 0.048 0.120 

RV/TLC 0.118 33.44 3.029 to 63.859 0.032 0.003 6.415 -30.193 to 43.023 0.725 

IC 0.039 -207.65 -549.179 to 133.879 0.226 0.052 -264.128 -629.567 to 101.311 0.152 

FVC 0.138 -262.25 -480.162 to -44.348 0.020 0.028 -135.11 -395.184 to 124.968 0.3 

TLCabs, absolute total lung capacity; RVabs, absolute residual volume; FEV1abs, absolute forced expiratory volume in the first second; 
RV/TLC, residual volume / total lung capacity; IC, inspiratory capacity; FVC, forced vital capacity; LV, lobar volume at inspiration (Insp) 
and expiration (Exp). Significant P-value are depicted in bold. 

 

4.3.4.7 Radiological Predictors of Lobar Volume Loss  

A univariate analysis of baseline radiological factors associated with target lobe 

volume loss was conducted as seen in Table 21. Potential variables are as follows: 

target lobe volume at inspiration and expiration, emphysema index (-910, -950,                  

-856HU) at expiration, MLD E/I -910HU and -950HU at expiration, and EI ratio. Whole 

lung TLCCT at inspiration and RVCT at inspiration were found to be statistically 

significant QCT predictors for change in target lobar volume at inspiration. Target lobe 

LV at inspiration and expiration, -856HU EI at inspiration and expiration, -910HU EI at 

inspiration, and -950HU EI at inspiration and expiration were also found to be 

statistically significant QCT predictors for change in target lobar volume at inspiration. 

Whole lung RVCT and LV E/I were found to be statistically significant QCT 

predictors for change in target lobar volume at expiration. Target lobe LV at expiration, 

LV E/I, -910HU MLDE/I, -910HU EI at inspiration and expiration, and -856HU EI at 

inspiration and expiration were also found to be statistically significant QCT predictors 

for change in target lobar volume at expiration. Responder analysis and ROC analysis 

based on baseline QCT indices of superior target lobar volume reduction at inspiration 

and expiration are presented in Table A.4, A.5, A.6 and A.7 in the appendix. 
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Table 21. Univariate Analysis of Baseline QCT Predictors for Lobar Volume Loss at Inspiration and Expiration 
in the Long-Term Coil Study.   

QCT Predictors 
Change in Target LV at Insp Change in Target LV at Exp 

R2 ß 95% CI P-value R2 ß 95% CI P-value 

Whole Lung         

Heterogeneity Index         

• Homogeneous 0.082 44.4445 -12.388 to 47.298 0.234 0.054 44.4445 -52.708 to 18.470 0.326 

TLCCT at Insp (mL) 0.212 -0.176 -0.288 to -0.063 0.003 0.031 -0.078 -0.219 to 0.063 0.271 

RVCT at Exp (mL) 0.166 -0.220 -0.386 to -0.053 0.011 0.178 -0.247 -0.419 to -0.075 0.006 

LV E/I 0.035 856.920 -646.8 to 2356.923 0.256 0.119 -1805.77 -3355.578 to -215.64 0.027 

%fGT  0.004 -4.797 -30.951 to 21.356 0.712 0.004 -13.409 -37.552 to 11.454 0.288 

Target Lobe         

VTLINSP (mL) 0.313 -0.374 -0.559 to -0.190 0.0001 0.093 -0.234 -0.470 to 0.003 0.053 

VTLEXP (mL) 0.226 -0.383 0.618 to -0.147 0.002 0.386 -0.547 -0.771 to -0.324 0.0001 

LV E/I 0.035 856.920 -646.79 to 2356.92 0.256 0.308 -2004.23 -2977.97 to -1030.49 0.0001 

LVC/LTC 0.024 -571.385 -1784.56 to 640.89 0.346 0.288 2266.95 111.98 to 3421.93 0.0001 

-910HU EI at Insp (%) 0.201 -25.271 -42.048 to -8.494 0.004 0.120 -22.457 -42.186 to -2.728 0.027 

-910HU EI at Exp (%) 0.058 -8.613 -20.191 to 2.965 0.140 0.134 -15.05 -27.443 to -2.658 0.019 

-950HU EI at Insp (%) 0.257 -18.993 -29.743 to -8.242 0.001 0.065 -11.122 -24.831 to 2.586 0.109 

-950HU EI at Exp (%) 0.191 -15.374 -25.921 to -4.828 0.005 0.063 -10.188 -22.91 to 2.532 0.113 

-856HU EI at Insp (%) 0.270 -19.183 -29.845 to -8.521 0.001 0.150 -16.752 -29.512 to -3.632 0.013 

-856HU EI at Exp (%) 0.115 -11.164 -21.629 to -0.7 0.037 0.106 -12.315 -24.076 to -0.555 0.041 

-910HU MLDE/I 0.032 -337.256 -954.67 to 280.16 0.276 0.231 -1050.81 -1671.075 to -430.544 0.001 

-950HU MLDE/I 0.003 -16.840 -126.84 to 93.157 0.758 0.001 -10.564 -135.447 to 114.32 0.865 

%fGT 0.014 4.503 -8.30 to 17.306 0.480 0.009 -4.126 -18.454 to 10.203 0.563 

TLCCT, total lung capacity measured by LungSeg QCT presented in mL; RVCT, residual volume measured by LungSeg QCT 
presented in mL;  VTLINSP, volume target lobe at inspiration; VTLEXP, volume target lobe at expiration; LV E/I, lobar volume of  CT-
expiratory volume divided by  CT-inspiratory volume measured by LungSeg QCT; LVC/LTC, lobar vital capacity /lobar total 
capacity – the amount of exhaled volume following full expiration in relation to the maximal inspiratory volume on a lobar level -
910HU & -950HU MLD E/I, mean lung density from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area 
threshold; EI, emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT 
inspiration and expiration; %fGT, percentage of functional gas trapping. CI, 95% confidence interval; Significant P-value are 
depicted in bold. 
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The best statistically significant combination of predictors for change in target 

lobar volume at inspiration was found to be the combination of baseline target LV at 

inspiration, -950HU EI at inspiration, and TLCabs as shown by the improved model 

adjusted R2 (0.407), p = 0.0001. Meanwhile, the best statistically significant 

combination of predictors for change in target lobar volume at expiration was found to 

be the combination of baseline target LV at expiration, baseline target lobe LV E/I, and 

RVabs as shown by the improved model adjusted R2 (0.452), p = 0.0001. Detailed 

results are presented in Table 22. 

 
Table 22. Multivariate Analysis of Combined Baseline Radiological and Physiological Predictors of Positive 
Outcome to Coils Treatment in the Long-Term Coil Study 

 Parameters Predictors ß SE CI 
              

P-
value 

Model 
Adjusted 

R2 

Δ 
Target 
LVEXP 

QCT 

Baseline 
Target LV at 
Exp 

-0.547 0.111 -0.771 to -
0.324 0.0001 

0.452 
(0.0001) 

Baseline 
Target Lobe LV 
E/I 

-2004.23 481.408 -2977.97 to         
-1030.49 0.0001 

Lung 
Function RVabs -0.175 0.110 -0.399 to 0.048 0.120 

Δ 
Target 
LVINSP 

QCT 

Baseline 
Target LV at 
Insp 

-0.374 0.091 -0.559 to -
0.190 0.0001 

0.407          
(0.0001) 

Baseline                
-950HU EI at 
Insp 

-18.993 5.306 -29.743 to -
8.242 0.001 

Lung 
Function TLCabs -0.145 0.058 -0.262 to -

0.027 0.017 

Baseline Target LV, baseline target lobar volume at both inspiration (Insp) and expiration (Exp) measured by LungSeg QCT; Baseline LV 
E/I, baseline lobar volume of  CT-expiratory volume over  CT-inspiratory volume measured by LungSeg QCT; RVabs, absolute residual 
volume measured by lung function plethysmography; -950 HU EI at Insp, baseline emphysema index presented in  percentage of low 
attenuation area threshold of -950 Hounsfield Unit on CT inspiration measured by LungSeg QCT; TLCabs, absolute total lung capacity 
measured by lung function plethysmography; SE, standard error; CI, 95% confidence interval; Significant model adjusted R2 are depicted 
in bold. 
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4.4 DISCUSSION 

Difficulty in breathing commonly found in emphysema patients is caused by 

emphysema’s most defining feature, which is the deprivation of the lung’s natural 

recoil. This in turn prompts unsupported airways to collapse during exhalation and 

subsequently causes air trapping and hyperinflation. This pathophysiological process 

was the foundation in which the endobronchial coils were designed. Endobronchial 

coils counteract airway collapse and air trapping by compressing lung parenchyma, 

which subsequently creates tissue tension and reinstitute radial support, which in turn 

tethers airways open. Although many written pieces of evidence have been found 

regarding the purpose and design intent of the endobronchial coils, a quantification of 

the structural changes following coil treatment has never been documented. 

In this coil study, we found significant reductions in target lobe volume at 

inspiration and expiration, and significant reductions in emphysema score of the target 

lobe at both inspiration and expiration at the -910 threshold and inspiration at the                 

-950HU threshold. However, there were no statistically significant changes in the 

target lobe gas trapping parameters. The significant changes in the target lobe 

emphysema index that is associated with the improvement in target lobar volume 

attest to the mechanism of action of coil treatment. It has been hypothesised that the 

lung volume reduction effect is the consequent of the compression of the lung 

parenchyma by the coils, which improves the elastic recoil pressure and lessens 

hyperinflation.173 Furthermore, airflow towards the targeted components of the lung is 

redirected towards the healthier parts of the lung.173 Subsequently, as the volume in 

the emphysematous parts of the lung has been reduced, the diaphragm returns to its 

natural shape, which further improves lung function.173 It should be kept in mind that 

not only one parameter should be used to determine the clinical importance of the 

treatment, but rather the combination of various parameters. Nevertheless, some 

publications argue that a significant reduction in target lobar residual volume 

(measured by QCT) is potentially the single most crucial outcome parameter in LVRC. 

Hartman et al. suggest that target lobar RV reduction is the driving mechanism of EBC 

which subsequently significantly correlates to positive outcomes in lung and clinical 

functions.226 A publication by Slebos et al. also found a strong significant association 

between patients who met the target lobar volume at expiration and FEV1 MCID190, an 
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association which we also found in the results of this study (Fisher’s exact P-value= 

0.0001). This postulate is further supported by the publication of van Geffen et al., 

which suggested that target lobar volume reduction in LVR therapy is directly 

proportional to improvements in pulmonary function measures.227 

Unlike lung volume reduction valves, coils do not induce atelectasis in treated 

lobes of the lungs. Instead, LVRC increases the elastic recoil of the lungs, which alters 

the balance between the chest recoil based on the respiratory cycle of inspiration and 

expiration. As QCT could not explicitly measure the improved elasticity of the 

implanted coils, surrogate markers such as the change in lobar volume at inspiration 

and expiration could be used to portray the overall elasticity of the coils during the 

respiratory cycle. It is suggested that the coils provide a greater elastic recoil within 

the lung at inspiration than expiration, due to the fact that the coils are stretched out 

and provide a greater tension during inspiration, while at expiration the coils have 

recovered to their predetermined shape. This phenomenon could be seen by the 

greater change in lobar volume in the target lobe at inspiration compared to expiration 

in the long-term coil study. 

In the non-target lobes, there were no significant changes in the lobar volume 

at inspiration nor expiration, and no significant changes in the gas trapping 

parameters. There was an increase of 0.243% in the -910HU EI at inspiration, a 2.23% 

increase in the -910HU EI at expiration, and a 0.05% increase in the -950HU EI at 

inspiration. These increases in non-target parameters post-procedure may be 

associated with compensatory measures taken by the non-treated lobes. Another 

matter that should be acknowledged is the non-target lobes are the sum of three 

untreated lobes, so the increases in parameters of the untreated lobes are the 

accumulation of the compensation of these three untreated lobes. 

To the extent of our knowledge, only one study has documented about the 

change in lobar volumes as measured by CT following lung volume reduction coil 

procedure, which is the study of Klooster et al.223 In said publication, Klooster et al. 

reported a significant reduction of 263 mL in inspiratory scans on the treated lobes, 

compared to a mean reduction of 440 mL in inspiratory scans in our study. However, 

the study of Klooster et al. did not report any change in volume in the non-target lobes, 
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unlike our study which includes assessments of lobar volume, lobar gas trapping, and 

emphysema score of the non-target lobes. 

According to a publication by Kontogianni et al., patients with lower baseline 

6MWD and FEV1, and higher TLC were likely to respond better to coil treatment.191 

This could also be seen in this thesis when comparing between the  publication of 

Kontogianni et al, and the long-term coil study. This coil study had a relatively low 

baseline 6MWD (330.8 ±  82.4m) and FEV1 (685.7 ±  201.5 ml), while having a 

relatively high baseline TLC (8075.3 ±  1398.2ml). Given the baseline of these 

parameters, this study had significant improvements in total inspiratory lung volume 

and target lobar volume at inspiration and expiration. 

In this coil study, we found a moderate significant association between 6MWD 

and target lobar volume loss at expiration MCID (Fisher’s Exact P-value = 0.0001). 

This association was slightly less significant compared to the strong association 

between target lobar volume at expiration and improvement in lung function. These 

results are due to the fact that there are few responders for 6MWD in the long-term 

coil study. Possible reasons 6MWD did not improve could be attributed to the majority 

of treated subjects in long-term (37.6%) coil study having homogeneous emphysema.  

The NETT study established that patients who underwent lung volume reduction 

therapy and had homogeneous emphysema were less likely to have an improvement 

in exercise capacity.207 Secondly, though all included patients in both studies 

underwent pulmonary rehabilitation prior to enrolment, there were no mandatory 

exercises to treat skeletal muscle deconditioning and the subject’s related 

musculoskeletal system should be taken into account. According to Gea et al., 

peripheral muscles, especially lower extremities, are impaired in COPD patients, as 

shown by the decreased muscle mass and transition of muscle tissues into a less 

aerobic phenotype.80 This impairment increases along with the severity of the COPD, 

and most patients in both coil studies were classified into the GOLD III or IV criteria. 

As of the writing of this paper, other lung volume reduction coil studies have not 

ascertained other radiological predictors of superior clinical outcomes aside from the 

current established heterogeneity of emphysema. We sense that the identification of 

these predictors is essential and significantly beneficial, considering the expense, 

complexity, and partial reversibility of the procedure. In our study, we have analysed 
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radiological and clinical predictors of superior outcomes to lung volume reduction coil 

treatment in long-term coil study, as mentioned in the results of chapter four. 

We also found that neither RV as measured by plethysmography nor RV%pred 

could serve as significant predictors for superior LVRC outcomes. This finding was 

consistent with the study of Deslee et al.,222 where they reported neither RV nor 

RV/TLC was able to significantly predict LVRC outcomes. We suspect that this was a 

consequent of the RV % predicted in the inclusion criteria of this study being set too 

high (≥175%), which translates to included patients having static hyperinflation that 

was too severe. However, a new publication by Slebos et al., which analysed 125 

RENEW patients using quantitative visual matching to identify baseline predictors for 

beneficial outcomes in coil therapy, suggested that patients with a newly proposed 

inclusion threshold (RV ≥200%, emphysema score %LAA ≥ 20 , and absence of 

airway disease on visual CT imaging) were more likely to achieve clinically significant 

outcomes at 12 months post-coil treatment, especially in RV reduction190 where they 

reported that neither RV nor RV/TLC was able to significantly predict LVRC outcomes. 

In our study, the mean baseline of RV%pred is ≥200% and excluded patients with 

airway diseases. We found that the long-term coil study did indeed have a significant 

improvement in RV (-251 mL). Moreover, in the long-term coil study, we found that 

instead of the proposed %LAA ≥ 20 at -950HU criterion suggested by Slebos et al., 

baseline -950HU EI at inspiration (AUC = 0.734) at a cut-off point of 45% (CI = 0.575 

to 0.894, P-value = 0.008) was a promising predictor for target lobar volume reduction 

at inspiration, with a sensitivity and specificity of 70% and 56% respectively. Using this 

cut-off point, we excluded 33 patients with a %LAA <45% and conducted a subsequent 

univariate analysis of -950HU EI at inspiration for lobar volume loss at inspiration, and 

found that the R2 did improve to 0.392 (P-value = 0.002) from the initial 0.257 (P-value 

= 0.001).  

We also found baseline IC to be a very favourable predictor of superior 

response to lung volume loss. This finding is worth delving into and might serve as a 

steppingstone for future studies, as current publications regarding LVRC are rarely 

discussed about this postulate. This phenomenon is possibly due to the fact that the 

fixed volume of TLC is the sum of IC and FRC (ERV + RV), and a greater baseline IC 

translates to a lower baseline RV. Subsequently, a lower baseline RV directly 
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correlates to a lesser degree of air trapping. As a lung volume change parameter, IC 

is also more receptive towards bronchodilator administration, which could also explain 

why there was such a significant improvement in IC and its use as a good predictor 

for lung volume loss in the long-term coil study.228 

Gas trapping parameters are represented by the quotient of LVE/I and RV/TLC 

measured by plethysmography. We found LVE/I to be a significant predictor for target 

lobar volume loss at expiration (R2 = 0.308, p = 0.0001) in this long-term coil study. 

Meanwhile, RV/TLC was found to be significant predictor for TLCCT reduction (AUC = 

0.841, p = 0.0001) in the long-term coil study at 64.45 cut-off point with a sensitivity 

and specificity of 78.6% and 61.5% respectively (see in appendix, Table A.2). These 

findings are supported by the publication of de Weger et al., in which they suggest 

RV/TLC as a relevant indicator of hyperinflation and strongly related to the patient-

related outcomes.229 

We used stepwise linear regression to find the best predictor combinations for 

superior outcomes in the long-term coil study.  We also found the combination of 

baseline target LV at inspiration, -950HU emphysema index at inspiration, and TLCabs 

was the best predictor for the change in target lobe LV at inspiration, as shown by the 

improved model adjusted R2 (0.407, P-value = 0.0001). We subsequently excluded 33 

patients with a %LAA <45% and conducted a subsequent multivariate analysis of the 

same prediction model and found that the R2 did improve to 0.493 (P-value = 0.002) 

from the initial 0.407 (P-value = 0.0001). Meanwhile, the combination of baseline target 

LV at expiration, baseline target lobe LVE/I, and RVabs was found to be the best 

predictor for change in target LV at expiration based on the improved model adjusted 

R2 (0.452, P-value = 0.0001). The model adjusted R2 indicates that the model could 

only account for the specific percentage of the variation in the outcome. We also found 

that the combination of -910HU MLDE/I and -950HU emphysema index at expiration 

was a good predictor for the change in 6MWD with a model adjusted R2 of 0.162 (P-

value = 0.029). The combination of -910HU MLDE/I and baseline RVCT was the greatest 

predictor for the change in SGRQ as shown by the improved model adjusted R2 (0.254, 

P-value = 0.001). The 6MWD had a better model adjusted R2 in the long-term coil 

study could partially be explained by the publication of Deslee et al222 where they 

showed a better responder rate percentage for SGRQ MCID at 6 months post-
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procedure and 6MWD MCID at 12 months post-procedure. Hence, better responses 

made predictive values more significant.  

One of the weaknesses that should be addressed in this paper is the limited 

sample size for the long-term coil study. The limited sample size translates to limited 

power to detect predictors and associations that could otherwise be detectable if there 

was an adequate number of samples. In particular, even fewer number of samples 

met the MCID of various parameters, which meant the power to detect the 

associations and independent predictors of the MCID of these parameters is 

significantly more limited. The use of imputation model to fill missing data from 

excluded patients was also considered, however as the data set was too small, we 

deemed it inadequate.  

Another weakness of this study that needs to be addressed is the 

underestimation of expiratory scans by the CT scanner. As mentioned in the second 

chapter, expiratory parameter in CT is represented by the measurement of RV, and 

there was a constant difference between the measurement of CT and 

plethysmography. However, it should also be noted that the degree of underestimation 

was directly proportional to the severity of increased lung volumes. While there was 

no allotted time for measurements by the plethysmography, patients were only allotted 

20 seconds in expiratory measurement using the CT scanner in compliance with the 

radiology protocol to limit radiation exposure. Hence, gas trapping parameters 

represented by RV or had RV as one of its components in patients with greater lung 

volumes had a greater degree of underestimation. This could also explain why there 

were no significant changes in the gas trapping parameters of both the target lobes 

and non-target lobes of the long-term coil study. Nevertheless, we found gas trapping 

parameters that served as predictors for superior outcome in LVRC. We suggest a 

further study investigating the extent and importance to this finding as it could serve 

as a potential inclusion criterion for LVRC in the future. Moreover, some non-target 

lobes were found to have a higher degree of gas trapping compared to the target 

lobes. These components may play a part in predicting volume reduction as measured 

radiologically, and it would be reasonable to use them in selecting patients. 

Determining if there are thresholds of these parameters and finding out which clinical 

and radiological improvements are more significant would require a much larger study. 
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It is imperative this study kindles a crucial rationalisation that could help improve 

the patient selection process for lung volume reduction coil treatment. The core 

purpose of lung volume reduction coil is to evaluate clinical improvements in the 

treated lobes that could subsequently prove to be beneficial to clinical and quality of 

life measurements, and as such, we focus our analysis on the change in the treated 

and non-treated lobes following coil treatment. Nevertheless, the data required for the 

QCT analysis was obtained by our in-house software, LungSeg, which proves to be 

comparable to other established QCT software. 

 

4.5 CONCLUSION 

In conclusion, coil treatment in COPD patients with severe emphysema yielded 

significant improvement as measured by target lobar emphysema index and volume 

at inspiration and expiration. We found baseline IC and RV/TLC to be possible new 

criteria for the inclusion criteria of prospective patients, as both baseline IC and 

RV/TLC proved to be significant predictors for lung volume improvement. Gas trapping 

parameter as represented by LVE/I may also serve as a useful predictor for superior 

outcomes in patients set to receive coil treatment. 
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CHAPTER 5 PHYSIOLOGICAL AND RADIOLOGICAL CORRELATION IN 
BRONCHOSCOPIC LUNG VOLUME REDUCTION VALVE FOR 

EMPHYSEMA 

5.1. INTRODUCTION 
In 2017, for the first time, the GOLD-COPD guidelines included a therapeutic, minor 

invasive bronchoscopic treatment using one-way endobronchial valves for selected 

patients with severe lung hyperinflation due to emphysema, whose symptoms of 

severe dyspnoea have not subsided in spite of optimal treatment.177 Endobronchial 

valve (EBV) therapy is one of the less invasive interventions in treating COPD. 

Endobronchial valves (EBV) is a one-way valve implant, that mostly consists of a 

polymer membrane encased in a nickel-titanium (nitinol) frame, that is designed to 

induce atelectasis in the target lobe.178 The implantation of EBV to the most affected 

or diseased regions of the hyperinflated emphysematous lungs selectively occludes 

air supply to the designated region while allowing exhaled gas to escape.118 EBV 

therapy has been shown to improve lung function and exercise tolerance in selected 

patients with severe emphysema.118 Although not always present, the presence of 

atelectasis following EBV implantation has shown the most significant functional and 

subjective improvements in COPD patients118 

A study investigating the effectiveness of bronchoscopic lung volume reduction 

using endobronchial valves is discussed in this chapter. This particular study is a 

single-centre, double-blind sham-controlled trial that investigated the efficacy of BLVR 

using EBV in 50 patients with heterogeneous emphysema (visually analysed) and 

intact interlobar fissures as seen on CT of the thorax.183 Patients enrolled in this study 

were subsequently divided into the valve group and control group, with 25 patients 

enrolled in each group. Baseline assessment was conducted on each patient of both 

groups, and within two weeks, patients underwent either unilateral lobar EBV 

placement or bronchoscopic sham procedure depending on which group they were 

in.183 Three-month follow-up visits were done following either procedure for data 

analysis. Overall, the study concluded that patients in the valve group showed 

significant improvements in lung function compared to the control group.183 Based on 

the time it took from baseline data collection to the final follow-up visit post-procedure, 

this study will henceforth be addressed as the valve study. 
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While the valve study conducted procedures on heterogeneous emphysema 

patients with intact interlobar fissures, it acquired these data without the utilisation of 

QCT. In the valve study the presence of heterogeneous emphysema and intact 

interlobar fissures were confirmed by two expert radiologists who performed a visual 

assessment on CT. 

The purpose of this chapter is to assess the correlation between changes in 

lung function, health-related quality of life parameters with CT indices measured by an 

in-house developed quantitative CT software (LungSeg), and ultimately to reassess 

the predictors of superior outcome in LVRV-treated patients that could lead to better 

patient selection. Secondary endpoints were change in six minutes walking distance; 

and changes in health-related quality of life measurements.183 
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5.2 METHODS 

5.2.1 Outcome Measures 
The initial primary aim of the short-term valve study was to demonstrate that valve 

placement could reduce dynamic hyperinflation and improve exercise capacity in 

association with improvements in inspiratory capacity and gas transfer. The initial 

primary endpoint was the difference in the percentage change in FEV1 measured 3 

months after the procedure between the two groups.183  

This study took valve-treated patients and divide them further to responders 

and non-responders based on the minimal clinically important difference (MCID) on 

each patient’s primary and secondary endpoints. QCT was subsequently implemented 

on both groups to identify predictors of superior therapy response for better patient 

selection. 

CT lung volumes was measured using LungSeg QCT for this study. Parameters 

measured are as follows: the total lung capacity on the inspiratory CT (TLCCT); target 

lobar volume inspiration (VTLINSP); emphysema index (EI) on -910 and -950 HU on 

inspiratory CT; Fissure Integrity and Vessel Volume.   

The clinical response of each patient (Responder) based on each parameter 

was measured using common valve study endpoints (Total lung capacity absolute, 

residual volume, FEV1, TLCCT, target lobar volume, 6MWD, SGRQ) and the minimum 

clinically important difference [MCID] for these end points are as follows: a reduction 

in total lung capacity volume of 0.35 L230, a reduction in residual volume of 0.35 L230, 

an increase in FEV1 of more than 100 mL230, a reduction in total lung capacity volume 

measured by LungSeg of 0.35 L230, a reduction in target lobar volume of 0.35 L230, an 

increase of 26 m in 6MWD201, and a decrease by 4 points in total SGRQ score.194 

 

The primary outcome measure of this study: 

• To identify baseline QCT parameters that determine response in lung volume 

reduction valves. 

The secondary outcome measures of this study: 

• Change in total lung capacity on inspiratory CT. 

• Change in target lobar volume at inspiration. 

• Change in non-target lobar volume at inspiration. 
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• Change in target lobe emphysema score. 

• Change in non-target lobe emphysema score. 

• Change in target lobe vessel volume. 

• Change in non-target lobe vessel volume. 

Additionally, we will assess the association between change in lung function with 

change in target lobar volume loss; the association between target lobar volume and 

HRQoL measurements; to investigate the clinical relevance of the change in treated 

lobe vessel volume measured by LungSeg QCT.  We also aim to assess the 

association between fissure integrity and total lung volume loss derived by LungSeg 

QCT and Chartis outcome. 

5.2.2 Study Design  
The valve study was a single-centre, double-blind sham-controlled trial in patients with 

both heterogeneous emphysema and a target lobe with intact interlobar fissures as 

seen on CT of the thorax. We enrolled stable COPD patients with FEV1 <50% 

predicted, significant hyperinflation (TLC >100% and RV >150%), a restricted exercise 

capacity (6MWD <450 m), and substantial breathlessness (MRC dyspnoea score 

>2).183 Participants were randomised in a 1:1 ratio by computer-generated sequence 

to receive either valves placed to achieve unilateral lobar occlusion (bronchoscopic 

lung volume reduction) or a bronchoscopy with sham valve placement (control).183 

Patients and researchers were masked to treatment allocation.183 The primary 

outcome measure of the study was the FEV1, and the study was set to detect a 15% 

improvement in the FEV1, with a three month post-procedure as the primary 

endpoint.183 Analysis was on an intention-to-treat basis. The trial is registered at 

controlled-trials. com, ISRCTN04761234.183 

5.2.3 Patient Selection 
A total of 50 subjects were enrolled in the original valve study. These patients were 

randomised and subsequently divided into the control (25 subjects) and treated group 

(25 subjects) in a 1:1 ratio. All treated patients in the valve study who had adequate 

baseline and 3-month follow-up CT scans were analysed. There were no additional 

inclusion or exclusion criteria other than the ones already mentioned in the second 

chapter. 
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5.2.4 Study Schedule 
Table 23. Short-Term Valve Study Schedule 

 Pre-
Assesment 

Screening 
tests 

Bronchoscopy 
visit 

One-
month 
safety 
phone 

call 

Visit 4 

90 
days 
Trial 
ends 

Annual 
Safety 

phone call / 
clinic visit 
for 5 years 

Clinical History X X   X X 

CT Scan X    X  
1PFT’s X X   X  

Discussed in 
MDT 

X      

Informed 
Consent 

 X     

CXR  X X2  X  

ECG  X   X  

MRC dyspnoea 
score 

X X   X  

FFM  X   X  

Incremental 
exercise test 

 X     

6MWT  X   X  

Endurance 
cycle ergometry 
at 70% 

 X   X  

Randomised   X    

Collateral 
Ventilation 
measured 

  X    

CAT score  X   X  

SGRQc  X   X  

EQ-5D  X   X  

CT scan, computed tomography; MDT, multidisciplinary team; CXR, chest x-ray; ECG, electrocardiography; MRC, medical research 
council; FFM, fat free mass; 6MWT, six-minute walking test; CAT, COPD assessment test; SGRQc, St George’s Respiratory 
Questionnaire for COPD; EQ-5D, EuroQol 5-level. 1Spirometry, gas transfer, plethysmographic lung volumes, capillary blood gases. 2post-
procedure 
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5.2.5 CT Acquisition and Reconstruction 

For the valve study, the CT scans were performed between February 2012 to January 

2014 on a Siemens Somatom Sensation 64. Identical reconstruction parameters for 

all CT scans on both scanners were achieved through the use of the same software 

for a reliable comparison. Weekly calibration was conducted on the scanners based 

on the recommendations of the manufacturer. 

A senior radiographer at the Royal Brompton Hospital undertook the CT scans 

acquisition process. All patients received breathing training and instructions by the 

radiographer prior to the scan acquisition. Additional breathing instructions were 

provided by identical automated prompts. Intravenous contrast was not used, and all 

patients were in the supine position for scan acquisition. 

 

The following instructions were given to the patients: 

“Breathe all the way in, then hold your breath.” 

Following which the inspiratory scan was performed. Patients were allowed a 

short break to breathe normally and then instructed 

 “Breathe all the way out and hold your breath.” 

 

The parameters were used to perform the scan and reconstruct images are 

listed in Table 24. 
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Table 24. CT Settings and Reconstruction Parameters 
Parameter Setting 

Slice Thickness 1mm 
Reconstruction Interval 1mm 
Reconstruction Kernel B40f 
kV 120 
Gantry Rotation Time 0.5 seconds 
mAs (dependant on body habitus) 80-100 
Pitch 1.5 
Table Speed 54mm/second 
Scan Time (40cm thorax) 7.4 seconds 

kV, kilovoltage; mAs, milliampere-second.  

 

5.2.6 Statistical Analysis 

SPSS Statistics, version 25 (IBM), was used for all analyses. The normality of 

descriptive data will first be determined using Kolmogorov-Smirnov and Shapiro-Wilk 

normality tests. Data that have p-values of ≥0.05 are deemed normally distributed. 

Normally distributed data are conveyed as mean and SD, while median and IQR are 

used to convey data that are not distributed normally. Different hypothesis tests will 

also be used for the primary and secondary endpoints based on the normality of the 

data.  

The difference between groups (responders and non-responders) will be 

analysed using the unpaired t-test if the data are normally distributed, while non-

normally distributed data will be analysed using the Mann Whitney test. Changes 

within a single group will be analysed with the paired t-test. Correlation tests will be 

used to analyse the correlation between CT changes with outcome measures. 

Correlation for normally distributed data will be conducted using Pearson’s r 

correlation, and non-normally distributed data will be performed using Spearman’s 

Rho. Qualitative data are presented as percentages and comparisons of these 

variables will be performed using Fisher’s Exact test. The Fisher’s Exact test will be 

used for responder analysis to identify associations between parameters and to 

determine if there are any significant differences in the proportion of patients reaching 

the minimum clinically important difference on both lung function and QCT 

parameters. 
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Both baseline lung function and QCT indices will be evaluated for its ability to 

predict a responder on each valve study endpoint’s MCID using a Receiver Operating 

Characteristics (ROC) curve. Sensitivity and specificity were calculated for specific 

lung function and QCT indices to identify the optimal threshold which maximised the 

sensitivity and specificity.  

Baseline lung function and QCT variables that could serve as predictors of 

superior response to LVRC treatment will be explored using univariate linear 

regression. Variables with P-value < 0.1 in univariate analysis were considered in the 

multivariate analysis regression. The parameters that are not significant as predictors 

at the level of 0.10 in the multivariate model will then be removed using backward 

elimination. In addition, baseline FEV1 measured by plethysmography and target lobe 

fissure integrity measured by LungSeg QCT both expected to be predictors to change 

in the target lobar volume at inspiration will be adjusted for in the multivariate model. 
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5.3 VALVE STUDY RESULTS 

5.3.1 Baseline Data 

In the short-term valve study, a total of 50 patients were enrolled; 25 received enrolled 

to sham-control group and 25 patients received BLVR with Valves following their 

enrollment. Baseline data and characteristics for the treated group are available for all 

enrolled patients and are presented in Table 25.  

Most patients enrolled in this study are male, with female patients only 

accounting for eight out of the total 25 patients. The mean FEV1abs was 930 mL                    

(± 350), and the mean FEV1%pred was 31.63% (± 10.17). Meanwhile, the mean RVabs 

was 4960 mL (± 1100), and the mean RV%pred was 219.04% (± 39.29). The mean 

TLCpleth was 8260 mL (± 1530), and the mean TLCpleth%pred was 131.53 (± 11.78). 
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Table 25. Baseline Characteristics of The Short-Term Valve Study 

Characteristics Control (N=25) Treated (N = 25) P Value 

Age (year) 62.68(± 8.01) 61.88(± 6.86) 0.706 
Male  14(56) 17(68) 0.382 
FEV1abs(L) 0.79(0.61 to 1.04)* 0.93(± 0.35) 0.409 

FEV1% 28.5(23.85 to 41.35)* 31.63(± 10.17) 0.884 
FVC(L) 2.99(± 0.83) 3.13(± 0.84) 0.247 

TLCabs (L) 8.31(± 1.73) 8.26(± 1.53) 0.927 
TLC% 142.76(± 14.88) 131.53(± 11.78) 0.005 

RVabs (L) 5.48(± 1.38) 4.96(± 1.11) 0.155 

RV% 245.2(± 44) 219.04(± 39.29) 0.031 

RV/TLC 64.06(± 7.88) 60.23(± 8.06) 0.095 
FRCabs (L) 6.28(± 1.4) 5.99(± 1.26) 0.450 

FRC% 198.46(± 29.3) 181.62(± 27.79) 0.042 
TLCO 2.9(± 0.94) 3.04(± 1.24) 0.643 

TLCO% 34.13(± 8.98) 33.81(± 10.84) 0.910 

KCO (mmol/min/kPa/L) 0.65(± 0.16) 0.67(± 0.19) 0.786 
KCO% 44.69(± 11.77) 45.80(± 12.81) 0.753 
6MWD (m) 334.4(± 81.86) 360 (273 to 415.5)* 0.648 

SGRQ (point) 70.65(± 12.48) 67.79(± 13.17) 0.435 
TLCCT (mL) 6642.27 (± 1566.43) 9395.61(± 2123.52) 0.001 

Total Vessel Volume(mL) 257 (198.50 to 296.50) 348.41(± 89.44) 0.001 

Heterogeneity Index 

 

 

 

  

0.081 
• Homogeneous 15(60) 5 (20) 
• Heterogeneous 1 (4) 10 (40) 
• Mixed 6 (24) 8 (32) 

FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; TLC, total lung capacity; RV, residual volume; RV / TLC,  
residual volume / total lung capacity;  FRC, functional residual capacity ; TLCO, transfer factor for carbon monoxide; KCO, carbon 
monoxide transfer coefficient in mmol/min/kPa/L; 6MWD, 6-minute walk distance; SGRQ, St George’s Respiratory Questionnaire total 
score; TLCCT, total lung capacity measured by LungSeg QCT; Total Vessel Volume measured by LungSeg QCT presented in mL; 
Heterogeneity Index (Emphysema Distribution) was assessed as the difference in destruction (percentage of pixels of less than −950 
Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 10%  defined as homogeneous, a 
difference of 10% or more defined as heterogeneous and combined heterogeneity results from two lobes are presented as mixed. Data 
is presented as mean (± standard deviation) in case of normal distribution of data and as median (IQR, interquartile range) in case of non-
normal distribution (*); categorical variables as number (%) of patients; Significant P-value are depicted in bold. 
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5.3.2 Enrolment and Procedural Details 

We analysed 50 patients from the original short-term valve study for the baseline 

characteristics analysis. These 50 patients were originally randomised in a 1:1 ratio, 

in which 25 patients were set to receive valve treatment while the other 25 were set to 

be in the control group. Only the 25 treated patients were analysed for the primary and 

secondary endpoints analysis. 

All procedures were done under general anesthesia carried out by anesthesiologists. 

The RML was excluded from this study, and no procedures were conducted on 

the RML. Table 26 and Figure 31 present the procedural details of the short-term valve 

study. 

 
Table 26.Total Subjects Received EBV 

Valve Study (N = 25) 

Treated Lobe Patient Count 

RUL 10 

RLL 0 

LUL 14 

LLL 1 

RUL, right upper lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe 
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Figure 31. Procedural Details of the Valve Study 
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5.3.3 Primary Endpoint for The Short-Term Valve Study  

Response in lung volume reduction valve treatment is represented by the reduction in 

TLC, RV and FEV1 post-procedure. 

In table 27, we found these significant baseline QCT indices that could serve as 

potential predictors for superior response in TLCabs as measured by 

plethysmography:  baseline TLCCT, total lung vessel volume, and VTLINSP. Superior 

response for TLCabs is based on its MCID: a 350mL reduction in TLCabs following 

valve treatment. 

In table 28, there was no baseline QCT indices that could predict superior response 

based on improvement in RVabs as measured by plethysmography. Superior 

response for RVabs is based on its MCID: a 350mL reduction in RVabs following valve 

treatment. In table 29, there was no baseline QCT indices that could predict superior 

response based on improvement in FEV1 as measured by plethysmography. Superior 

response for FEV1 is based on its MCID: a 100mL improvement in FEV1 following 

valve treatment. 

Detailed results of the QCT predictors of superior response based on these three 

parameters are presented in Table 27, 28, and 29.  The ROC analysis of baseline 

QCT predictors of superior response to valve treatment measure by plethysmography 

(TLCabs, RVabs, and FEV1abs) in the valve study are presented in Table A.8, A.9, and 

A.10 in the appendix. 
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Table 27. Baseline QCT Indices of Superior Response Based on TLC Measured by Plethysmography in The Short-Term Valve Study       

Variable 
Patients with TLCabs volume reduction Patients without TLCabs volume reduction 

95% CI P- value 
N Mean SD SE N Mean SD SE 

Heterogeneity Index 
• Homogeneous 
• Heterogeneous 
• Mixed 

 
2(40%) 
7(70%) 

3(37.5%) 

    
3(60%) 
3(30%) 

5(62.5%) 

   

 0.323*** 

Fissure Integrity 
• ≥95% 
• 94 -85% 
• <85% 

 
5 (83.3%) 
4 (33.3%) 
1 (33.3%) 

    
1 (16.7%) 
8 (66.7%) 
2 (66.7%) 

   

 0.139*** 

TLCCT (mL) 12 10520.42 1613.18 193.85 11 8168.55 1970.66 272.4 -3907.75 to -
795.99 

0.005* 

Total Lung Vessel Volume 
(mL) 

11 385.18 80.81 24.37 11 311.64 85.39 325.75 -147.49 to 0.4 0.05* 

AOP 11 0.78 0.29 0.09 11 0.74 0.28 0.09  0.554** 

Target Lobe           

VTLINSP (mL) 12 2289.53 357 103.06 11 1833.55 497.75 150.08 -829.09 to -82.87 0.019* 

Target Lobe Vessel Volume 
(mL) 

11 91.64 19.77 5.96 11 75.48 21.14 6.37 -34.35 to 2.05 0.079* 

-950HU EI (%) 12 45.42 2.47 0.71 11 47.55 4.72 1.42 -1.1 to 5.36 0.185* 

-910HU EI (%) 12 57.83 2.91 0.84 11 58.39 6.59 1.99 -3.79 to 4.91 0.791* 
• The threshold of–350 mL for total lung capacity volume change was determined by using an MCID analysis anchored to total lung volume change/ reduction measured via body plethysmography.  
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; TLCabs, absolute total lung capacity measured by plethysmography; Heterogeneity Index (Emphysema Distribution) was assessed as 

the difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more 
defined as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung 
Vessel Volume measured by LungSeg QCT presented in mL; AOP,pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured 
by LungSeg QCT presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT 
presented in percent; * Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; ***P-value from the categorical variable are analysed using Chi-Square. Significant P-value are depicted in bold.  
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Table 28. Baseline QCT Indices of Superior Response Based on RV Measured by Plethysmography in The Short-Term Valve Study       

Variable 
Patients with RVabs volume reduction Patients without RVabs volume reduction 

95% CI 
 

P- value N Mean SD SE N Mean SD SE 

Heterogeneity Index 
• Homogeneous 
• Heterogeneous 
• Mixed 

 
2(40%) 
5(50%) 
4(50%) 

    
3(60%) 
5(50%) 
4(50%) 

   

 0.925*** 

Fissure Integrity 
• ≥95% 
• 94 -85% 
• <85% 

 
 

4 (66.7%) 
5 (41.7%) 

0 

    
 

2 (33.3%) 
7 (58.3%) 
3 (100%) 

   

 0.231*** 

TLCCT (mL) 11 9791 2073.14 281.05 12 9033.17 2193.6 291.22 -2612.99 to 1097.33 0.405* 

Total Lung Vessel Volume 
(mL) 10 367.9 103.95 32.87 12 332.17 76.13 21.98 -115.87 to 44.4 0.363* 

AOP 10 0.74 0.29 0.09 12 0.77 0.28 0.08   0.717** 

Target Lobe                     

VTLINSP (mL) 11 2637.55 912.33 275.08 12 2379.08 765.96 221.12 -986.66 to 469.73 0.469* 

Target Lobe Vessel 
Volume (mL) 10 75.4 22.59 7.14 12 66.92 20.37 5.88 -27.59 to 10.63 0.365* 

-950HU EI (%) 11 53.09 6.58 1.98 12 55.92 4.58 1.32   0.420** 

-910HU EI (%) 11 66.36 7.13 2.15 12 67.5 6.5 1.88   0.951** 
• The threshold of–350 mL for residual volume change was determined by using an MCID analysis anchored to residual volume change/ reduction measured via body plethysmography.  
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; RVabs, absolute residual volume measured by plethysmography; Heterogeneity Index (Emphysema Distribution) was assessed as the 

difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined 
as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel Volume 
measured by LungSeg QCT presented in mL; AOP,pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT 
presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in percent; * 
Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; ***P-value from the categorical variable are analysed using Chi-Square. Significant P-value are depicted in bold. 
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Table 29. Baseline QCT Indices of Superior Response Based on FEV1 Measured by Plethysmography in The Short-Term Valve Study       

Variable 
Patients with FEV1abs improvement Patients without FEV1abs improvement 

95% CI 
 

P- value N Mean SD SE N Mean SD SE 

Heterogeneity Index 
• Homogeneous 
• Heterogeneous 
• Mixed 

 
4(80%) 
3(30%) 
4(50%) 

    
1(20%) 
7(70%) 
4(50%) 

   

 0.186*** 

Fissure Integrity 
• ≥95% 
• 94 -85% 
• <85% 

 
 3 (50%) 
7 (58.3%) 

0 

    
3 (50%) 

5 (41.7%) 
3 (100%) 

   

 0.325*** 

TLCCT (mL) 11 9533.45 1973.59 595.06 12 9269.25 2332.66 673.38 -2147.16 to 
1618.75 0.773* 

Total Lung Vessel Volume 
(mL) 10 385.9 100.09 31.65 12 317.17 68.79 19.86 -144.05 to 6.58 0.071* 

AOP 11 0.75 0.28 0.08 11 0.76 0.3 0.09   0.797** 

Target Lobe           

VTLINSP (mL) 11 2448 906.75 273.39 12 2552.83 790.61 228.23 -631.21 to 840.88 0.770* 

Target Lobe Vessel Volume 
(mL) 10 76.9 22.04 6.97 12 65.67 20.2 5.83 -30.03 to 7.56 0.227* 

-950HU EI (%) 11 52 6.23 1.88 12 56.92 4.08 1.18   0.077** 

-910HU EI (%) 11 64.82 6.55 1.98 12 68.92 6.43 1.86   0.121** 
• The threshold of 100ml improvement for forced expiration volume in one second was determined by using an MCID analysis anchored to FEV1 change/ reduction measured via body plethysmography.  
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; FEV1,  forced expiration volume in one second measured by plethysmography; Heterogeneity Index (Emphysema Distribution) was assessed 

as the difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more 
defined as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel 
Volume measured by LungSeg QCT presented in mL; AOP,pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg 
QCT presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in 
percent; * Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; ***P-value from the categorical variable are analysed using Chi-Square. Significant P-value are depicted in bold. 
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5.3.4 Secondary Endpoint of The Short-Term Valve Study 

 

5.3.4.1 Changes in Lung Volumes  

The mean change in target lobe volume at inspiration post-procedure was -477.905 

mL and was not statistically significant (P-value = 0.055). The mean change in the 

whole lung volume at inspiration was -221.29 mL and was not statistically significant 

(P-value = 0.382). The mean change in non-target lobe volume at inspiration post-

procedure was +69.29 mL and was not statistically significant (P-value = 0.325).  

 

5.3.4.2 Changes in Lung Density  

The mean change in target lobe emphysema score at the -910HU threshold at 

inspiration was -1.71 % (P-value = 0.344). The mean change in target lobe 

emphysema score at the -950HU threshold at inspiration was -1.95 % (P-value = 

0.182). The mean change in non-target lobe emphysema score at the -910HU 

threshold at inspiration was 0 % (P-value = 1). The mean change in non-target lobe 

emphysema score at the -950HU threshold at inspiration was + 0.32 % (P-value = 

0.768).  

 

Detailed results of the change in QCT and lung function indices in the treated group 

are shown in Table. 30. Detailed results comparing the change between the control 

and the treated group of the Short-Term Valve Study are shown in Table. 31. 
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Table 30. Change in QCT and Lung Function Indices in the Treated Group of the Short-Term Valve Study 

Parameter Baseline Post-3month FU Difference 
P-

Value 

Lung Volumes     

Change in TLCCT (mL) 9500.52 ± 2173.14 9279.24 ± 2041.82 -221.29 ± 1133.69 0.382 

Change in VTLINSP (mL) 2521.52 ± 844.72 2043.62 ± 1074.74 -477.9 ± 1077.01 0.055 

Change in VNTLINSP (mL) 2103.63 ± 491.05 2172.92 ± 491.87 + 69.29 ± 314.59 0.325 

Change in Lung Vessel Volume 
(mL) 

353.19 ± 88.72 348.57 ± 94.66 -4.62 ± 40.54 0.607 

Change in AoP  0.752 ± 0.285 0.776 ± 0.381 +0.024 ± 0.474 0.817 

Lung Density     

Change -910HU EI at Inspiration in 
Target Lobe (%) 

66.57 ± 6.76 64.86 ± 7.34 -1.71 ± 8.1 0.344 

Change -910HU EI at Inspiration in 
Non-Target Lobes (%) 

57.73 ± 4.89 57.73 ± 6.04 + 0 ± 5.2 1 

Change -950HU EI at Inspiration in 
Target Lobe (%) 

54.24 ± 5.71 52.29 ± 6.87 -1.95 ± 6.47 0.182 

Change -950HU EI at Inspiration in 
Non-Target Lobes (%) 

46.11 ± 3.73 46.43 ± 6.87 + 0.32 ± 4.87 0.768 

Lung Vessel Volume     

Change Vessel Volume in                
Target Lobe (mL) 

72.24 ± 20.68 60.52 ± 25.03 -11.71 ± 20.97 0.019 

Change Vessel Volume in                  
Non-Target Lobes (mL) 

84.56 ± 21.63 85.44 ± 24.57 + 0.89 ± 11.01 0.715 

Clinical Parameters     

Change in TLCabs (L) 8.29 ± 1.62 8.05 ± 1.51 -0.23 ± 0.44 0.0001 

Change in RVabs (L) 5.22 ± 1.26 4.90 ± 1.33 -0.32 ± 0.62 0.001 

Change in RV/TLC  62.14 ± 8.12 59.83 ± 9.67 -2.31 ± 5.66 0.006 

Change in FEV1abs (L) 0.89 ± 0.32 0.99 ± 0.37 0.11 ± 0.21 0.001 

Change in FVC (L) 3.13 ± 0.84 3.25 ± 0.93 0.12 ± 0.39 0.038 

Change in FRC (L) 6.14 ± 1.33 5.98 ± 1.33 -0.16 ± 0.61 0.073 

Change in 6MWD (m) 338 ± 87.15 350.25 ± 108.55 12.26 ± 65.1 0.189 

Change in SGRQ (point) 69.22 ± 12.78 63.5 ± 20.51 -5.71 ± 16.09 0.015 

TLCCT, total lung capacity measured by LungSeg QCT; VTLINSP, target lobar volume at inspiration measured by LungSeg QCT; VNTLINSP, 
non-target lobar volume at inspiration measured by LungSeg QCT; Vessel Volume measured by LungSeg QCT; AOP, pulmonary artery 
to aorta ratio, ; -910 & -950 HU EI at Inspiration, Emphysema Index from CT inspiratory on -910 & 950 HU presented in percentage; 
TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual volume / total lung capacity; FEV1abs, absolute 
forced expiratory volume in the first second; FVC, forced vital capacity; FRC, functional residual capacity; 6MWD, 6-minute walk distance; 
SGRQ, St George’s Respiratory Questionnaire total score; Analysed using Paired t-test; P-value <0.05 is significant are shown in bold. 
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Table 31. Change in QCT and Lung Function Indices in the Treated and Control Group of the Short-Term Valve 
Study  

 
Change in the Treated Group (N=21) Change in the Control Group (N=20) 

P-value 
Mean (SD) 95% CI Mean (SD) 95% CI 

TLCabs (L) -0.35 (± 0.53) -0.57 to -0.13 -0.11 (± 0.29) -0.23 to 0.01 0.055 

RVabs (L) -0.50 (± 0.77) -0.82 to -0.18 -0.13 (± 0.35) -0.28 to 0.01 0.038 

FEV1abs (L) +0.18 (± 0.27) 0.07 to 0.29 +0.03 (± 0.06) 0 to 0.05 0.008 

RV/TLC -3.99 (± 7.07) -6.91 to -1.07 -0.64(± 3.11) -1.92 to 0.64 0.038 

6MWD (m) +29.24 (± 70.66) 0.07 to 58.41 -4.72 (± 55.31) -27.55 to 18.11 0.064 

SGRQ (point) -7.77 (± 20.07) -16.05 to 0.52 -3.66 (± 10.80) -8.12 to 0.8 0.373 

TLCCT (mL) -221.29 (± 1133.69) -737.33 to 294.76 +180.80 (± 886.24) -233.97 to 595.57 0.215 

Total Lung 
Vessel 
Volume (mL) 

-4.62 (± 40.54) -23.07 to 13.83 -19.50 (± 42.87) -39.56 to 0.56 0.260 

Target Lobar 
Volume (mL) -477.90 (± 1077.01) -968.15 to 12.34 -6.25 (± 402.0) -194.4 to 181.9  0.072 

Target Lobar 
Vessel 
Volume (mL) 

-11.71 (± 20.97) -21.26 to -2.17 -4.80 (± 15.32) -11.97 to 2.37 0.237 

Data is presented as mean (± standard deviation) in case of normal distribution of data;  95% CI, 95% confidence interval;  TLCabs, 
absolute total lung capacity; RVabs, absolute residual volume; FEV1abs, absolute forced expiratory volume in the first second; TLCCT, 
total lung capacity measured by LungSeg QCT; TLVV, Total Lung Vessel Volume; 6MWD, 6-minute walk distance; SGRQ, St George’s 
Respiratory Questionnaire total score;  Analysed using Independent t-test; P-values <0.05 are considered statistically significant and 
shown in bold. 
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5.3.4.3 Association between Lung Function MCIDs with Target Lobar 
Volume Loss MCIDs 

There was a significant association between a reduction of 350 mL in the whole lung 

volume at inspiration as measured by QCT (TLCCT MCID) with a reduction of 350 mL 

in the whole lung volume at inspiration as measured by plethysmography (TLCabs 

MCID) (Fisher’s Exact P-value = 0.030) and between TLCCT MCID with a reduction 

350 mL in the whole lung volume at expiration as measured by plethysmography 

(RVabs MCID) (Fisher’s Exact P-value = 0.0001). There was also a significant 

association between a reduction of 350 mL in the treated lobe volume at inspiration 

as measured by QCT (VTLINSP MCID) with RVabs MCID (Fisher’s Exact P-value = 

0.015). Meanwhile, there was no significant association between an improvement of 

100 mL in FEV1abs as measured by plethysmography (FEV1abs MCID) with the lung 

volume MCIDs. Detailed results are presented in Table 32. 
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Table 32. Association between Lung Function MCIDs with QCT Lung Volume MCIDs in The Short-Term Valve Study 

  TLCabs MCID RVabs MCID FEV1abs MCID 

  Responder Non-Responder P-value Responder Non-
Responder 

P-value Responder Non-Responder P-value 

VTLINSP 
Responder 7 (70%) 3 (30%) 

0.226 

8 (80%) 2 (20%) 

0.015 
7 (70%) 3 (30%) 

0.111 

Non-Responder 6 (40%) 9 (60%) 4 (26.7%) 11 (73.3%) 5 (33.3%) 10 (66.7%) 

TLCCT 
Responder 9 (75%) 3 (25%) 

0.030 
10 (83.3%) 2 (16.7%) 

0.0001 
8 (66.7%) 4 (33.3%) 

0.08 

Non-Responder 2 (22.2%) 7 (77.8%) 0 9 (100%) 2 (22.2%) 7 (63.6%) 

Responders are defined as patients who achieved respective parameters’ MCID; a reduction in total lung capacity volume of 0.35 L, a reduction in residual volume of 0.35 L, an increase in FEV1 of more 
than 100 mL, TLC, Total lung capacity measured by plethysmography; RV, residual volume measured by plethysmography; FEV1, forced expiratory volume in the first second measured by plethysmography; 
TLCCT, total lung capacity measured by LungSeg QCT; VTLINSP, treated lobar volume at inspiration measured by LungSeg QCT; *P-value based on Fisher’s Exact, P-values <0.05 are considered statistically 
significant and shown in bold. 
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5.3.4.4 Association between Target Lobar Volumes MCID and HRQoL 
Measurements MCID  

There were no significant associations between a reduction of 350 mL in the treated 

lobe volume at inspiration as measured by QCT (VTLINSP MCID) and the MCID of 

HRQoL measurements as represented by an improvement of ≥26 m in 6MWD 

(Fisher’s Exact P-value = 0.428) and a reduction of  ≥4 points in SGRQ (Fisher’s Exact 

P-value = 0.226). 

There were no significant associations between a reduction of 350 mL in the 

whole lung volume at inspiration as measured by QCT (TLCCT MCID) and the MCID 

of two health related quality of life (HRQoL) measurements as represented by 6MWD 

(Fisher’s Exact P-value = 0.396) and SGRQ (Fisher’s Exact P-value = 0.396). Detailed 

results are presented in Table 33.  
 
Table 33. Association between Target Lobar Volumes MCIDs and HRQoL Measurements MCIDs in The Short-
Term Valve Study 

  6MWD MCID SGRQ MCID 

  Responder Non-Responder P-
value 

Responder Non-Responder P-
value 

VTLINSP 
Responder 6 (60%) 4 (40%) 

0.428 

7 (70%) 3 (30%) 

0.226 

Non-Responder 6 (40%) 9 (60%) 6 (40%) 9 (60%) 

TLCCT 
Responder 8 (66.7%) 4 (33.3%) 

0.396 

8 (66.7%) 4 (33.3%) 

0.396 

Non-Responder 4 (44.4%) 5 (55.6%) 4 (44.4%) 5 (55.6%) 

Responders are defined as patients who achieved respective parameters’ MCID; an increase of 26 m in 6MWD, a decrease by 4 points 
in total SGRQ score; 6MWD, 6-minute walk distance;SGRQ, St George’s Respiratory Questionnaire total score; VTLINSP, treated lobar 
volume at inspiration measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT; P-value based on Fisher’s 
Exact, P-values <0.05 are considered statistically significant and  shown in bold.  
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5.3.4.5 Correlation between Change in Treated Lobe Vessel Volume 
with Change Clinical Parameters  

There were strong significant correlations between the change in total lung vessel 

volume with changes in almost all of the physiological indices, including RVabs 

(Pearson = 0.582, P-value = 0.006), FEV1abs (Pearson = -0.709, P-value = 0.0001), 

and RV/TLC (Pearson = 0.659, P-value = 0.001), except for change in TLCabs (Pearson 

= 0.325, P-value = 0.151). 

There were strong significant correlations between the change in mean vessel 

volume at the treated lobe following valves treatment with changes in almost all of the 

physiological indices, including TLCabs (Pearson = 0.681, P-value = 0.001), RVabs 

(Pearson = 0.781, P-value = 0.0001), FEV1abs (Pearson = -0.728, P-value = 0.0001), 

and RV/TLC (Pearson = 0.746, P-value = 0.0001). Detailed results are presented in 

Table 34. 
 
Table 34. Correlation between Change in Treated Lobe Vessel Volume with Change Clinical Parameters in The 
Short-Term Valve Study 

Correlation TLCabs RVabs FEV1abs RV/TLC 

Change in Total 
Lung Vessel 
Volume 

0.325 (0.151) 0.582 (0.006) -0.709 (0.0001) 0.659 (0.001) 

Change in Treated 
Lobe Vessel 
Volume 

0.681 (0.001) 0.781 (0.0001) -0.728 (0.0001) 0.746 (0.0001) 

TLCabs, absolute total lung capacity measured by plethysmography; RVabs, absolute residual volume measured by plethysmography; 
FEV1abs, absolute forced expiratory volume in the first second measured by plethysmography; RV/TLC, residual volume / total lung 
capacity; Total Lung Vessel Volume and Treated Lobe Vessel Volume were measured by LungSeg QCT Data is presented in Pearson 
Correlation; *P-value <0.05 are considered statistically significant and shown in bold  

 

5.3.4.6 Association between Fissure Integrity with Target Lobe Volume 
Loss MCID. 

There was no significant association between fissure integrity as measured by QCT 

with a reduction of 350 mL in the treated lobe volume at inspiration as measured by 

QCT (VTLINSP MCID) (Fisher’s Exact P-value = 0.158). Four out of six patients (66.7%) 

classified into the >95% fissure integrity group achieved VTLINSP MCID following valve 

placement. Four out of twelve patients (33.3%) classified into the 85-95% fissure 

integrity group achieved VTLINSP MCID following valve placement. Meanwhile, none 
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of the patients classified into the <85% fissure integrity group achieved VTLINSP MCID 

following valve placement. Detailed results are presented in Table 35. 

 
Table 35. Association between Fissure Integrity with Target Lobe Volume Loss MCID in The Short-Term Valve 
Study  

 Target Lobe Volume Loss P-value 

Responder Non-Responder 

Fissure 
Integrity 

≥95% 4 (66.7) 2 (33.3%) 

0.158 94 – 85% 4 (33.3%) 8 (66.7%) 

< 85% 0 3 (100%) 

 Fissure integrity was classified into three groups based on the fissure completeness; Responder defined as subject who achieved lobar 
volume loss MCID >350ml; Non-Responder defined as subjects who did not achieved target lobar volume MCID 350ml;  Data presented 
using Fisher’s Exact Test; P-value <0.05 is significant are shown in bold. 
 

5.3.4.7 Association between Fissure Integrity with Chartis Outcome 

We found a significant association between Fissure Integrity derived by LungSeg QCT 

with collateral ventilation (CV) status (Fisher’s Exact P-value = 0.03). Using Chartis as 

reference, fissure integrity status was determined using the LungSeg program. At the 

>95% threshold, the LungSeg program was able to accurately determine 6/6 (100%) 

fissure integrity status. At the 85-95% threshold, the LungSeg program was able to 

accurately determine 11/12 (90%) fissure integrity status. At the <85% threshold, the 

LungSeg program was able to accurately determine 3/3 (100%) fissure integrity status 

as CV positive. Results are presented in Table 36. 
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Table 36. Association between Fissure Integrity with Chartis Outcome in The Short-Term Valve Study 

 Chartis Outcome P-value 

CV Positive CV Negative 

Fissure 
Integrity 

> 95% 0 (0%) 6 (100%) 

0.03 94 – 85% 1 (10%) 11 (90%) 

< 85% 3 (100%) 0  

 Fissure integrity was classified into 3 groups based on the fissure completeness; Chartis Outcome is divided into CV Positive and CV Negative; CV, Collateral 
Ventilation; Data is presented in count (% within Fissure Integrity); Fisher’s Exact Test P-value <0.05 is significant are shown in bold. 
 

5.3.4.8 Baseline Lung Function Predictors of Lung Volume Loss 

No baseline lung function parameter measured by plethysmography was found to be 

a statistically significant predictor of superior response to valve treatment as measured 

by QCT (TLCCT) as shown in Table 37. No baseline lung function parameter was found 

to be a statistically significant predictor of superior response to valve treatment as 

measured by QCT (VTLINSP) as shown in Table 37. 
 
Table 37. Univariate Analysis of Baseline Lung Function Predictors for Lobar Volume Loss at Inspiration and 
Expiration in The Short-Term Valve Study.   

Lung 
Function 

Predictors 

Change in TLCCT Change in VTLINSP 

R2 ß 95% CI P-value R2 ß 95% CI P-value 

TLCabs  0.017 -89.154 -419.26 to 240.95 0.578 0.049 -146.290 -454.61 to 162.04 0.333 

RVabs  0.068 -269.894 -751.07 to 211.28 0.255 0.061 -244.001 -702.68 to 214.68 0.279 

RV/TLC 0.001 -29.204 -37.26 to 32.81 0.896 0.001 -4.980 -70.89 to 60.94 0.876 

FEV1abs 0.043 670.294 -850.83 to 2191.42 0.368 0.062 766.360 -664.14 to 2196.858 0.276 

FVC 0.007 108.582 -505.40 to 722.56 0.715 0.01 -121.666 -704.13 to 460.79 0.667 

TLCO 0.007 -73.621 -493.85 to 346.605 0.718 0.006 66.957919 -332.37 to 466.29 0.729 

KCO 0.035 -1062.363 -3730.05 to 1605.32 0.415 0.029 919.228 -1622.96 to 3461.42  0.458 
 

R2, R-Squared; 95% CI, 95% of confidence interval; TLCCT, total lung capacity measured by LungSeg QCT; VTLINSP, target lobar volume at inspiration measured 
by LungSeg QCT; TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual volume / total lung capacity; FEV1abs, absolute 
forced expiratory volume in the first second; FVC, forced vital capacity; TLCO, transfer factor for carbon monoxide; KCO, carbon monoxide transfer coefficient; 
P-value <0.05 is significant are shown in bold.
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5.3.4.9 Radiological Predictors of Lobar Volume Loss 

A univariate analysis of baseline radiological factors associated with target lobe 

volume loss was conducted as presented in Table 38. No baseline radiological 

parameter was found to be a statistically significant predictor of superior response to 

valve treatment as measured by QCT (TLCCT). Detailed results of the baseline 

radiological predictors of superior response measured by TLCCT and target lobe TLCCT 

are presented in Table A.15 and A.17 respectively. ROC analyses of the baseline 

radiological predictors of superior response measured by TLCCT and target lobe TLCCT 

are presented in Table A.16 and A.18. 

 
Table 38. Univariate Analysis of Baseline QCT Predictors for Lobar Volume Loss at Inspiration to Valves 
Treatment in the in The Short-Term Valve Study.   

QCT Predictors 
Change in VTLINSP 

R2 ß 95% CI P-value 

Whole Lung     
TLCCT at Insp 0.081 -0.141 -0.369 to 0.087 0.210 

Target Lobe     

VTLINSP  0.156 -0.503 -1.066 to 0.059 0.076 

Fissure Integrity 0.063 -18.377 -54.614 to 17.861 0.30 

-950HU EI at Insp 0.030 -1.02 -3.026 to 6.512 0.454 

-910HU EI at Insp 0.022 -23.494 -99.193 to 52.206 0.524 

Vessel Volume 0.038 -10.202 -34.721 to 14.317 0.395 

R2, R-Squared; CI, Confidence interval; TLCCT, total lung capacity measured by LungSeg QCT; VTLINSP, target lobar volume at inspiration 
measured by LungSeg QCT; Target lobe fissure integrity measured by LungSeg QCT; -910 & -950 HU EI at Inspiration, Emphysema 
Index from CT inspiratory on -910 & 950 HU; HU, Hounsfield Unit;Target Lobe Vessel Volume measured by LungSeg QCT; 95% CI, 95% 
confidence interval; P-value <0.05 is significant are shown in bold. 

 

The best prediction model for change in target lobar volume at inspiration was 

found to be the combination of baseline target lobar volume at inspiration, target lobe 

fissure integrity and baseline FEV1abs measured by plethysmography, as shown by 

the improved model adjusted R2 of 0.193 (P-value = 0.105) as seen in Table 39. 
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Table 39. Multivariate Analysis of Combined Baseline Radiological and Physiological Predictors of Positive 
Outcome to Valves Treatment in The Short-Term Valves Study. 

 Parameters Predictors ß SE CI P-
value 

Model 
Adjusted R2 

Δ Target 
LVINSP 

QCT 

(1) Baseline 
LV at Insp -0.503 0.269 -1.066 to 

0.059 0.076 

0.193 
(2) Target 
Lobe Fissure 
Integrity 

-18.377 17.176 -54.614 to 
17.861 0.30 

Lung 
Function 

(3) Baseline 
FEV1abs 766.360 683.460 -664.137 to 

2196.88 0.276 

ß, beta; SE, standard error; CI, confidence interval; LVINSP, Lobar Volume measured by CT Inspiratory; Target lobe fissure integrity 
measured by LungSeg QCT; FEV1abs, absolute forced expiratory volume in the first second measured by Plethysmography; P-value 
<0.05 is significant. 
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5.4 DISCUSSION 

Various endoscopic lung volume reduction procedures are now widely available for 

patients with severe emphysema. One of the most extensively studied methods is the 

implantation of one-way valves in the bronchi of an emphysematous lobe, called 

endobronchial valve implantation.231 Traditionally, potential EBV patients are selected 

based on three parameters: emphysema heterogeneity, emphysema index, and 

fissure integrity. Many publications have suggested that patients with a combination 

of specific parameters such as heterogeneous emphysema, severe emphysema as 

indicated by a high EI, and intact lobar fissure (CV negative) respond best to EBV 

treatment. This chapter focuses on patients treated with EBV to reassess the 

established postulate and further explore the role of QCT in identifying better patient 

selection criteria for EBV treatment. 

In the original short-term valve study, the visual assessment was used to 

determine the heterogeneity of the subjects. Based on visual assessment, all 25 

treated patients had heterogeneous emphysema, yet as we reassessed the 

heterogeneity of these treated patients using QCT, we found that, 5 out of 23 subjects 

had homogeneous emphysema. There are a number of patients with homogeneous 

emphysema that responded well to EBV treatment as represented by the parameters 

of the primary endpoint (TLC, FEV1 and VTLInsp post-procedure). 2 out of the 5 treated 

patients that had homogeneous emphysema were responders to TLCabs, 2 patients 

out of the 5 treated patients that had homogeneous emphysema were responders to 

RVabs, and 4 out of the 5 treated patients that had homogeneous emphysema were 

responders to FEV1abs following valve placement. The notion that patients with 

homogeneous emphysema might benefit from EBV treatment is supported by Van der 

Molen et al., which have stated that patients with homogeneous emphysema and 

absence of collateral ventilation have shown great improvements following EBV 

treatment, and was confirmed in a prospective trial.231 In heterogeneous emphysema, 

the EBV is implanted in the most diseased lobe, yet in homogeneous emphysema it 

is impossible to identify the most diseased lobe. To address this issue, Van der Molen 

et al. recommend the use of expiratory CT scan or perfusion scan to help identify the 

most suitable target lobe. Using the quotient of TLCCT / Vessel VolumeCT, LungSeg 

could be utilised as a surrogate tool for a traditional V/Q scan and subsequently be 
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used in identifying a suitable target lobe for patients with homogeneous emphysema. 

Further studies investigating this possibility is highly encouraged. 

This chapter also found the upper lobes of the lungs are the most common 

treated lobe, a phenomenon we also observed in the long-term coil study. Our findings 

were consistent with the findings of other EBV publications, where valve treatment in 

both the TRANSFORM study conducted by Kemp et al.209 and the STELVIO trial 

conducted by Klooster et al134 were also predominantly performed in the upper lobes 

of the lungs. This phenomenon is highly due to the fact that the most common 

phenotype of emphysema is the centrilobular emphysema, which predominantly 

occurs in the upper lobes of the lungs and in individuals over 50 years old who have 

been substantially exposed to tobacco smoke.72 As seen on the baseline data of the 

short-term valve study, the mean age of the treated group was 62.68 years old, and 

most treated patients in the short-term valve study had a history of heavy tobacco 

exposure. 

In this valve study, we found no statistically significant changes in the volume 

of the target lobe at inspiration and whole lung at inspiration following valve placement. 

We also did not find any significant changes in the emphysema score of the target 

lobe and at inspiration at either the -910HU and -950HU thresholds following valve 

placement. These statistically insignificant changes may be attributed to the limited 

number of subjects for this study. Although not statistically significant (-477.905 mL ± 

1077.01, CI -968.152 to 12.343, P-value = 0.055), we observed the change in volume 

of the target lobe at inspiration did reach the proposed MCID. 

We also observed increases in some of the non-target lobe parameters, such 

as the non-target lobar volume at inspiration (+69.29 mL ± 314.59, P-value = 0.325), 

and -950HU EI at inspiration (+0.32 HU ± 4.87, P-value = 0.768). These increases 

may be associated with compensatory measures taken by the non-treated lobes 

following the decrease in lobar volume in the treated lobe post-procedure. It should 

also be noted that these increases are the sum of the compensatory measures of four 

untreated lobes. 

We found a statistically significant reduction in the vessel volume of the target 

lobe of 11.71 mm3 ± 20.969 (CI -21.259 to -2.169, P-value = 0.019). Meanwhile, there 
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was no statistically significant change in the vessel volume of the non-target lobes. To 

the extent of our knowledge, no publication has ever documented about the change 

in whole lung nor lobar vessel volume as measured by CT following lung volume 

reduction valve procedure. Nevertheless, we suspect the significant decrease in 

vessel volume in the treated lobe following valve placement is associated with the 

mechanism of action of EBV. While EBC works by increasing the elastic recoil of the 

lungs, EBV induces atelectasis in the treated lobe and provides a valve mechanism 

which prevents inspired air to enter the treated lobe while allowing expired air to 

escape. This process collapses the treated lobe while overall improving the patient’s 

lung and clinical functions. The collapsed lobe is deprived of oxygen, which 

subsequently deprives the vessels of oxygen. 

To expand upon our findings about lung vessel volume, we also found 

significant correlations between the change in treated lobe vessel volume and change 

in lung function indices. While these findings were initially serendipitous and no prior 

hypothesis was formulated, the strong and significant nature of these correlations 

warrant further attention and worth exploring in further studies. As of the writing of this 

thesis we found no references that could explain the correlation between these two 

variables. However, based on the significant correlation between the decrease in 

vessel volume of the treated lobe and the improvement in lung physiology, it is likely 

that the state of lobar atelectasis post-valve placement underlies this phenomenon. 

Blood flow is reduced to the valve-treated lobe, which redirects the blood flow toward 

healthier lobes and subsequently improves lung function. 

In this study, we found a very strong significant association between TLCCT 

MCID and RVabs MCID, and a moderate significant association between target lobar 

volume loss MCID and RVabs MCID. It is very likely that these strong and moderate 

associations are due to the large amount of reduction in RVabs following valve 

placement. There was a significant of reduction 501.6 mL in RVabs as measured by 

plethysmography post-procedure. There was also a significant association between 

RVabs MCID and FEV1abs MCID. Out of the 12 RVabs MCID respondents, there were 

10 FEV1abs MCID respondents. 

Both lung function and HRQoL parameters were significantly improved greatly 

at three months. FEV1abs increased by 110 mL, FVC increased by 120 mL, TLCabs 
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decreased by 230 mL, and RVabs decreased by 320 mL.   In HRQoL, 6MWD improved 

by 12.3 m, while SGRQ had a reduction of 5.7 point. Although the SGRQ reached the 

proposed MCID, only 6MWD was not statistically significant. 

When comparing the 3-month results between the treated and control group, 

we observed that EBV placement in the treated group is associated with significant 

improvement in lung function as represented by RVabs and FEV1abs, both of which 

were measured using plethysmography. At 3 months, the RVabs of the treated group 

was reduced by 500 mL, while the RVabs of the control group was reduced by only 

130 mL. Meanwhile, the FEV1abs of the treated group improved by 180 mL, while the 

FEV1abs of the control group improved by only 30 mL. Overall, there was a statistically 

significant difference of -370 mL (P-value = 0.038) between the RVabs of the treated 

and control group, and a statistically significant difference of 150 mL (P-value = 0.008) 

between the FEV1abs of the treated and control group. These results are similar to the 

findings of Valipour et al. in the IMPACT study, which also assessed the between-

group difference of lung function parameters between EBV treated patients and 

standard of care patients at 3 months post-procedure.186 In the IMPACT study, there 

were also significant between-group differences between the EBV treated group and 

the control group in lung function parameters, specifically RV and FEV1 as measured 

by plethysmography.186 Valipour et al. found a between-group difference of -480 mL 

(p = 0.0113) in RV compared to our -370ml, and a between-group difference of 120 

mL (p < 0.0001) in FEV1 compared to our 150 mL.186 We also observed a significant 

difference of -3.35% (P-value = 0.038) in RV/TLC between the treated and control 

group following valve procedure.  

A publication by Fessler and Permutt suggested that the RV/TLC ratio is the 

most crucial lung function parameter in lung volume reduction procedures, and by 

extension, making RV a very crucial lung function parameter in lung function reduction 

procedures.232 Fessler and Permutt suggested that FEV1232 reduction in COPD 

patients is due to an increase in RV, and a reduction in RV will subsequently improve 

FEV1. In our study, we saw a significant improvement that reached the proposed MCID 

in both RV and FEV1 as measured by plethysmography. We did find a significant 

association between the two lung function parameters as measured by 

plethysmography to substantiate this postulate. We found significant associations 
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between RVabs MCID with several other QCT parameter MCIDs as mentioned above 

which substantiates that RV is indeed a crucial lung function parameter in lung volume 

reduction procedures. 

Using Chartis as a reference, we observed that LungSeg was able to reliably 

determine the collateral ventilation (CV) status of subjects. Fissure integrity derived by 

LungSeg score was classified into three groups (<85%, 85-94%, and ≥95%). Six out 

of six (100%) subjects in the fissure integrity classification of ≥95% as measured by 

LungSeg QCT had CV negative status as determined by Chartis. This suggests that 

the CV status of patients with a fissure integrity score of ≥95% can be reliably 

measured by LungSeg QCT. Based on our findings, we deduce that LungSeg could 

be used in patients with a fissure integrity of >95% as a reliable replacement for Chartis 

in order to save time and resources. The results are in accordance with the findings of 

Fiorelli et al., where they found CT fissure analysis can reliably replace Chartis in 

patients with a fissure integrity score of ≥ 95% in order to save time and resources.233 

However, Fiorelli et al. also suggested that patients with a fissure integrity score of 

75% - 90% as measured by CT fissure analysis should undergo subsequent Chartis 

assessment to improve patient selection and patients with fissure integrity score of 

<75% should be excluded from LVR candidacy.233  While our thesis conforms to the 

general idea of the publication by Fiorelli et al., our threshold for patients requiring 

subsequent Chartis assessment following CT fissure analysis (in this case using 

LungSeg) is not precisely the same. We found that patients with fissure integrity score 

of 94% - 85% should undergo subsequent Chartis assessment after CT fissure 

analysis, while patients with a fissure integrity of <85% should not be considered 

potential LVR candidates. Figure 32 shows the LungSeg QCT fissure integrity 

predictor for change in target lobar volume at Inspiration following valve placement. 

This figure shows that patients with QCT fissure integrity of more than 85% are more 

likely to meet the target lobar volume MCID (volume reduction > 350 ml) following 

valve placement in the treated lobe.  
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Figure 32. QCT Fissure Integrity Predictor for Change in Target Lobar Volume at Inspiration in the Short-Term 
Valve Study 

We used stepwise linear regression to find the best predictor combinations for 

superior outcomes in the short-term valve study.  We found that the combination of 

baseline target LV at inspiration, target lobar fissure integrity, and baseline FEV1abs 

was the best predictor for the change in target lobe LV at inspiration, as shown by the 

model adjusted R2 of 0.193 (P-value = 0.105). However, due to the small number of 

samples, this prediction model was not statistically significant. Nevertheless, when we 

excluded patients with fissure integrity of <85% on our multivariate regression 

analysis, we found the R2 improved from 0.193 to 0.263 (P-value = 0.099). 

 

5.5 CONCLUSION 

Patients with homogeneous emphysema could benefit significantly from 

endobronchial valves treatment, given that the valves are implanted at the most 

diseased lobe that could be identified by the use of QCT. Valve treatment shows 

promising results in patients with severe emphysema as seen in various QCT and lung 

function indices results, with RV as measured by plethysmography as arguably the 

most critical outcome determinant. Although statistically insignificant in this study, 

baseline lobar volume at inspiration and baseline fissure integrity score measured by 
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LungSeg could potentially serve as significant predictors of superior endobronchial 

valves outcomes. 
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CHAPTER 6 GENERAL DISCUSSION AND FUTURE DIRECTIONS 

6.1 SUMMARY OF FINDINGS 

LungSeg (the Hamlyn Centre, Imperial College London, UK) is an in-house CT lung 

segmentation software developed for the quantification of lung lobar volume and 

emphysema in COPD patients. Based on our validation study, we found that the 

performance of LungSeg in quantifying lobar volumes and quantifying emphysema at 

the -910 and -950 HU threshold was comparable to a commercially available QCT 

software called Syngo. Intra-user agreement was also found to be excellent based on 

the comparison between four LungSeg users. However, we also found a constant 

difference in the overall lung volume measurement between the LungSeg software 

and body plethysmography. This constant difference of around 1,100 – 1,120 mL is 

highly likely due to the inclusion of dead space in the body plethysmography 

measurement, while LungSeg excludes dead space in the measurement of lung 

volumes. 

In the long-term coil study, we found patients with severe emphysema could 

benefit greatly from coil treatment as seen by the improvements in QCT lung volumes 

and QCT lung density. There were significant associations between FEV1abs MCID 

with treated lobar volume MCID at inspiration, treated lobar volume MCID at 

expiration, TLCCT MCID, and RVCT MCID. Both HRQoL parameters (6MWD and 

SGRQ) MCIDs were found to have significant associations with RVCT MCID and 

treated lobar volume MCID at expiration. We also found IC, RV/TLC, LV E/I, and 

LVC/LTC to be significant predictors for lung volume improvement and could 

potentially serve as the future inclusion criteria for better patient selection in coil 

treatment. As the component of some of these parameters require expiratory CT 

scans, we also recommend its utilisation, since most centres still solely use inspiratory 

CT scans. 

In the short-term valve study, we found some treated patients had 

homogeneous emphysema as opposed to the initial assumption that they all had 

heterogeneous emphysema based on visual assessment. However, we also found 

that patients with homogeneous emphysema could still benefit greatly from EBV 

treatment as seen by the improvements in TLC, RV, and FEV1 as measured by 
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plethysmography, and the improvement in SGRQ, despite the traditional suggestion 

that only patients with heterogeneous emphysema could benefit from EBV treatment. 

We also found significant associations between RVabs MCID with treated lobe volume 

MCID at inspiration and TLCCT MCID, and a significant association between TLCabs 

MCID with TLCCT MCID. There were significant correlations between change in treated 

lobe vessel volume with change in TLCabs, RVabs, FEV1abs, and RV/TLC. There 

were also significant correlations between change in total lung vessel volume with 

RVabs, FEV1abs, and RV/TLC. We found a significant association between fissure 

integrity derived from LungSeg QCT with CV status as determined by Chartis, and a 

significant association between fissure integrity >85% with treated lobe volume MCID. 

No significant radiological predictors of lobar volume loss were found. 

It is a prerequisite that potential BLVR patients stopped smoking for at least six 

months prior to the procedure, have received personalised and optimised 

pharmacological treatments, and have completed pulmonary rehabilitation.234 

However, although rarely mentioned, we also recommend sustained physical 

rehabilitation for potential BLVR candidates. As stated before, patients with severe 

emphysema undergo not only respiratory muscle deterioration, but also skeletal 

muscle deterioration, especially in the lower limbs.80 Physical rehabilitation could 

further improve the overall quality of life of emphysematous patients following BLVR 

procedures. A complete clinical evaluation which includes lung function evaluation, 

high-resolution thoracic CT scan, and a 6MWD test should also be performed to all 

BLVR candidates to decide which procedure suits each patient the best.234  When 

available, the use of QCT is also highly recommended to quantify emphysema on CT, 

assess emphysema heterogeneity, and determine the fissure integrity score. Since 

emphysematous patients who receive BLVR procedures commonly manifest severe 

or very severe airflow obstruction (i.e., GOLD stages 3 / 4) and are more prone to 

pulmonary hypertension.235 It is recommended for patients to undergo an 

echocardiography examination to identify potential elevated right ventricular systolic 

pressure (>50 mmHg). If identified, a right heart catheterisation should be performed 

to rule out pulmonary hypertension,234 since some procedures should be avoided in 

patients with severe pulmonary hypertension. Table 40 shows the improved 

endoscopic lung volume reduction algorithm.



 

Page 218 of 304 

 

Table 40. Improved Endoscopic Lung Volume Reduction Algorithm – adapted from Herth FJF, Slebos DJ, Criner GJ, Valipour A, Sciurba F, Shah PL. Endoscopic Lung 
Volume Reduction: An Expert Panel Recommendation - Update 2019. Respiration. 2019;97(6):548-557. doi:10.1159/000496122 (with permission). 

Smoking cessation 
Optimised and Continuous Pulmonary Rehabilitation 

Personalised and Optimised Pharmacological Treatments 
Long-term oxygen therapy, non-invasive ventilation 

 

  
Emphysema optimal Rx 

Physiological Parameters: FEV1 <50% and RV >175%, RV / TLC >0.60, 6MWD <450m 

FI incomplete (QCT) / Chartis positive FI complete (QCT) / Chartis negative 

Heterogeneous 
emphysema 

Homogeneous 
emphysema 

Heterogeneous 
emphysema 

Homogeneous 
emphysema 

Coils 
Physiological Parameters: 

(FEV1 ≤45% pred, TLC >100% 
pred, RV ≥225%)  

Radiological Parameters:       
(LAA EI -950HU > 45%) 

Coils 
Physiological Parameters: 

(FEV1 ≤45% pred, TLC >100% 
pred, RV ≥225%) 

Radiological Parameters:     
(LAA EI -950HU > 45%) 

Coils                       
Physiological Parameters: 

 (FEV1 ≤45% pred, TLC >100% 
pred, RV ≥225%) 

Radiological Parameters:   
(LAA EI -950HU > 45%) 

Coils                             
Physiological Parameters: 

 (FEV1 ≤45% pred, TLC >100% 
pred, RV ≥225%) 

Radiological Parameters:       
(LAA EI -950HU > 45%) 

    Valves 
(FEV1 ≤50% pred, TLC >100% 

pred, RV > 150%) 

Radiological Parameters: 
Baseline Target LV at Insp 

>2400 mL 

Valves 
(FEV1 ≤50% pred, TLC >100% 

pred, RV > 150%) 

Radiological Parameters: 
Baseline Target LV at Insp  

>2400 mL 

LVRS Lung Transplant 
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6.2 ADDITIONAL FINDINGS 

Quantitative computed tomography evaluation lobar of ventilation/perfusion 
(VA/Q) ratio in emphysematous patients treated with Lung Volume Reduction 

Recent studies have shown that patients with homogeneous emphysema could also 

benefit from BLVR procedures, debunking the traditional notion that only patients with 

heterogeneous emphysema could benefit from BLVR procedures. However, the 

challenge in treating patients with homogeneous emphysema with BLVR is selecting 

a target lobe. Target lobe in patients with heterogeneous emphysema is easily 

determined by selecting the most diseased lobe between ipsilateral lobes, while in 

homogeneous emphysema ipsilateral lobes of the same lung have nearly the same 

degree of severity.  

The use of traditional ventilation/perfusion (VA/Q) scan has been recommended 

in selecting a target lobe for BLVR procedures for patients with homogeneous 

emphysema. When taking into account the cost and practicality of an additional VA/Q 

scan examination, such examination might not be the most viable option for some 

patients. In a separate study in conjunction with this thesis, using LungSeg QCT, we 

took the quotient of two QCT indices (total lobar capacity/lobar vessel volume) to find 

the lobar ventilation/perfusion ratio derived by LungSeg QCT and used it as a 

surrogate parameter for a traditional VA/Q.  

We found TLC/VV measured by LungSeg had a superb agreement with a 

traditional VA/Q scan in all lobes of the lungs (excluding RML) and could be reliably 

used interchangeably with a traditional VA/Q scan to reduce cost and increase 

practicality in selecting a target lobe for patients with homogeneous emphysema. 

Detailed results are presented in Table 41. 

Nonetheless, we found the left lobes of the lung had a slightly better mean 

difference between the TLC/VV measured by LungSeg and conventional VA/Q scan 

readings, compared to the right lobes of the lung. This circumstance is possibly due 

to the presence of the RML and the right minor fissure which is shared between the 

lobes of the right lung. The use of TLC/VV measured by QCT in selecting a target lobe 

for BLVR procedures in patients with homogeneous emphysema is promising, and we 
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highly encourage further study with a larger sample size for both potential EBC and 

EBV patients. 

Table 41. Agreement between TLC/VV and Conventional VA/Q (n=67 subjects) 

 
QCT 

TLC/VV (%) 

VQ 

VA/Q (%) 

Mean difference 
(%) 

95% LOA P-value 

RUL 24.2 ± 6.7 27.1 ± 11.8 -3.605 
-32.86 to 

25.65 
0.125 

RLL 19.6 ± 6 23.7 ± 11 -2.571 
-29.12 to 

23.97 
0.255 

LUL 24.5 ± 5.7 23.9 ± 10 -0.056 
-24.79 to 

24.68 
0.976 

LLL 19.5 ± 6.3 22.6 ± 11 -1.127 
-29.61 to 

27.36 
0.621 

RUL, right upper lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; QCT, Quantitative Computed Tomography; VQ, 

ventilation perfusion in percentage; LOA, limits of agreement; TLC/VV, total lobar capacity over vessel volume measured by LungSeg QC 

in percentage. 

 

6.3 FUTURE WORK 

QCT analysis for Better Patient Selection in Bronchoscopic Lung Volume 
Reduction 

For LungSeg Software 

In this thesis, we conducted a validation study on a cohort of emphysema patients that 

were enrolled in a coil trial and found excellent results in terms of the inter-software 

agreement and inter-user variability. However, we did not investigate the extent of the 

software’s ability to generalise CT scans that had other pathologies. Such 

investigation could potentially broaden the software’s practicality in selecting patients 

for BLVR. Moreover, reimplementing LungSeg into Python modules for the purpose of 

data pulling could also improve its ability to segment lungs, airways, and vessels. This 
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could also subsequently lead to the development of a stand-alone software that 

specialises in the diagnosis of emphysema. 

In the current version of our software, fissure segmentation is mainly done on 

sagittal planes produced by adopting the U-Net. We see room for improvement by 

incorporating the spatial image information to improve the 3-dimensional fissure 

delineation. Another aspect of LungSeg that could be improved is the development of 

an incremental deep learning framework that could amplify CT images, adapt based 

on imperfect labels, and automatically annotate fissure lines. Automatic fissure 

annotation could potentially reduce the radiologists’ and clinicians’ workload and 

reduce human error. Since fissure appearance in the interface of the software is 

between 1 – 3 pixels, an error of even several pixels could change the results in an 

unfavourable way. 

We would also like to explore the possibility of a CT-only-based workflow for 

determining the CV status of potential BLVR candidates, as Chartis can be costly, 

risky, and can be difficult to perform in some patients with certain anatomical 

variations. As of the writing of this paper, Chartis is still the gold standard in 

determining the CV status of potential BLVR candidates. However, future studies 

exploring the potential of replacing Chartis with CT fissure analysis are highly 

recommended. 

Parametric Response Mapping 

Recently, a non-invasive technique involving the co-registering of inspiratory and 

expiratory scans digitally called parametric response mapping (PRM) has been 

developed. This technique allows a more accurate assessment of the relative 

contribution of gas trapping as a result of small airways disease and emphysema on 

airflow obstruction by comparing functional small airways disease (fSAD) voxel by 

voxel. As of the writing of this paper, parametric response mapping has been validated 

in the COPD gene cohort, but it has only been used to track the progression of COPD 

in selected patients. This technique could potentially be utilised for examining the 

impact of BLVR treatment on small airways and help identify the phenotypes of 

disease that could benefit from certain BLVR treatments. PRM could also be utilised 

in assessing the effects of BLVR treatments on ventilation-perfusion matching and be 
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used to find the associations between the changes following treatment with 

improvements in outcomes. 

 

Deep Learning in QCT for Emphysema 

In recent times, deep learning has triumphed over conventional approaches in terms 

of performance in medical image segmentation as seen in various applications. We 

propose a fissure segmentation approach by adopting the U-Net architecture.236 Lung 

fissures are initially segmented on the sagittal view using U-Net to comply with the 

size of the 3D CT volume and computational efficiency. Subsequently, using either 3D 

watershed segmentation or connected component analysis, the analysed fissure mask 

is then utilised as an input for the segmentation of the lung lobes. Deep learning 

networks have the capability of extracting and classifying the features spontaneously 

with the use of multiple stacked non-linear modules.237 This feature could be utilised 

without the need to construct task-specific and elaborate feature extractor and 

classifier. 

Recently, many works of literature have addressed the use of deep learning 

approaches to segment lung lobes. One of which is the publication of George et al., 

which utilised the progressive holistically-nested network (P-HNN) model in order to 

detect the lobar partitions and transformed the output of the said model to an input for 

a random walker for producing the final lobe mask.238 Another publication is the work 

of Imran et al., which used the 3D progressive dense V-Net to segment lung lobes. 

The cornerstone of both of these publications is the identification and labelling of the 

lung lobes as opposed to the fissures.239 
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PUBLICATIONS ARISING FROM THIS THESIS 

 

1. Shen M, Tenda ED, McNulty W, et al. Quantitative Evaluation of Lobar Pulmonary 
Function of Emphysema Patients with Endobronchial Coils. Respiration 

2019;98:70-81. (joint first author) 

 

2. Tenda ED, Ridge CA, Shen M, Yang GZ, Shah PL. Role of Quantitative Computed 

Tomographic Scan Analysis in Lung Volume Reduction for Emphysema. 

Respiration 2019;98:86-94. 
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DETAILS OF MY CONTRIBUTION AND OF OTHERS 

The LVRS study, its protocols and its subsidiaries were joint effort between the study 

sponsor (PneumRx, USA) and the research team in our institution. Ethical approval 

was granted for the study by the National Research Ethics Service – London Brent 

Committee on October 29, 2012 (12 / LO 1434). The study centred in our institution 

was led by Prof Dr Pallav Shah and Dr Zaid Zoumot, which was then carried on by Dr 

William McNulty. The same study conducted in the Netherlands ste was carried out 

by their respective research team. Limited access to the CT scans and clinical data 

from the Netherlands was acquired with the permission of the study sponsor for the 

purposes of this thesis.  

The endobronchial valves study was initiated by the research team in our 

institution, led by Dr Nicholas Hopkinson. Ethical approval was granted for the study 

by the National Research Ethics Service – London Brent Committee on December 2, 

2011 (11 / LO / 1608), protocol serial number 11647. The study was then conducted 

based on the established protocols and timeline. 

As shown in the title, purpose, and hypothesis of this thesis, Prof. Guang-Zhong 

Yang, Mali Shen, PhD and I, continued the development of a proposed in-house QCT 

software which we then named LungSeg QCT software. A trial run of this software 

was conducted using limited sets of data acquired from patients undergoing LVRC 

procedures. The prototype of this software, LungSeg 1.5.3, was developed as a 

means of a precise quantification of lobar volumes and emphysema index. 

Using LungSeg versions 1.5.3, and 1.5.4, I led a validation study using data 

from 30 patients that we took from an LVRC study to assess the software’s inter-user 

variability and inter-software agreement by comparing our proposed software with a 

commercially available QCT software, and the agreement between LungSeg QCT and 

body plethysmography measurements. In the validation study, especially in the inter-

user variability outcomes, I was assisted by Dr Arafa Aboelhassan, Dr Valentina Luzzi, 

and Mali Shen, PhD. 

For the next LungSeg iteration, Mali Shen and I developed other functions to 

this software such as Pulmonary Artery to Aorta Ratio (AoP ratio) measurement and 
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fissure integrity measurement. This updated, semi-automated version of LungSeg was 

the LungSeg version 2.2. Fissure completeness score measurement and 3D rendering 

had been integrated into this version of LungSeg, along with the ability to manually 

annotate and correct lobe segmentation with the use of watershed segmentation to 

segment lungs in cases with vague fissure lines reliably. 

In the next development cycle of LungSeg, I helped segment pulmonary 

vessels in 30 initial CT scans which we used to train this software. Subsequently, 

LungSeg version 2.2 was equipped with vessel volume and airway volume 

measurements. For this thesis, I used LungSeg version 1.5.3 and 1.5.4 for Chapter 4, 

while I used LungSeg version 2.2 for Chapter 5. I devised the LungSeg QCT protocol 

for the purposes of my thesis as well as hospital services. 

To further the software’s precision in terms of QCT outcomes as well as deep 

learning purposes, I have processed over 1000 CT scans which were obtained from 

several different studies in our institution since October 2016 – early 2020. LungSeg 

QCT measurements are also one of the primary considerations in the decision-making 

process to select potential lung volume reduction candidates in our institution. 

My role, as well as my supervisors’ and other researchers’ role in the 

development of this software can be seen in the submitted intellectual property 

application of the LungSeg software which was addressed to Imperial College London. 

For all studies, I personally collated all data from the source documents, 

inserted them into spreadsheets and performed all the QCT analyses and statistical 

analyses presented in this thesis.  
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APPENDIX. 1 
 
Table (A.1).  Univariate Analysis of Baseline Lung Function Predictors for Lobar Volume Loss at Inspiration and Expiration in the Long-
Term Coil Study.   

Lung Function 
Predictors 

Change in TLCCT Change in RVCT 

R2 95% CI P-value R2 95% CI P-value 

TLCabs  0.227 (-0.377 to -0.093) 0.002 0.042  (-0.373 to 0.077) 0.191 

FEV1abs 0.024 (-1.538 to 0.550) 0.344 0.001 (-1.670 to 1.380) 0.849 

RVabs  0.115 (-0.513 to -0.024) 0.032 0.047 (-0.612 to 0.111) 0.169 

RV/TLC 0.106 (1.414 to 81.927) 0.043 0.001 (-64.666 to 57.186) 0.902 

IC 0.073 (-806.384 to 62.811) 0.091 0.034 (-966.838 to 250.316) 0.241 

FVC 0.230 (-708.550 to -176.361) 0.002 0.012 (-578.113 to 284.345) 0.495 
TLCabs, absolute total lung capacity measured by plethysmography; RVabs, absolute residual volume measured by plethysmography; FEV1abs,  forced expiratory volume in the first second measured 
by plethysmography; RV / TLC,  residual volume / total lung capacity ratio measured by plethysmography;  IC, inspiratory capacity measured by plethysmography; FVC, forced vital capacity measured 
by plethysmography l; TLCCT, total lung capacity measured by LungSeg QCT; RVCT, residual volume measured by LungSeg QCT; AUC, Area under curve; 95% CI, 95% confidence interval; Significant P-
value are depicted in bold. 
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Table (A.2). ROC Analysis of Baseline Lung Function Predictors of Lung Volume Reduction Measured by QCT (TLCCT) in the Long-Term Coil Study 

Baseline Lung Function AUC 95% CI P-value Cut-Off Point Sensitivity Specificity 

TLCabs (mL) 0.775 0.645-0.905 0.002 7950 85.7% 66% 

RVabs (mL) 0.561 0.384 to 0.739 0.499 5050 64.3% 44% 

FEV1abs (mL) 0.7 0.534-0.867 0.025 605 78.6% 44% 

RV/TLC 0.841 0.717 to 0.964 0.0001 64.45 78.6%% 61.5% 

IC (mL) 0.813 0.691-0.934 0.001 1.705 78.6% 70% 

FVC (mL) 0.869 0.75-0.966 0.0001 2.88 78.6% 75% 
TLCCT, total lung capacity measured by LungSeg QCT; TLCabs, absolute total lung capacity measured by plethysmography presented in mL; RVabs, absolute residual volume measured by plethysmography 
presented in mL; FEV1abs,  forced expiratory volume in the first second measured by plethysmography presented in mL; RV / TLC,  residual volume / total lung capacity ratio measured by plethysmography;  IC, 
inspiratory capacity measured by plethysmography presented in mL; FVC, forced vital capacity measured by plethysmography presented in mL;  AUC, Area under curve; 95% CI, 95% confidence interval; 
Significant P-value are depicted in bold. 
 

Table (A.3). ROC Analysis of Baseline Lung Function Predictors of Lung Volume Reduction Measured by QCT (RVCT) in the Long-Term Coil Study  

Baseline Lung Function AUC 95% CI P-value Cut-Off Point Sensitivity Specificity 

TLCabs (mL) 0.531 0.360 to 0.702 0.698 7950 52.4% 57% 

RVabs (mL) 0.488 0.317 to 0.660 0.884 5050 52.4% 41% 

FEV1abs (mL) 0.550 0.395 to 0.704 0.533 625 52.4% 44% 

RV/TLC 0.403 0.248-0.56 0.237 64.45 48% 47% 

IC (mL) 0.547 0.38-0.714 0.567 1.705 52.4% 62.5% 

FVC (mL) 0.505 0.324 to 0.685 0.955 2.88 44% 63% 
RVCT, residual volume measured by LungSeg QCT;  TLCabs, absolute total lung capacity measured by plethysmography presented in mL; RVabs, absolute residual volume measured by plethysmography 
presented in mL; FEV1abs,  forced expiratory volume in the first second measured by plethysmography presented in mL; RV / TLC,  residual volume / total lung capacity ratio measured by plethysmography;  IC, 
inspiratory capacity measured by plethysmography presented in mL; FVC, forced vital capacity measured by plethysmography presented in mL;  AUC, Area under curve; 95% CI, 95% confidence interval; 
Significant P-value are depicted in bold. 
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Table (A.4). Baseline QCT Indices of Superior Target Lobar Volume Reduction at Inspiration Measured by QCT in The Long-Term Coil Study. 

Variable 

Patients with Target Lobe Volume Reduction 
at Inspiration 

Patients without Target Lobe Volume Reduction 
at Inspiration 95% CI P value 

N Mean SE SD N Mean SE SD 

TLCCT (mL) 17 7234.47 351.04 1447.41 42 6763.64 203.01 1315.71 -1250.21 to 308.55 0.231 

RVCT (mL) 17 5375.47 303.59 1251.73 43 5495.02 184.74 1211.43 -581.63 to 820.73 0.734 

LV E/I** 17 0.74 0.02 0.09 42 0.81 0.01 0.11 - 0.094 

Target Lobe           

VTLINSP (mL) 17 3317.35 203.20 837.84 31 3015.71 122.63 682.78 -751.43 to 148.14 0.184 

VTLEXP (mL) 17 2630.06 180.32 743.49 31 2535.52 109.32 608.69 -494.70 to 305.62 0.637 

LV E/I** 17 0.77 0.03 0.13 31 0.85 0.03 0.16 - 0.412 

-910HU MLD E/I** 17 1.28 0.05 0.21 31 1.23 0.05 0.28 - 0.444 

-950HU MLD E/I** 17 1.77 0.56 2.32 31 1.12 0.07 0.44 - 0.200 

-856HU MLD E/I** 16 0.79 0.03 0.13 40 0.75 0.04 0.27 - 0.457 

-910HU EI at Inspiration** (%) 17 74.91 19.17 7.90 31 70.74 1.58 8.84 - 0.055 

-910HU EI at Expiration (%) 17 61.64 3.15 12.99 32 53.59 2.96 16.76 -16.79 to 0.68 0.070 

-950HU EI at Inspiration (%) 17 52.61 2.96 12.20 31 43.51 2.23 12.43 -16.61 to -1.59 0.019* 

-950HU EI at Expiration (%) ** 17 47.61 2.86 11.82 31 37.09 2.45 13.67 - 0.010* 

-856 HU EI at Inspiration (%)** 16 52 3.51 14.05 32 43.73 2.12 12 - 0.010* 

-856 HU EI at Expiration (%) 16 46.31 3.04 12.17 32 37.32 2.73 15.48 -17.91 to -0.06 0.049* 
TLCCT, total lung capacity measured by LungSeg QCT presented in mL; RVCT, residual volume measured by LungSeg QCT presented in mL;  LV E/I, lobar volume of  CT-expiratory volume divided by  CT-inspiratory volume measured by LungSeg 
QCT;  VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; -910HU & -950HU MLD E/I, mean lung density from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area threshold; EI, 
emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; CI, confidence interval; *Un-Paired t-test; ** Mann-Whitney U test; Significant P-value are depicted in bold. 
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Table (A.5).  ROC Analysis of Baseline QCT Predictors of Target Lobar Volume Reduction at Inspiration Measured by QCT in the Long-
Term Coil Study. 

Baseline QCT AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.581 0.415 – 0.747 0.332 6850  58% 50% 

RVCT  (mL) 0.471 0.294 to 0.647 0.725 5077  58% 57.1% 

LV E/I 0.360 0.210 to 0.510 0.094 0.745 58.8% 31% 

Target Lobe       

VTLINSP (mL) 0.560 0.385 to 0.735 0.497 2785  71% 33% 

VTLEXP (mL) 0.533 0.355 to 0.711 0.706 2250  71% 33% 

LV E/I 0.428 0.263 to 0.592 0.413 0.75 71% 33% 

-910HU MLD E/I 0.582 0.408 to 0.755 0.363 1.25 68.8% 35.5% 

-950HU MLD E/I 0.630 0.459 to 0.748 0.148 1 75% 35.5% 

-856HU MLD E/I 0.576 0.403 to 0.748 0.4 1 76% 39% 

-910HU EI at Inspiration (%) 0.68 0.504 to 0.856 0.042 70 76.5% 40% 

-910HU EI at Expiration (%) 0.653 0.490 to 0.816 0.074 54 82.4% 40% 

-950HU EI at Inspiration (%) 0.734 0.575 to 0.894 0.008 45 70% 56% 

-950HU EI at Expiration (%) 0.735 0.579 to 0.892 0.008 40 76.5% 57% 

-856 HU EI at Inspiration (%) 0.729 0.557 to 0.902 0.010 50.25 75% 65% 

-856 HU EI at Expiration (%) 0.701 0.539 to 0.863 0.024 40.5 75% 57% 
TLCCT, total lung capacity measured by LungSeg QCT presented in mL; RVCT, residual volume measured by LungSeg QCT presented in mL;  LV E/I, lobar volume of  CT-expiratory volume divided by  CT-inspiratory volume measured by LungSeg 
QCT;  VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; -910HU & -950HU MLD E/I, mean lung density from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area threshold; EI, 
emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; AUC, Area under curve; CI, confidence interval; Significant P-value are depicted in bold. 
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Table (A.6). Baseline QCT Predictors of Superior Target Lobar Volume Reduction at Expiration Measured by QCT in The Long-Term 
Coil Study. 
 

Variable 
Patients with Target Lobe Volume 

Reduction at Expiration 
Patients without Target Lobe Volume Reduction at 

Expiration 95% CI P value 
N Mean SE SD N Mean SE SD 

TLCCT (mL) 18 7229.39 383 1624.96 41 6754.39 190.42 1219.28 -1241.09 to 291.09 0.219 

RVCT (mL) 18 5851.11 254.32 1078.98 42 5294.02 191.54 1241.35 -1231.56 to 117.38 0.104 

LV E/I 18 0.823 0.022 0.11 41 0.77 0.017 0.11 - 0.205 

Target Lobe           

VTLINSP (mL) 18 3415.72 220.94 937.40 30 2946.63 100.58 550.94 -969.95 to 31.77 0.065 

VTLEXP (mL) 18 2995.2 167.757 711.73 30 2313.27 84.51 462.91 -1068.25 to -295.65 0.001 

LV E/I 18 0.90 0.03 0.16 30 0.77 0.02 0.13 - 0.001 

-910HU MLD E/I 18 1.37 0.03 0.16 30 1.18 0.05 0.27 - 0.006 

-950HU MLD E/I 18 1.40 0.10 0.43 30 1.32 0.32 1.80 - 0.002 
-856HU MLD E/I 18 0.87 0.06 0.27 38 0.71 0.03 0.21 - 0.037 
-910HU EI at Inspiration (%) 18 76.19 1.43 6.07 30 69.83 1.67 9.19 - 0.008 

-910HU EI at Expiration (%) 18 65.13 2.33 9.90 31 51.30 2.98 16.61 -21.45 to -6.20 0.001 

-950HU EI at Inspiration (%) 18 49.33 2.95 11.53 30 45.18 2.41 13.22 -11.93 to 3.63 0.289 

-950HU EI at Expiration (%) 18 45.33 2.99 12.72 30 38.11 2.56 14.05 - 0.044 
-856 HU EI at Inspiration (%) 18 51.38 2.62 11.14 30 43.55 2.48 13.59 - 0.062 

-856 HU EI at Expiration (%) 18 44.19 3.07 13.05 30 37.99 2.87 15.78 -15.08 to 2.68 0.167 
TLCCT, total lung capacity measured by LungSeg QCT presented in mL; RVCT, residual volume measured by LungSeg QCT presented in mL;  LV E/I, lobar volume of  CT-expiratory volume divided by  CT-inspiratory volume measured by LungSeg 
QCT;  VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; -910HU & -950HU MLD E/I, mean lung density from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area threshold; EI, 
emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; CI, confidence interval; *Un-Paired t-test; ** Mann-Whitney U test; Significant P-value are depicted in bold. 
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Table (A.7).  ROC Analysis of Baseline QCT Predictors of Target Lobar Volume at Expiration Reduction Measured by QCT in the Long-
Term Coil Study. 

Baseline QCT  AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.598 0.426 to 0.771 0.233 6850  62% 52% 

RVCT (mL) 0.653 0.508 to 0.798 0.063 5077  77.8% 52% 

LV E/I 0.604 0.454 to 0.754 0.205 0.745 78% 39% 

Target Lobe       

VTLINSP (mL) 0.628 0.441 to 0.814 0.142 2785  62% 37% 

VTLEXP (mL) 0.802 0.671 to 0.933 0.001 2300 83.3% 56% 

LV E/I 0.780 0.650 to 0.910 0.001 0.8 78% 57% 

-910HU MLD E/I 0.739 0.588 to 0.889 0.006 1.25 77.8% 42% 

-950HU MLD E/I 0.770 0.634 to 0.907 0.002 1 89% 45% 

-856HU MLD E/I 0.705 0.551 to 0.859 0.019 0.75 77.8% 49% 

-910HU EI at Inspiration (%) 0.746 0.600 to 0.893 0.005 70 83.3% 45% 

-910HU EI at Expiration (%) 0.772 0.637 to 0.907 0.002 54 89% 45% 

-950HU EI at Inspiration (%) 0.586 0.412 to 0.760 0.325 45 61% 49% 

-950HU EI at Expiration (%) 0.684 0.523 to 0.845 0.036 40 72.2% 56% 

-856 HU EI at Inspiration (%) 0.662 0.501 to 0.823  0.062 50.25 61% 60% 

-856 HU EI at Expiration (%) 0.665 0.506 to 0.823 0.058 40.5 66.7% 54% 
TLCCT, total lung capacity measured by LungSeg QCT presented in mL; RVCT, residual volume measured by LungSeg QCT presented in mL;  LV E/I, lobar volume of  CT-expiratory volume divided by  CT-inspiratory volume measured by LungSeg 
QCT;  VTLINSP, volume target lobe at inspiration in mL; VTLEXP, volume target lobe at expiration in mL; -910HU & -950HU MLD E/I, mean lung density from CT expiratory over inspiratory on  -910 & -950 HU low attenuation area threshold; EI, 
emphysema index presented in  percentage of low attenuation area threshold of -910/-950/-856 HU on both CT inspiration and expiration; AUC, Area under curve; CI, confidence interval ; Significant P-value are depicted in bold. 
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Table (A.8). ROC Analysis of Baseline QCT Indices of Superior Response to Valve Treatment Measure by Plethysmography (TLCabs) 
in the Valve Study 

Baseline QCT Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.848 0.678 to 1 0.009 9857.5 78% 82% 

Total Lung Vessel Volume (mL) 0.778 0.568 to 0.988 0.037 320.5 89% 64% 

AOP 0.530 0.264 to 0.797 0.82 0.713 67% 45% 

Target Lobe             

VTLINSP (mL) 0.747 0.509 to 0.986 0.063 2025.5 89% 45% 

Target Lobe Vessel Volume (mL) 0.768 0.551 to 0.984 0.044 60 89% 64% 

-950HU EI (%) 0.747 0.509 to 0.986 0.063 95  56% 100% 

-910HU EI (%) 0.338 0.094 to 0.583 0.224 54.5 56% 46% 

Fissure Integrity (%) 0.465 0.194 to 0.735 0.790 67.5 67% 64% 

 
• TLCabs, absolute total lung capacity measured by plethysmography; AUC, Area Under Curve: CI, confidence interval; Heterogeneity Index (Emphysema Distribution) was assessed as the difference in 

destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or 
more defined as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT;  TLCCT, total lung capacity measured by LungSeg QCT 
presented in mL; Total Lung Vessel Volume measured by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT 
presented in mL;  Target Lobe Vessel Volume measured by LungSeg QCT presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; 
HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in percent;  * Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; Significant P-value are depicted in 
bold. 
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Table (A.9). ROC Analysis of Baseline QCT Indices of Superior Response to Valve Treatment Measure by Plethysmography (RVabs) in 
the Valve Study 

Baseline QCT Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.625 0.367 to 0.883 0.355 9857.5  62.5% 69% 

Total Lung Vessel Volume (mL) 0.625 0.355 to 0.895 0.355 320.5  75% 50% 

AOP 0.391 0.122 to 0.66 0.418 0.713 50% 34% 

Target Lobe             

VTLINSP (mL) 0.531 0.255 to 0.808 0.817 2025.5  75% 34% 

Target Lobe Vessel Volume (mL) 0.604 0.325 to 0.884 0.44 60  75% 50% 

-950HU EI (%) 0.359 0.106 to 0.613 0.289 54.5 62.5% 50% 

-910HU EI (%) 0.448 0.179 to 0.717 0.700 67.5 62.5% 59% 

Fissure Integrity (%) 0.760 0.529 to 0.992 0.05 95 50% 92% 

 
• RVabs, absolute residual volume measured by plethysmography; AUC, Area Under Curve: CI, confidence interval; Heterogeneity Index (Emphysema Distribution) was assessed as the difference in destruction 

(percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined 
as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; 
Total Lung Vessel Volume measured by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target 
Lobe Vessel Volume measured by LungSeg QCT presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit;Target 
lobe fissure integrity measured by LungSeg QCT presented in percent;  * Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; Significant P-value are depicted in bold. 
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Table (A.10). ROC Analysis of Baseline QCT Indices of Superior Response (FEV1abs) to Valve Treatment 

Baseline QCT Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0,606 0.348 to 0.864 0.425 9857.5  56% 64% 

Total Lung Vessel Volume (mL) 0,707 0.463 to 0.952 0.119 320.5  78% 54% 

AOP 0,419 0.156 to 0.682 0.543 0.713 44% 28% 

Target Lobe       

VTLINSP (mL) 0,495 0.223 to 0.767 0.970 2025.5  67% 28% 

Target Lobe Vessel Volume (mL) 0,667 0.412 to 0.922 0.210 60  78% 55% 

-950HU EI (%) 0,308 0.065 to 0.551 0.149 54.5 56% 45% 

-910HU EI (%) 0,318 0.081 to 0.555 0.171 67.5 44% 45% 

Fissure Integrity (%) 0,727 0.48 to 0.975 0.087 95 33% 82% 

 
• FEV1abs, absolute forced expiration volume in one second measured by plethysmography; AUC, Area Under Curve: CI, confidence interval; Heterogeneity Index (Emphysema Distribution) was assessed as 

the difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a 
difference of 15% or more defined as heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured 
by LungSeg QCT presented in mL; Total Lung Vessel Volume measured by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by 
LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT presented in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on 
CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in percent;  * Analysed using Un-Paired t-test  ** Analysed using Mann Whitney; Significant P-value 
are depicted in bold. 
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Table (A.11).  Baseline Clinical Indices of Superior Response Measured by QCT (TLCCT) in the Valve Study. 

Variable 
Patients with TLCCT volume reduction Patients without TLCCT volume reduction 

Mean Difference 95% CI P-value 
N Mean SE SD N Mean SE SD 

TLCabs (L) 12 8.1 1.72 0.5 9 8.35 1.61 0.54 0.26 -1.29 to 1.8 0.733 

RVabs (L) 12 4.81 1.19 0.34 9 4.79 1.02 0.34 -0.02 -1.05 to 1.01 0.967 

RV/TLC 12 59.62 8.51 2.46 9 57.73 7.19 2.4 -1.89 -9.26 to 5.48 0.597 

FEV1abs (L) 12 0.9 0.34 0.1 9 1.06 0.36 0.12 0.16 -0.16 to 0.48 0.312 

FVC (L) 12 3.24 0.9 0.26 9 3.51 0.88 0.29 0.27 -0.56 to 1.09 0.509 

TLCO 12 3.15 1.11 0.32 9 3.16 1.57 0.52 0.02 -1.21 to 1.24 0.978 

KCO 
(mmol/min/kPa/L) 12 0.71 0.2 0.06 9 0.64 0.21 0.07 -0.07 -0.26 to 0.11 0.422 

• The threshold of–350 mL for total lung capacity volume change was determined by using an MCID analysis anchored to total lung volume change/ reduction measured by LungSeg QCT. 
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; TLCCT, total lung capacity measured by LungSeg QCT; TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual 

volume / total lung capacity; FEV1abs, absolute forced expiratory volume in the first second; FVC, forced vital capacity; TLCO, transfer factor for carbon monoxide; KCO, carbon monoxide transfer coefficient; Analysis using Un-Paired t-
test;  P-value <0.05 is significant are shown in bold. 
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Table (A.12).  ROC Analysis of Baseline Lung Function Predictors of Superior Response to Valve Treatment Measured by QCT (TLCCT) 
in The Valve Study. 

Baseline Clinical Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLC abs (L) 0.491 0.232 to 0.75 0.943 6.97  75% 23% 

RVabs (L) 0.509 0.251 to 0.767 0.943 184.75  91% 45% 

RV/TLC 0.602 0.35 to 0.853 0.434 54.74 75% 34% 

FEV1abs (L) 0.389 0.135 to 0.643 0.394 1.035  41% 56% 

FVC (L) 0.435 0.179 to 0.691 0.619 2.695  67% 12% 

TLCO 0.639 0.385 to 0.893 0.286 3.06 75% 45% 

KCO (mmol/min/kPa/L) 0.634 0.383 to 0.886 0.303 0.54 83% 34% 

TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual volume / total lung capacity; FEV1abs, absolute forced expiratory volume in the first second; FVC, forced vital capacity; TLCO, transfer factor for carbon 
monoxide; KCO, carbon monoxide transfer coefficient; P-value <0.05 is significant are shown in bold. 
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Table (A.13).  Baseline Clinical Indices of Superior Lobar Volume Reduction Measured by QCT (VTLINSP) in the Valve Study. 

Variable 
Patients with Target Lobe Volume 

Reduction  
Patients without Target Lobe Volume 

Reduction  Mean Difference 95% CI P-value 
N Mean SE SD N Mean SE SD 

TLC abs (L) 10 8.46 1.74 0.55 15 8.13 1.41 0.36 -0.33 -1.64 to 0.98 0.603 

RVabs (L) 10 4.9 1.26 0.4 15 5.01 1.03 0.27 0.11 -0.85 to 1.06 0.820 

RV/TLC 10 57.87 7.81 2.47 15 61.79 8.1 2.09 3.92 -2.83 to 10.66 0.242 

FEV1abs (L) 10 0.94 0.35 0.11 15 0.92 0.36 0.09 -0.02 -0.32 to 0.28 0.878 

FVC (L) 10 3.49 0.84 0.27 15 3.12 0.85 0.22 -0.37 -1.08 to 0.34 0.295 

TLCO 10 3.23 1.12 0.35 15 2.92 1.33 0.34 -0.31 -1.37 to 0.75 0.552 

KCO 
(mmol/min/kPa/L) 10 0.66 0.18 0.06 15 0.68 0.2 0.05 0.02 -0.15 to 0.18 0.829 

• The threshold of–350 mL for target lobar volume change was determined by using an MCID analysis anchored target lobar volume change/ reduction measured by LungSeg QCT. 
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; Target Lobe Volume measured by LungSeg QCT; TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual 

volume / total lung capacity; FEV1abs, absolute forced expiratory volume in the first second; FVC, forced vital capacity; TLCO, transfer factor for carbon monoxide; KCO, carbon monoxide transfer coefficient; Analysis using Un-Paired t-
test;  P-value <0.05 is significant are shown in bold. 
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Table (A.14).  ROC Analysis of Baseline Lung Function Predictors of Superior Response to Valve Treatment Measured by QCT (Target 
Lobe TLCCT) in the Valve Study. 

Baseline Clinical Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCabs (L) 0.607 0.37 to 0.843 0.375 7.295  80% 40% 

RVabs (L) 0.480 0.239 to 0.721 0.868 4.22  80% 27% 

RV/TLC 0.367 0.146 to 0.587 0.267 55.52  70% 27% 

FEV1abs (L) 0.530 0.295 to 0.765 0.803 0.8  70% 40% 

FVCabs (L) 0.663 0.432 to 0.894 0.174 3.3  80% 67% 

TLCO 0.677 0.44 to 0.913 0.142 3.06 80% 54% 

KCO (mmol/min/kPa/L) 0.497 0.262 to 0.731 0.978 0.54 80% 34% 
TLCabs, absolute total lung capacity; RVabs, absolute residual volume; RV / TLC,  residual volume / total lung capacity; FEV1 abs, absolute forced expiratory volume in the first second; FVC, forced vital capacity; TLCO, transfer factor for carbon 
monoxide; KCO, carbon monoxide transfer coefficient; P-value <0.05 is significant are shown in bold. 
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Table (A.15). Baseline QCT Indices of TLCCT Reduction Measured by QCT to Valve Treatment in the Valve Study. 

Variable 
Patients with TLCCT volume 

reduction 
Patients without TLCCT volume 

reduction Mean 
Difference 95% CI P- value 

N Mean SD SE N Mean SD SE 

Heterogeneity Index 
• Homogeneous 
• Heterogeneous 
• Mixed 

 
2 (40%) 
6 (60%) 

4 (66.7%) 

   

 
3 (60%) 
4 (40%) 

2 (33.3%) 

     0.652 

Fissure Integrity 
• >95% 
• 94 -85% 
• <85% 

4 (66.7%) 
5 (50%) 

1 (33.3%)      
   

2(33.3%) 
5 (50%) 

2 (66.7%) 
     0.70 

TLCCT (mL) 12 9611.17 2042.19 589.53 9 9353 2455.39 818.46 1.42 -82.59 to 85.42 0.972* 

Total Lung Vessel Volume 
(mL)  12 352.58 101.97 29.44 9 354 73.34 24.45 -258.17 -2312.2 to 

1795.87 0.795* 

AOP 11 0.77 0.29 0.09 9 0.74 0.31 0.1     0.82** 

Target Lobe            

VTLINSP (mL) 12 2572.5 869.39 250.97 9 2453.56 857.62 285.87 -118.94 -916.78 to 
678.89 0.758* 

Target Lobe Vessel Volume 
(mL) 12 71.33 22.53 6.5 9 73.44 19.2 6.4 2.11 -17.45 to 21.67 0.824* 

-950HU EI (%) 12 53.58 6.69 1.93 9 55.11 4.28 1.43     0.83** 

-910HU EI (%) 12 66.92 7.27 2.1 9 66.11 6.41 2.14     0.453** 

Fissure Integrity (%) 10 82.84 22.88 7.23 9 77.87 23.6 7.87     0.253** 
• The threshold of–350 mL for TLCCT change was determined by using an MCID analysis anchored to TLCCT change/ reduction measured by LungSeg.  
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Heterogeneity Index (Emphysema Distribution) was assessed as the 

difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined as 
heterogeneous; Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel Volume 
measured by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT presented 
in mL; EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in percent; * Analysed using 
Un-Paired t-test  ** Analysed using Mann Whitney ; Significant P-value are depicted in bold. 
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Table (A.16). ROC Analysis of Baseline QCT Indices of TLCCT Reduction Measured by QCT to Valve Treatment in the Valve Study. 

• AUC, Area Under Curve: CI, confidence interval; Heterogeneity Index (Emphysema Distribution) was assessed as the difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-
treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined as heterogeneous; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel Volume measured 
by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT presented in mL; ; 
Target lobe fissure integrity measured by LungSeg QCT presented in percent;  EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; * Analysed using Un-
Paired t-test  ** Analysed using Mann Whitney; Significant P-value are depicted in bold.  

Baseline QCT Indices AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.537 0.274 to 0.80 0.776 9857.5  50% 56% 

Total Lung Vessel Volume (mL) 0.463 0.209 to 0.717 0.776 315.5 66.7% 33% 

AOP 0.530 0.268 to 0.793 0.820 0.8 54.5% 45% 

Target Lobe             

VTLINSP (mL) 0.509 0.250 to 0.769 0.943 2025.5 83% 33% 

Target Lobe Vessel Volume (mL) 0,444 0.191 to 0.698 0.670 60 67% 33% 

Fissure Integrity (%) 0,656 0,394 to 0,918 0,253 90 60% 67% 

-950HU EI (%) 0.472 0.26 to 0.728 0.831 54.5 60% 56% 

-910HU EI (%) 0.597 0.344 to 0.851 0.456 67.5 67% 67% 
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Table (A.17). Baseline QCT Indices of Target Lobe Volume Reduction Measured by QCT to Valve Treatment in the Valve Study. 

 
• The threshold of -350 for target lobe volume change was determined by using an MCID analysis anchored to target lobe volume change/ reduction measured by Lung Seg.  
• N, number; SD, standard deviation; SE, standard error; 95% CI, 95% of confidence interval; Target lobe volume measured by LungSeg QCT presented in mL. Heterogeneity Index (Emphysema Distribution) was assessed as the difference 

in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined as heterogeneous; 
Fissure integrity was classified into 3 groups based on the fissure completeness and measured by LungSeg QCT; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel Volume measured by LungSeg 
QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT presented in mL; EI, emphysema 
index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; Target lobe fissure integrity measured by LungSeg QCT presented in percent; * Analysed using Un-Paired t-test  ** 
Analysed using Mann Whitney ; Significant P-value are depicted in bold. 

Variable 
Patients with Target Lobe volume reduction 

Patients without Target Lobe volume 
reduction Mean 

Difference 95% CI P- value 
N Mean SD SE N Mean SD SE 

Heterogeneity Index 

• Homogeneous 
• Heterogeneous 
• Mixed 

 
2 (40%) 
3 (30%) 

5 (62.5%) 

   

 
3 (60%) 
7 (70%) 

3 (37.5%) 

     0.379 

Fissure Integrity 

• >95% 
• 94 -85% 
• <85% 

4 (66.7%) 
4 (33.3%) 

0 
   

2 (33.3%) 
8 (66.7%) 
3 (100%) 

     0.158 

TLCCT (mL) 10 9983.1 2124.78 671.91 13 8943.69 2091 579.94 -1039.41 -2881.19 to 802.38 0.254 

Total Lung Vessel Volume (mL) 10 366 106.67 33.73 12 333.75 73.79 21.3 -32.25 -112.71 to 48.21 0.413 

AOP 9 0.76 0.31 0.1 13 0.76 0.27 0.08     0.738 

Target Lobe                       

VTLINSP (mL) 10 2809.7 756.11 239.1 13 2266.54 834.05 231.32 -543.16 -1244.33 to 158.01 0.122 

Target Lobe Vessel Volume (mL) 10 74.8 22.01 6.96 12 67.42 21.09 6.09 -7.38 -26.59 to 11.83 0.432 

-950HU EI (%) 10 55.3 4.52 1.43 13 54 6.56 1.82     0.731 

-910HU EI (%) 10 46.57 3.93 1.24 13 46.33 3.84 1.07     0.289 

Fissure Integrity (%) 8 91.72 5.06 1.79 13 73.58 24.98 6.93     0.07 



 

Page 272 of 304 

 

Table (A.18). ROC Analysis of Baseline QCT Indices of Superior Response to Target Lobar Volume Loss at Inspiration Measured by 
QCT (VTLINSP) in The Valve Study.  

Baseline QCT Predictors AUC 95%CI P-value Cut-Off Point Sensitivity Specificity 

TLCCT (mL) 0.692 0.465 tp 0.920 0.121 9857.5  70% 77% 

Total Lung Vessel Volume (mL) 0.604 0.316 to 0.892 0.468 320.5 75% 50% 

AOP 0.543 0.288 to 0.798 0.738 0.8 67% 54% 

Target Lobe           

VTLINSP (mL) 0.692 0.474 to 0.911 0.121 2400 90% 64% 

Target Lobe Vessel Volume (mL) 0.604 0.356 to 0.852 0.410 64 70% 60% 

Fissure Integrity (%) 0.740 0.524 to 0.957 0.070 90 75% 70% 

-950HU EI (%) 0.542 0.301 to 0.783 0.733 54.5 60% 46% 

-910HU EI (%) 0.631 0.398 to 0.864 0.292 67.5 70% 62% 

• AUC, Area Under Curve: CI, confidence interval; Heterogeneity Index (Emphysema Distribution) was assessed as the difference in destruction (percentage of pixels of less than −950 Hounsfield Units) between ipsilateral lobes of the valve-
treated lung, with a difference of less than 15% defined as homogeneous, a difference of 15% or more defined as heterogeneous; TLCCT, total lung capacity measured by LungSeg QCT presented in mL; Total Lung Vessel Volume measured 
by LungSeg QCT presented in mL; AOP, pulmonary artery to aorta ratio; VTLINSP, target lobe volume at inspiration measured by LungSeg QCT presented in mL; Target Lobe Vessel Volume measured by LungSeg QCT presented in mL; ; 
Target lobe fissure integrity measured by LungSeg QCT presented in percent;  EI, emphysema index of low attenuation area threshold of -910/-950 HU presented in  percent on CT-inspiratory; HU, Hounsfield Unit; * Analysed using Un-
Paired t-test  ** Analysed using Mann Whitney; Significant P-value are depicted in bold. 
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16.	Posting	licensed	content	on	any	Website:	The	following	terms	and	conditions	
apply	as	follows:	Licensing	material	from	an	Elsevier	journal:	All	content	posted	to	
the	web	site	must	maintain	the	copyright	information	line	on	the	bottom	of	each	
image;	A	hyper-text	must	be	included	to	the	Homepage	of	the	journal	from	which	you	
are	licensing	at	http://www.sciencedirect.com/science/journal/xxxxx	or	the	Elsevier	
homepage	for	books	at	http://www.elsevier.com;	Central	Storage:	This	license	does	
not	include	permission	for	a	scanned	version	of	the	material	to	be	stored	in	a	central	
repository	such	as	that	provided	by	Heron/XanEdu.	

Licensing	material	from	an	Elsevier	book:	A	hyper-text	link	must	be	included	to	the	
Elsevier	homepage	at	http://www.elsevier.com	.	All	content	posted	to	the	web	site	
must	maintain	the	copyright	information	line	on	the	bottom	of	each	image.	
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Preprints:	

A	preprint	is	an	author's	own	write-up	of	research	results	and	analysis,	it	has	not	
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as	formatting,	copyright,	technical	enhancement	etc.).	

Authors	can	share	their	preprints	anywhere	at	any	time.	Preprints	should	not	be	
added	to	or	enhanced	in	any	way	in	order	to	appear	more	like,	or	to	substitute	for,	
the	final	versions	of	articles	however	authors	can	update	their	preprints	on	arXiv	or	
RePEc	with	their	Accepted	Author	Manuscript	(see	below).	

If	accepted	for	publication,	we	encourage	authors	to	link	from	the	preprint	to	their	
formal	publication	via	its	DOI.	Millions	of	researchers	have	access	to	the	formal	
publications	on	ScienceDirect,	and	so	links	will	help	users	to	find,	access,	cite	and	use	
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owned	have	different	preprint	policies.	Information	on	these	policies	is	available	on	
the	journal	homepage.	

Accepted	Author	Manuscripts:	An	accepted	author	manuscript	is	the	manuscript	of	
an	article	that	has	been	accepted	for	publication	and	which	typically	includes	author-
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o via	their	non-commercial	person	homepage	or	blog	
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o directly	by	providing	copies	to	their	students	or	to	research	collaborators	for	their	

personal	use	
o for	private	scholarly	sharing	as	part	of	an	invitation-only	work	group	on	commercial	

sites	with	which	Elsevier	has	an	agreement	
• After	the	embargo	period	

o via	non-commercial	hosting	platforms	such	as	their	institutional	repository	
o via	commercial	sites	with	which	Elsevier	has	an	agreement	
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• link	to	the	formal	publication	via	its	DOI	
• bear	a	CC-BY-NC-ND	license	-	this	is	easy	to	do	
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Published	journal	article	(JPA):	A	published	journal	article	(PJA)	is	the	definitive	
final	record	of	published	research	that	appears	or	will	appear	in	the	journal	and	
embodies	all	value-adding	publishing	activities	including	peer	review	co-ordination,	
copy-editing,	formatting,	(if	relevant)	pagination	and	online	enrichment.	

Policies	for	sharing	publishing	journal	articles	differ	for	subscription	and	gold	open	
access	articles:	

Subscription	Articles:	If	you	are	an	author,	please	share	a	link	to	your	article	rather	
than	the	full-text.	Millions	of	researchers	have	access	to	the	formal	publications	on	
ScienceDirect,	and	so	links	will	help	your	users	to	find,	access,	cite,	and	use	the	best	
available	version.	

Theses	and	dissertations	which	contain	embedded	PJAs	as	part	of	the	formal	
submission	can	be	posted	publicly	by	the	awarding	institution	with	DOI	links	back	to	
the	formal	publications	on	ScienceDirect.	

If	you	are	affiliated	with	a	library	that	subscribes	to	ScienceDirect	you	have	
additional	private	sharing	rights	for	others'	research	accessed	under	that	agreement.	
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thesis	be	published	commercially,	please	reapply	for	permission.	These	requirements	
include	permission	for	the	Library	and	Archives	of	Canada	to	supply	single	copies,	on	
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Permitted	third	party	re-use	of	these	open	access	articles	is	defined	by	the	author's	
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information.	

Terms	&	Conditions	applicable	to	all	Open	Access	articles	published	with	
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Any	reuse	of	the	article	must	not	represent	the	author	as	endorsing	the	adaptation	of	
the	article	nor	should	the	article	be	modified	in	such	a	way	as	to	damage	the	author's	
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publication	with	credit	or	acknowledgement	to	another	source	it	is	the	responsibility	
of	the	user	to	ensure	their	reuse	complies	with	the	terms	and	conditions	determined	
by	the	rights	holder.	

Additional	Terms	&	Conditions	applicable	to	each	Creative	Commons	user	
license:	

CC	BY:	The	CC-BY	license	allows	users	to	copy,	to	create	extracts,	abstracts	and	new	
works	from	the	Article,	to	alter	and	revise	the	Article	and	to	make	commercial	use	of	
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made	and	the	licensor	is	not	represented	as	endorsing	the	use	made	of	the	work.	The	
full	details	of	the	license	are	available	
at	http://creativecommons.org/licenses/by/4.0.	

CC	BY	NC	SA:	The	CC	BY-NC-SA	license	allows	users	to	copy,	to	create	extracts,	
abstracts	and	new	works	from	the	Article,	to	alter	and	revise	the	Article,	provided	
this	is	not	done	for	commercial	purposes,	and	that	the	user	gives	appropriate	credit	
(with	a	link	to	the	formal	publication	through	the	relevant	DOI),	provides	a	link	to	the	
license,	indicates	if	changes	were	made	and	the	licensor	is	not	represented	as	
endorsing	the	use	made	of	the	work.	Further,	any	new	works	must	be	made	available	
on	the	same	conditions.	The	full	details	of	the	license	are	available	
at	http://creativecommons.org/licenses/by-nc-sa/4.0.	

CC	BY	NC	ND:	The	CC	BY-NC-ND	license	allows	users	to	copy	and	distribute	the	
Article,	provided	this	is	not	done	for	commercial	purposes	and	further	does	not	
permit	distribution	of	the	Article	if	it	is	changed	or	edited	in	any	way,	and	provided	
the	user	gives	appropriate	credit	(with	a	link	to	the	formal	publication	through	the	
relevant	DOI),	provides	a	link	to	the	license,	and	that	the	licensor	is	not	represented	
as	endorsing	the	use	made	of	the	work.	The	full	details	of	the	license	are	available	
at	http://creativecommons.org/licenses/by-nc-nd/4.0.	Any	commercial	reuse	of	
Open	Access	articles	published	with	a	CC	BY	NC	SA	or	CC	BY	NC	ND	license	requires	
permission	from	Elsevier	and	will	be	subject	to	a	fee.		

Commercial	reuse	includes:	

• Associating	advertising	with	the	full	text	of	the	Article	
• Charging	fees	for	document	delivery	or	access	
• Article	aggregation	
• Systematic	distribution	via	e-mail	lists	or	share	buttons	

Posting	or	linking	by	commercial	companies	for	use	by	customers	of	those	
companies.	
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