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Abstract 

Alpha-1 Antitrypsin Deficiency (AATD) is a rare, inherited condition characterized by 

reduced or dysfunctional alpha-1 antitrypsin (AAT), a protease inhibitor that protects 

lung tissue from inflammation-mediated damage. AATD is a recognised genetic cause 

of chronic obstructive pulmonary disease (COPD), but its relationship with 

bronchiectasis, a condition involving permanent bronchial dilatation, recurrent 

infections, and impaired mucociliary clearance, is less well defined. This thesis 

investigates the hypothesis that bronchiectasis in AATD represents a distinct clinical 

phenotype, rather than a secondary complication of COPD, and examines its 

implications for diagnosis, prognosis, and management. 

Using the Birmingham AATD registry, this research systematically examines 

radiological, microbiological, biochemical, and clinical data to characterise the 

prevalence, progression, and severity of bronchiectasis in AATD. Throughout the 

thesis, clinical outcomes of exacerbation rate, baseline FEV1, lung function decline, 

symptoms, and mortality are used. A systematic review highlights the scarcity of high-

quality data addressing the characteristics of AATD-bronchiectasis. The analysis of 

registry data demonstrates that unclassified bronchiectasis is not associated with 

COPD diagnosis, and is associated with serum AAT level, suggesting a direct link 

between bronchiectasis and AATD, though bronchiectasis without further 

subclassification has no impact on clinical outcomes. 

Sputum samples were obtained and combined with historic data to reveal the 

association of Pseudomonas aeruginosa with higher exacerbation rate and 

accelerated lung function decline, in common with other causes of bronchiectasis. 

Biomarker studies highlight the role of systemic inflammation in disease pathogenesis, 



with abnormal eosinophils and CRP correlating with poorer clinical outcomes in AATD-

bronchiectasis, as did platelets when the whole cohort of AATD was included. Further 

study of a greater number of inflammatory biomarkers in a proteomics context could 

reveal therapeutic targets. 

Analyses of CT scans assess severity of bronchiectasis using established visual and 

algorithmic markers, and revealed that bronchiectasis is usually mild, though with a 

subset of patients with more extensive disease, despite efforts to exclude those with 

alternative causes. Visual and algorithmic analyses correlated well with each other. In 

common with other causes of bronchiectasis, cystic bronchiectasis was the only 

subtype found to associate with clinical outcomes, in this case exacerbation rate and 

gas transfer decline. This assessment also allowed validation of the bronchiectasis 

severity index (BSI) in AATD for the first time, demonstrating increasing mortality risk 

between mild, moderate and severe scores. 

In conclusion, this thesis establishes bronchiectasis as a distinct phenotype in AATD, 

being unrelated to COPD. However, being mostly mild, it is of limited clinical 

significance unless cystic morphology, P. aeruginosa colonisation, or eosinophilia 

develops, in common with other bronchiectasis aetiologies. This thesis therefore does 

not demonstrate a sufficiently strong or causal link to suggest widespread screening 

for AATD in idiopathic bronchiectasis. Avenues for future research include comparison 

of this data with other causes of bronchiectasis, study of proteomics to assess a 

broader range of inflammatory biomarkers, and the study of whether a combined 

prognostic tool can be developed for the bronchiectasis-COPD overlap syndrome, as 

frequently occurs in AATD. Ultimately, this work advances our understanding of AATD 

and reinforces the need for personalised approaches to care in this complex patient 

population.  
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1 Introduction 

Part of this chapter is published as:  De Soyza J, Pye A, Turner AM. Are clinical trials 

into emerging drugs for the treatment of alpha-1 antitrypsin deficiency providing 

promising results? Expert Opin Emerg Drugs. 2023 Dec;28(4):227-231. doi: 

10.1080/14728214.2023.2296088. Epub 2023 Dec 26. PMID: 38112023. 

1.1 Alpha-1 Antitrypsin Deficiency 

1.1.1 Pathogenesis 

1.1.1.1 Serpinopathy 

Alpha-1 antitrypsin deficiency (AATD) is a rare inherited disorder of absent or 

dysfunctional alpha-1 antitrypsin. In health, alpha-1 antitrypsin (AAT) is the principal 

among several serum protease inhibitors, abbreviated to “serpins” by convention. All 

serpins have a common basic structure of 3 β-sheets, several α-helices, and a reactive 

centre loop (RCL), which forms the active surface of the protein with which to bind the 

protease2,3. The catalytic action of the protease enzyme on the AAT molecule changes 

its shape without unbinding the AAT-protease complex; this formation change crushes 

and inactivates the protease4,5. 

Mutations in serpin production can give rise to protein structures which mimic the 

reactive target protease6. In this case, the RCL of one serpin molecule will bind to 

either its own structure, or to another serpin7. This gives rise to long unbranched 

polymer chains, which has two effects: firstly, the serpin molecules are inactivated, 

meaning the target proteases can act unopposed; secondly, the tissues in which such 
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polymerisation occurs cannot secrete such long protein chains, and cell stress and 

death occurs8. 

1.1.1.2 Genetics 

In AATD, AAT is the serpin of interest, and is encoded by the SERPINA 1 gene on the 

long arm of chromosome 149. Multiple point mutations have been identified, the most 

common of which are ranked A to Z according to the speed of their migration during 

isoelectric focusing, with the “normal” and most common variant being “M”. “S” and “Z” 

variants are the most common pathogenic alleles encountered in clinical practice, with 

“I” and “F” variants encountered more rarely10. Other rare variants have eponyms 

based on the discoverer or place of discovery, such as “M-Malton” and “Plowell”11,12. 

Null variants are also possible, where truncations in the SERPINA 1 gene lead to no 

protein, or a very short non-functional protein chain, being produced. The S allele is 

most common in the Iberian peninsula, where it has a frequency of 28%13; the Z allele 

is  most common in northern European populations. Other alleles and null variants are 

much rarer, which leads to AATD primarily affecting those with Caucasian ancestry; 

however, spontaneous mutations can occur in any ethnic group14,15. Functionally, the 

“M” allele encodes normal AAT, “S” alleles encode AAT with around 50% the activity 

of “M”, and “Z” alleles encode AAT with only around 15% normal activity. Null alleles 

naturally lead to absent AAT and therefore no AAT function, but polymerisation cannot 

occur. Rarer alleles can cause different patterns of protease inhibition and 

polymerisation. 
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1.1.1.3 Inheritance and epidemiology 

Unusually for genetic conditions, AATD cannot be described as either autosomal 

dominant or autosomal recessive. Instead, both inherited alleles contribute to the 

phenotype, a pattern described as “autosomal co-dominant”. The combination of 

alleles is expressed as the two alleles prefixed with “Pi”, an abbreviation of “protease 

inhibitor”. This combination determines the level of functional serum alpha-1 

antitrypsin. The generally accepted hierarchy of the most common phenotypes, in 

order of lowest to highest levels, is PiZZ, PiSZ, PiSS, PiMZ, and PiMM. Each genotype 

has its own mean and distribution of AAT levels, meaning that AAT is not normally 

distributed among patients with AATD (Figure 1.1), and consequently AAT is not a 

reliable variable in AATD research. Instead, the genotype is used as a categorical 

variable.  

Severity of disease presentation is associated with the genotype in combination with 

environmental factors. The prevalence of AATD is difficult to estimate: screening 

Figure 1.1: Distribution of AAT levels for common genotypes. As per Brantly et al1: AAT levels 
do not follow a normal distribution in the population as a whole. 
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studies have found asymptomatic PiZZ patients16, diagnosis is often delayed17, and 

clinical severity does not always correlate with genotype18. Among pathogenic 

phenotypes, PiSZ is more common, affecting around 1.5 million people worldwide19, 

whereas the more severe PiZZ phenotype affects around 25000020. However, the 

individual alleles Pi*S and Pi*Z have an estimated prevalence of 45.7 and 14.7 cases 

per 1000 population in the UK, respectively, meaning that carrier status is not rare 14. 

Consequently, it can be assumed that there are undiagnosed cases of severe AATD 

in the community, but study of the disease can only be limited to known cases, and 

therefore a degree of ascertainment bias is present in all AATD research. 

1.1.1.4 Neutrophil elastase 

The main target protease for AAT is neutrophil elastase. Excess neutrophil elastase is 

known from animal studies to cause damage and destruction of alveoli, and 

consequently emphysema21,22, as well as being associated with elevated inflammatory 

cell levels in broncho-alveolar lavage (BAL) 23. Murine models of AATD have shown 

this damage also occurs when neutrophil elastase activity is unopposed by AAT 23. 

Aside from its inhibition of neutrophil elastase, AAT also binds IL-8, which is associated 

with neutrophil migration, LTB4, and α-defensins, which trigger neutrophil 

degranulation. Other proteinases such as Cathepsin B and G, mannan-binding lectin 

serine protease-2, proteinase 3, and matrix-metalloproteases are also inhibited. AAT 

also appears to be secreted in an on-demand manner, in response to the acute phase 

inflammatory process24. This presents a risk of type II errors when only using serum 

AAT as a diagnostic test for AATD, as it will be elevated during infections or 

inflammation25. This effect can be mitigated by measuring other inflammatory markers 
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simultaneously, such as CRP, or by also assessing genotype, as genes will remain 

unchanged. 

1.1.2 Lung disease in AATD 

Through its multiple inhibitory effects on these pro-inflammatory mediators, the net 

effect of AAT is to reduce inflammation and protect against structural damage. It 

follows that the main effect of AATD in the lung is chronic inflammation and consequent 

structural damage in the form of emphysema and bronchiectasis, although the 

relationship of bronchiectasis in AATD is a controversial one which will be explored in 

subsequent sections. It is this effect of AATD which caused the identification of the 

disease in a case series published in 1964 26. Chronic inflammation of the bronchi is 

termed chronic bronchitis; it and emphysema often coexist clinically in a syndrome 

known as chronic obstructive pulmonary disease (COPD, Figure 1.2). Bronchiectasis 

has historically been treated as a separate clinical syndrome, and will be discussed in 

more detail in subsequent paragraphs. 
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Figure 1.2: Phenotypic overlap of chronic bronchitis, emphysema, and airflow 
obstruction.  

 

1.1.2.1 COPD 

COPD refers to chronic obstruction in airflow, as measured by the volume of air which 

can be forcibly expelled in 1 second (forced expiratory volume in 1 second, FEV1) 

relative to the total amount of air which can be expelled (forced vital capacity, FVC). 

These two measurements are the core components of a set of pulmonary function 

tests known as spirometry. For a diagnosis of COPD to exist, the FEV1/FVC ratio must 

be below the lower limit of normality for the patient’s demographics, though a simpler 

cutoff of FEV1/FVC <0.7 is often used. This ratio must persist after application of 

COPD 

COPD COPD 
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bronchodilators, such as salbutamol, though a degree of improvement is often seen. 

Exacerbations are a key feature of the disease, characterised by increased phlegm 

production, change in colour of phlegm, and acutely worsened shortness of breath, 

and may be infective or non-infective27. Exacerbation rate is known to be associated 

with disease progression, as well as inversely associated with quality-of-life 28-30. The 

cause of airflow obstruction in COPD is a combination of emphysema, which describes 

air trapped within the lungs caused by the destruction of alveoli, and chronic bronchitis, 

which describes chronic inflammation of the airways, manifest clinically as a productive 

cough of over 3 months duration31. The relative contributions of emphysema and 

chronic bronchitis to the degree of obstruction vary between patients. In the vast 

majority of cases, COPD is caused by exposure to tobacco or other inhaled toxins, but 

chronic inflammation caused by unopposed neutrophil elastase, as in the case of 

AATD, causes a similar picture. AATD is found in up to 5% of patients with COPD32. 

Despite the accepted identification of AATD as a genetic cause of COPD, there are 

some differences between COPD due to smoking (“usual-COPD”) and AATD-COPD. 

Emphysema is more likely to affect the lower lobes in AATD33, but distribution is much 

more variable in smoking-related COPD34. Distribution of emphysema has significance 

for lung-volume reduction surgery, which has the best evidence for upper-lobe 

emphysema35,36. Furthermore, the presence of asthma-like features, such as 

reversibility and raised eosinophils, is higher in usual-COPD than in AATD-COPD37. 

This has implications for treatment, suggesting bronchodilators and inhaled 

corticosteroids may be of less benefit38. Exacerbation characteristics also differ, with 

AATD-COPD exacerbations usually lasting longer at median duration 14 days, 

compared with the 7 days median duration of usual-COPD39; severe exacerbations 

requiring hospitalisation are also commoner in AATD-COPD40. Rates of ischaemic 



8 
 

heart disease may differ between the two groups, probably related to the lower 

average age and tobacco exposure in AATD-COPD compared to usual-COPD 41. 

Disease penetrance of COPD in AATD is variable. Subclinical radiological signs are 

often present from the 3rd decade of life, but some never-smokers may never develop 

clinical symptoms42,43. Tobacco smoke significantly affects the likelihood of developing 

COPD in AATD, with sub-clinical emphysema and clinical symptoms of COPD 

developing earlier in smokers vs non-smokers, due in part to tobacco smoke directly 

impairing the function of AAT 44-46. Those who are identified by family screening are 

less likely to develop clinical symptoms than index cases, and may have normal life 

expectancy 37,43,47. Female patients also appear to present differently, waiting longer 

for a confirmed diagnosis of AATD, and having less tobacco exposure for a given 

disease stage when compared to males 48. Phenotypically, PiZZ patients have higher 

rates of COPD, more rapid disease progression, and lower quality-of-life scores than 

PiSZ patients31, but the degree to which heterozygotes PiSZ, PiMZ, and PiSS 

contribute to disease presentation has been debated in the literature. The prevailing 

understanding for many years was that PiSZ patients have significantly higher rates of 

FEV1 decline than the general population49,50, but that PiMZ patients only have higher 

rates of FEV1 decline if they are smokers51,52, though small increases in FEV1 decline 

are still seen in non-smokers50. However, recent developments suggest PiSZ may only 

cause clinically significant lung disease in smokers53. This study used a more robust 

methodology by only including PiSZ patients identified by family screening, excluding 

index cases, thereby eliminated selection bias resulting from only symptomatic 

patients presenting to clinic. 
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1.1.2.2 Differences between AATD and usual-COPD 

Objectively, emphysema in AATD appears different to usual COPD, with a lower lobe 

predominance compared to a more widespread distribution in smoking-related lung 

disease34,54. Asthma-like features are less prevalent37,55. Patients are younger and less 

likely to be smokers, with lower rates of cardiac co-morbidities41,56. Exacerbations last 

longer in AATD-COPD than in usual COPD39,57. Concomitant liver disease affects a 

significant minority of patients, as described in section 1.1.3.1, and can be independent 

of lung disease, meaning those without significant emphysema or breathlessness may 

still require monitoring and treatment. 

Furthermore, on a psychosocial level, the earlier age of diagnosis in AATD is likely to 

bring different considerations, such as impact on careers, physical activity, and family 

planning58,59. Anxiety related to the hereditary nature of the disease is a burden not 

shared by usual COPD patients60. In those who wish to fund AAT augmentation 

privately, financial matters will be a concern. AATD specialist services are few and far 

between, requiring long journeys to attend clinics for some patients; those who cannot 

commit to such travel may be anxious about the quality of their disease management, 

however comprehensive their local team may be61. These major differences warrant 

management in specialist clinics, but also education for local and secondary care 

teams. 

1.1.3 Multisystem effects of AATD 

1.1.3.1 Liver disease 

AATD is also a multi-system disorder, with a minority of PiZZ patients having liver 

disease62. Pathogenesis of liver disease in AATD is due to polymerisation of the 
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protein at the site of its synthesis in the liver. Protein overload of the hepatocytes has 

been directly linked to inflammatory, fibrosis and hepatocellular carcinoma in mouse 

models 63-65. However, disease penetrance is variable, and estimates of prevalence of 

liver disease vary with definitions. One study of 57 patients found 63% had a history 

or clinical findings suggestive of liver disease; however, it is not clear from the article 

exactly how these criteria were defined66. In the same study, 17.5% had evidence of 

severe fibrosis or cirrhosis on biopsy, consistent with a previous smaller study in 1986 

67. A systematic review of 36 articles on prognosis found a rate of liver transplantation 

in adults of 14.7%, and a cirrhosis prevalence of 10.5%, though cirrhosis was not 

stratified by the conventional Child-Pugh score 68. This review also included a mixture 

of phenotypes including PiMZ, PiSZ and PiZZ, so rates for a cohort of only PiZZ 

patients may be higher. 

Clinically significant liver disease only occurs in around 10% of PiZZ patients, and 

therefore other factors must play a role in its development. Such factors may include 

age, male sex, diabetes and concurrent hepatitis from other causes, but current 

understanding does not allow an accurate prediction of which patients will develop liver 

disease 69. Like in lung disease, evidence for the propensity of heterozygotes to 

develop chronic liver disease is mixed. However, PiSZ heterozygotes do appear to 

have an increased risk of chronic liver disease, and PiMZ patients have worse 

outcomes once chronic liver disease is diagnosed, as measured by decompensation 

episodes, liver transplantation, or death 70-72. 

1.1.3.2 Rare manifestations 

Less than 1% of PiZZ suffer panniculitis, a rare dermatological condition consisting of 

inflammation of the subcutaneous fat, and presenting as painful, palpable bruises. 
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Previously known as Weber-Christian disease, it is thought to be related to extremely 

low levels of AAT 31.  A series of case reports described resolution of panniculitis with 

AAT-augmentation therapy have led to it being the only indication for AAT-

augmentation therapy in the UK 73-76. Genetic and clinical associations between with 

ANCA positive vasculitides have also been reported 77,78. 

It is therefore important to recognise AATD as a multi-system disorder, with 

corresponding burdens of frequent healthcare appointments and complex counselling 

for patients, and to not be reductive by treating AATD as an exclusively respiratory 

disease. However, given the relatively more common manifestation of lung disease, 

AATD is managed by respiratory physicians primarily, with input from 

gastroenterologists, dermatologists, and geneticists as required. 

1.1.4 Quantification of progression and severity of AATD 

1.1.4.1 Spirometry 

Like usual-COPD, diagnosis of COPD in AATD relies on a sub-normal FEV1.0/FVC 

ratio, given the patient’s age, gender, ethnicity, and height, which must remain after 

application of bronchodilators. The severity of airflow obstruction can be assessed by 

the FEV1.0 value, given in litres, and also adjusted for demographics. The Global 

Initiative for COPD (GOLD) criteria lists 4 stages of COPD, with mild disease having 

FEV1.0 greater than or equal to 80% of the predicted value (pp), moderate disease 

having FEV1.0pp 50-79, severe disease having FEV1.0pp 30-49, and FEV1.0pp less than 

30 represented very severe disease 79. However, patient’s symptoms may not 

correlate with GOLD severity of FEV1,0 impairment, necessitating other methods of 

quantifying disease progression80. 
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1.1.4.2 Gas transfer 

The concept of gas transfer also informs the assessment of severity of lung disease 

such as COPD. This refers to the ability of oxygen to transfer between the alveoli and 

the pulmonary capillaries, through an intermediary extracellular layer known as the 

interstitium (Figure 1.3). Physiologically, this effect is proportional to the surface area 

available for transfer, the thickness of the interstitium, and a coefficient of gas 

exchanged which is proportional to the gas’ solubility and inversely proportional to its 

molecular weight. As such, any impairment of surface area (as in emphysema or lung 

volume loss) or interstitium (as in interstitial lung disease) may lead to a gas transfer 

impairment. In pulmonary function testing, gas transfer is measured by inhaling a small 

amount of the surrogate marker of carbon monoxide (CO). Since the capillary CO level 

is known to be negligible in health, and CO binds to haemoglobin as oxygen does, the 

discrepancy between inhaled and exhaled CO divided by the time taken between 

breaths, and corrected for the pressure of the inspired gas mixture, gives a coefficient 

in mmol/min/kPa which can be compared against predicted values. This coefficient is 

expressed as the transfer coefficient for carbon monoxide (TLCO), and can be 

adjusted for lung volume (KCO, measured in mmol/min/kPa/Va, where Va is the 

alveolar volume). Gas transfer is an important metric in AATD-COPD due to the fact 

that gas transfer measurements are somewhat independent of FEV1, with severe 

impairment of gas transfer often co-existing with relatively milder FEV1 impairment and 

vice-versa 81. 
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Figure 1.3: Schematic of gas exchange in the lung.  

 

 

1.1.4.3 Exacerbation frequency  

Exacerbation frequency is also used as a marker of disease severity, although studies 

differ in the way in which they measure a clinically important difference in exacerbation 

status. One retrospective study of 142 AATD patients did not show a relationship 

between those with 0, 1 or ≥2 exacerbations per year and FEV1 decline, but did show 

poorer quality of life and a weak association with TLCO decline in those with 

exacerbations 57. Other studies have shown an association of exacerbation rate with 

FEV1 decline, and with quality-of-life scores, when comparing means 28,82-84. Hiller et 

al. used the median exacerbation rate of 0.66 in their cohort to divide into frequent and 

non-frequent exacerbators, and found a mean extra 30ml/year decline in FEV1, but 

this raises the question as to whether clinical episodes happening on a less than 
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annual basis can truly be called frequent40. In Dawkin’s et al’s logistic regression 

analysis, FEV1 decline associated with an increased odds ratio for exacerbation rate 

per year; however this paper took the unusual approach of reducing FEV1 to binary 

status, as fast vs slow decline based on tertiles of the cohort as a whole, thus excluding 

a third of the cohort from the statistical analysis and limiting comparison to the rest of 

the literature in this section 85. 

1.1.4.4 Exacerbation frequency in usual-COPD 

Articles from the usual-COPD literature also vary in their stratification of exacerbation 

status. One group found a significant difference in FEV1 ml/year decline in frequent vs 

non-frequent exacerbators, divided respectively into those higher and lower than the 

median exacerbation rate of the whole cohort; however, this median of 2.92 differed 

markedly from Hiller’s AATD study, which hinders comparison between the two groups 

30,40. The TORCH study (Towards a Revolution in COPD Health) divided exacerbators 

into 3 groups based on mean number of exacerbations per year. It found a difference 

in FEV1 decline of an extra -15.2 ml/year between those who exacerbate 1 or more 

times per year vs those who do not, and an extra 17.5ml/year between those who 

exacerbate at all and those who do not, but no tests of statistical significance of these 

changes were applied and it was not the primary outcome 86. Another study did not 

use exacerbation rate, but expressed their findings as FEV1 decline per exacerbation 

episode, with each episode being associated with an 8-87ml/year decline, dependent 

on baseline COPD severity and severity of the exacerbation 87. The standard used by 

current GOLD guidance is to stratify based on “frequent” exacerbators having 2 or 

more exacerbations per year, vs “non-frequent” for less than this 88. Frequent 

exacerbators also experience higher mortality and poorer quality of life 29,89. However, 
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exacerbation status may not be stable, though there is discordance in the literature as 

precisely how it varies. It has long been known that a significant proportion of patients 

change exacerbation status in both directions without clear impetus90. More recently, 

a study of the ECLIPSE cohort found frequent exacerbation to be a stable phenotype 

and the status of those with less than 2 exacerbations per year to be uncertain91, but 

analysis of the SPIROMICS cohort found the opposite: that frequent exacerbator 

status changes more frequently than non-exacerbator status92, as did a study of 465 

Bulgarian patients93. Non-exacerbator status is now thought to be the more stable 

phenotype94.  

Furthermore, COPD often overlaps with other pulmonary syndromes95, and 

exacerbations in other lung conditions may be quantified differently, including in 

bronchiectasis, as detailed in section 1.3. 

1.1.4.5 Radiology 

Monitoring of AATD can be supported by high resolution CT (HRCT) scanning, which 

is sensitive at detecting early signs of emphysema before it is apparent on lung 

function tests or symptomatically96. A key advantage of cross-sectional imaging such 

as HRCT is that it can also identify other pathologies, such as bronchiectasis, for which 

it is the gold standard of diagnosis, as discussed in section 1.297. Emphysema will 

manifest on CT scanning as low-density voxels, a unit of volume in radiology. Visual 

assessment of this by a radiologist usually suffices clinically, but densitometry can also 

be objectively calculated as the density of the lowest 15% of voxels, and has been 

associated with GOLD severity staging and TLCO 98. Densitometry may even be more 

predictive of disease progression than lung function tests28. It is also the only clinical 
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outcome yet shown to be improved by AAT-augmentation therapy, of which more is 

discussed in section 1.1.7.1. 

1.1.4.6 Z polymers as a biomarker of disease severity 

The polymerisation of Z-AAT has been suggested to have clinical relevance. In liver 

disease, increased levels of serum Z polymers are associated with liver-related 

hospitalisation, liver transplant and all-cause mortality99. However, several biologically 

plausible mechanisms implicate them in the development of lung disease as well. They 

are seen in broncho-alveolar lavage, reportedly even after liver transplant, suggesting 

local synthesis and inactivation of Z-AAT100,101. They are known to be pro-

inflammatory, and attract neutrophils102,103. As discussed in this section and below in 

section 1.2, neutrophil elastase is heavily implicated in the development of 

emphysema in AATD, but also in bronchiectasis in general, thus providing a 

hypothetical link between Z-polymerisation and bronchiectasis. Consequently, it is of 

interest whether Z-polymers correlate with disease severity, and therefore whether 

they could be used clinically as a circulatory surrogate marker. There is conflicting 

evidence for such a relationship in the literature: one study of 40 patients compared Z 

polymers with gas transfer and FEV1% predicted, with no correlation observed104; a 

different study found a negative relationship between FEV1% predicted and circulating 

polymer levels in 70 patients of mixed genotype105. One further study found differences 

in N2 washout between 9 PiZZ patients and 10 PiMM controls106. All these studies are 

small, and given the ambiguity between their results, similar analyses of larger patient 

cohorts are warranted. 
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In summary, no single clinical marker can be used to estimate disease progression or 

severity in AATD, and prognostics must consider spirometry, gas transfer, HRCT, and 

history of exacerbations. 

1.1.5 Challenges of research in AATD 

Many challenges of research in AATD are common to all rare diseases. There is a 

limited pool of patients, amongst whom only few will wish to enrol in clinical research, 

which may lead to compromises in study design107. They are distributed across 

geographic regions, presenting logistical challenges, and introducing selection bias 

whereby only the most mobile patients travel to clinic appoinments108. Although higher 

sample sizes may be gained by international collaboration, reimbursement approval 

varies between different healthcare systems, which leads to asymmetric treatment 

strategies across the globe, and may hinder international research collaboration. 

Investigators may also compete for the same pool of patients, meaning fewer studies 

can be published, or introducing statistical multiplicity109. Research may also be 

impacted by fewer experts in the disease110. Additionally, since AATD disease 

progression occurs over many decades, long trials are necessary to demonstrate 

significant differences in treatment groups, which adds cost. 

1.1.6 The AATD service in Birmingham 

To address these challenges, in 1996 an AATD service was established in 

Birmingham, covering the majority of the UK population. This service now has close to 

2000 patient records, around 400 of whom are under routine review and have 

consented to inclusion in a database of many clinical characteristics. Over recent years 

this service has evolved to include tertiary NHS care for patients, in addition to its 

research purposes. This is one of the largest AATD databases in Europe, and allows 
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for higher powered statistical analysis, and consequently greater validity of results. The 

historical data in this doctoral thesis will be taken mainly from this database. 

1.1.7 Treatment of AATD 

1.1.7.1 Augmentation therapy 

With technological improvement, replacement of deficient AAT became possible in the 

early 1980s111, and US Food and Drug Administration (FDA) approval was granted in 

1987112. Augmentation is licensed in some countries for patients who have 

emphysema and the PiZZ genotype, at a dose of 60mg/kg/week, though various 

regimens are used worldwide 113-115. Subsequent studies associated AAT replacement 

therapy with a reduction in progression of emphysema as measured by CT density, 

but not by FEV1116-118(Figure 1.4). However, CT density has been associated with 

disease severity and mortality in both smoking-related COPD and in AATD related 

COPD119,120. This indirect link is sufficient for the therapy to be recommended in 

guidelines in North America and in Europe, but publicly funded health agencies in 

many countries in these regions do not reimburse treatment, including the UK 38,121,122. 

Internationally, drug regulators also differ on which outcomes to use in trials of 

therapies targeting emphysema or COPD: the European Medicines Agency (EMA) 

accepts CT lung density as a suitable outcome, but the FDA does not. 
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Figure 1.4: Meta-analyses of AAT augmentation vs placebo. As per Edgar et al123: A: 
mean annual change in CT lung density, B: mean annual change in FEV1 predicted. 

 

Even in countries which licence AAT replacement therapy, research into alternatives is 

necessary. AAT augmentation relies on derivation from human plasma donations, 

requiring many donated units to generate one dose, which in most dosing regimens 

requires weekly infusions111,124. This is both time-consuming and costly, and relies on 

the finite resource of plasma donations which are shared with emergency, 

haematological, and surgical services125. Synthetic production of AAT or NE inhibitors 

could reduce this limitation. Additionally, treatment so far has been intravenous, but 

only a minority of the AAT infused reaches the lung126; an inhaled route may improve 

efficiency, whilst being less invasive to administer. Furthermore, augmentation dosing 

strategies vary in the literature, with equivocal evidence between regimens 115,124,127. 

Finally, augmentation therapy only addresses lung disease, such that liver directed 

approaches are also required if all patients are to be managed adequately. Table 1.1 

summarises the current state of AATD drug development, and Figure 1.5 places these 

in a schematic of AATD pathogenesis. 
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Table 1.1 Competitive environment: AATD therapies currently in development. AAT: 
Alpha-1 Antitrypsin. 

 Drug Pharmacology Current 

Phase 

Company National Clinical 

Trials Number(s) 

Kamada-

AAT 

Inhaled human 

AAT 

III Kamada 02001688 

04204252 

Fazirsiran RNA interference 

therapy 

III Takeda 05899673 

05677971 

Alvelestat Neutrophil 

Elastase Inhibitor 

II/III Mereo 03636347 

03679598 

Inbrx-101 Recombinant AAT II Inhibrx 05856331 

VX-864 AAT corrector II Vertex 05643495 

Belcesiran RNA interference 

therapy 

II Novo Nordisk 04764448 

ADVM-043 Gene editing I/II Adverum 02168686 

 

BEAM-302 DNA editing I/II Beam 06389877 

NTLA-

3001 

DNA editing I/II Intellia 06622668 

OsrhAAT Recombinant AAT I Oryzogen 05315921 

PHP-303 Neutrophil 

Elastase Inhibitor 

I pH Pharma 03627845 

03804021 

WVE-006 mRNA editing I Wave Life 

Sciences/GSK 

06186492 
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Figure 1.5: Pathogenesis of AATD 

 

1.1.7.2 Recombinant AAT (rAAT) 

Addressing the limited availability of hAAT, research is underway to synthetise 

functional AAT, called recombinant AAT (rAAT). This also raises the potential for 

creating a maximally efficient AAT protein. INBRX-101® (Inhibrx) is a rAAT Fc fusion 

protein which has completed phase I trials showing normal AAT serum levels in 24 

AATD patients, with an acceptable safety profile. A phase 2 study is currently recruiting 

at 2 doses vs Zemaira® (CSL Behring), a hAAT medicine, with the primary outcome 

being change in serum AAT levels 128. A phase 1 study of another rAAT molecule, 

OsrhAAT® (Oryzogen), at several IV doses has also begun 129. 
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1.1.7.3 Inhaled AAT 

Inhaled AAT offers many advantages over intravenous administration. It negates the 

need for IV access, and allows administration directly at the site of interest. Since a 

higher proportion of the treatment is distributed to lung tissue, less of the drug is 

needed to achieve the same lung tissue concentration, thus reducing dependence on 

limited plasma pools 130. KAMADA-AAT®(Kamada), an inhaled AAT product, has 

completed phase 2 trials 131. Results included significantly higher functional AAT levels 

in epithelial lining fluid (ELF) at both 80mg and 160mg doses; increased serum plasma 

AAT; and increased ELF AAT-NE complexes. Phase 3 trials are now underway in 

centres across Europe132. 

1.1.7.4 Neutrophil elastase inhibitors 

NE inhibitors offer an alternative to AAT augmentation which does not rely on IV or 

nebulised routes, but still achieves NE inhibition. One such drug is Alvelestat® 

(Mereo), which has recently completed a phase 2/3 trial, known as ASTRAEUS, of 

reduction in desmosine and Aα-val360 biomarkers, and the St George’s Respiratory 

Questionnaire activity score, over 12 weeks 133. The conference abstract describes an 

association between circulating biomarker levels and SGRQ score, but does not 

mention any differences between Alvelestat® and placebo 133. Another Phase 2 

placebo-controlled trial of Alvelestat®, known as ATALANTa, is underway at the 

University of Alabama, with results expected in 2023134. A further NE inhibitor, PHP-

303® (pH Pharma) has completed phase 1 trials, with a promising safety profile 135,136. 

1.1.7.5 AAT correctors 

These drugs aim to change the shape of the misfolded dysfunctional AAT protein, 

thereby improving its function, but also preventing the polymerisation of AAT in the 
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liver, which is the main cause of AATD liver disease. Trials of these drugs are in the 

very early stages 137-139, but some useful information is available. A study of VX-814® 

(Vertex) at several doses was terminated early due to raised liver transaminases ALT 

and AST at all doses vs placebo 140. However, VX-864® (Vertex) showed significant 

improvement in functional AAT levels vs placebo (mean difference +2.2 to +2.3 µmol/L 

across 3 doses, p <0.0001 in all 3 cases) in a phase 2 trial of 44 participants 141. 

1.1.7.6 Gene therapy 

Gene therapy has the potential to act even earlier in the disease pathway than AAT 

correctors, by altering DNA or RNA to produce functional AAT instead of misfolded 

proteins. The ADVANCE Study is a phase 1/2 trial of ADVM-043® (Adverum), using a 

Virus Gene Transfer Vector to deliver a functional gene to the liver of 6 patients, to 

express functional human AAT 142. The safety profile at present is mixed, with 3/6 

patients having severe adverse events including Clostridium difficile colitis, flu, and 

COPD. Results of a long-term follow-up study are expected imminently143. 

The development of nucleotide editing therapies is a very active area. BEAM-302® 

(Beam) is described as a “liver-targeting lipid-nanoparticle (LNP) formulation of base 

editing reagents”, and has reportedly been able to correct some SERPINA1 DNA in 

mouse models, with increases in serum AAT and reduced liver polymers 144. Similarly, 

Intellia have developed NTLA-3001®, a CRISPR-mediated targeted gene editing 

therapy, and have begun phase I trials145. Wave Life Sciences and GSK have 

collaborated to develop WVE-006®, an RNA editing oligonucleotide which offers to 

correct the single nucleotide mutation at the mRNA stage, and applied for phase I trial 

registration146. 
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Fazirsiran® (Takeda) is described as an RNA interference therapeutic, causing 

degradation of AAT RNA and therefore reduction of hepatocyte AAT production, 

polymerisation, and consequent liver disease147. In phase 2 trials, liver biopsies of 15 

patients with PiZZ AATD liver disease were taken at baseline and at 12 weeks, with 

median -83.3% reduction of liver AAT, and reduced histological globule burden147. 

Serum liver enzymes also reduced in all patients, and fibrosis regression was observed 

in the majority. The safety profile was also reassuring. Phase 3 trials in larger samples 

are ongoing. Another RNA interference therapeutic, Belcisiran® (Dicerna), was also in 

phase 2 trials but then abandoned148. 

1.1.7.7 Non-specific treatment of AATD: COPD pharmacotherapeutics 

The airflow obstruction and inflammation associated with COPD can be treated with a 

number of pharmacological mechanisms38. Beta agonists are drugs which activate the 

beta-adrenergic receptors, leading to bronchodilation via the same mechanism as an 

adrenaline response, and can be applied to the lung via inhaled devices in short- or 

long-acting forms. Muscarinic antagonists inhibit the muscarinic receptor of the 

parasympathetic nervous system, and in doing so prevent constriction of the airways. 

Like beta agonists, they come in short- or long-acting forms. Inhaled corticosteroids 

(ICS) are of variable benefit – in those with a degree of reversibility or diurnal variation 

of obstruction raised eosinophils, or concurrent asthma, they may have a benefit. 

However, in some cases ICS can be associated with pneumonia149, and are therefore 

best avoid in those without these qualifying factors. Mucolytics such as carbocisteine 

are often used to enable expectoration of thick sputum and reduce exacerbation 

frequency150. Mucolytics and preventative macrolides are effective in reducing 

exacerbations in usual-COPD150-152, and there is no reason to doubt an equivalent 
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effect in AATD-COPD. At the upper echelons of treatment, theophylline can also be 

used as a bronchodilator, though its mechanism of action is not well understood and 

only has a modest effect on spirometry results153. Trials are underway to study the use 

of monoclonal antibodies in COPD, but none are yet licensed154. 

1.1.7.8 Non-specific AATD treatment: non-pharmacological treatment 

Vaccinations are an effective way of preventing exacerbations in usual COPD155,156, 

with annual influenzae vaccination also of proven benefit in AATD157, and are therefore 

recommended to all patients with AATD lung disease31. Smoking cessation is of vital 

importance, due to the accelerated lung function decline seen in smokers with AATD, 

even by comparison to smokers with usual-COPD82,158. Pulmonary rehabilitation, a 

weekly or biweekly course consisting of breathing techniques, regular aerobic and 

chest strength exercise, has been shown to work as effectively in increased 6-minute 

walking distance in AATD-COPD as in usual-COPD159, and is therefore also 

recommended31. 

Surgery is also used as a treatment option in severe AATD-COPD. Both lung volume 

reduction techniques and lung transplant may be considered. Lung volume reduction 

can take the form of endoscopic valve insertion, video-assisted thoracoscopy (VATS) 

techniques, or open surgery. Endoscopic valves have no proven evidence and remain 

experimental. Lung volume reduction has been shown to improve outcomes which in 

usual-COPD suffers with heterogenous, primarily upper lobe, emphysema and intact 

lung fissures35,36. Evidence to support lung volume reduction surgery in AATD has 

hitherto been drawn from that of usual-COPD, as adequately powered studies in AATD 

have not been possible. However, a post-hoc analysis of AATD patients included in the 

National Emphysema Treatment Trial (NETT) found no benefit, and an increased 
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mortality, in those who underwent surgical procedures. However, techniques have 

improved since this early trial, and more research is necessary to assess whether 

surgical options may now benefit AATD patients, particularly as AATD emphysema 

predominantly affects the lower lobe, whereas upper lobe disease was the only subset 

found to benefit in the NETT trial 36. Conversely, for endoscopic valve insertion, 

improvements in lung function, symptoms and quality of life have been documented in 

in AATD-COPD specifically160,161. 

Lung transplant is considered for patients with severe disease who are not suitable for 

lung volume reduction techniques, and is the 4th most common reason for referral to 

lung transplant services162. Across all indications, lung transplant is associated with a 

56.2% 5 year survival rate163, but the limited research in AATD lung transplant shows 

conflicting evidence on mortality, with one study showing significant improvements in 

physiology and symptoms but not mortality164, and another showing median survival 

increasing by 6 years165. It can therefore be considered effective at least as a palliative 

measure. 

1.1.7.9 Summary of ongoing AATD therapeutic research 

The breadth of creativity and commitment involved in the innovation, study design and 

implementation of emerging therapies for AATD give cause for optimism. Recombinant 

AAT has the potential to reduce financial costs and reliance on plasma donations. 

Nebulised AAT promises similar benefits, by way of increasing the proportion of AAT 

delivered to the site of interest. AAT “correctors” and RNA interference therapeutics go 

even further, offering to change the shape of misfolded proteins to prevent liver 

disease, and in some cases also reduce lung function decline. Gene therapy, as it 

emerges from the realm of science-fiction to clinical research, even offers to cure the 
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disease, by aiming to allow production of healthy AAT in the native liver. Ensuring that 

trial outcomes have clinical relevance, beyond pure biochemical correction, will be vital 

to ensure meaningful improvement in patients’ lives and translation into clinical 

practice, with reimbursement by health systems to ensure equity of access. Although 

few of these new therapies have yet produced concrete results, publications of these 

trials are expected in the near future. Consequently, the next few years will constitute 

an important, and possibly transformative, period in AATD research, with benefits of 

interest to patients, physicians, and healthcare systems alike. 

1.1.8 Research priorities in AATD 

Given the large number of emerging treatments in AATD, research is required to 

assess which specific subtypes of AATD patients are at risk of disease progression, 

and therefore which may benefit from these various treatments. Accurate selection of 

these patients is important, in order to not expose patients to unnecessary treatment 

risks, and to have maximally efficient use of treatments which are likely to be expensive 

when first coming to market. The work presented in this thesis centres on establishing 

whether bronchiectasis in AATD constitutes such a phenotype of AATD. 

1.2 Bronchiectasis 

Bronchiectasis is known to occur in AATD, but it as yet unclear from the literature 

whether it is directly associated with AATD or simply occurs due to COPD of any cause. 

1.2.1 Pathogenesis of bronchiectasis 

Bronchiectasis is a disease of the airways, etymologically meaning bronchial dilatation 

(-ectasia). It has multiple causes, including primary genetic diseases, connective 

tissue diseases, immunodeficiencies, foreign bodies, and post-infectious 
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syndromes166.; however, heterogeneity of the disease is not exclusively due to differing 

causes167. The academic consensus is that bronchiectasis is a result of a vicious cycle 

consisting of airway inflammation, followed by airway structural damage and dilatation, 

which leads to failure of mucociliary clearance, which predisposes to bacterial 

infection168. Bacterial infection causes further airway inflammation, and the cycle 

continues. More recently, the cycle has been described as a “vortex”, with all steps of 

the cycle contributing to all others169, but the first analogy is intuitive and sufficiently 

encompasses the known causes. All known causes of bronchiectasis lead to this 

vicious cycle in one of these four ways; in the case of AATD, airway structural damage 

by unopposed neutrophil elastase could theoretically be an impetus (Figure 1.6). 

Airway inflammation is apparent from histological examination of bronchiectatic 

airways, showing an abundance of neutrophils, lymphocytes, and eosinophils and 

dense chronic inflammatory cell infiltrate170. Neutrophil activity is mediated by a 

Figure 1.6: The vicious circle theory of bronchiectasis pathogenesis 



29 
 

complex series of cytokines including interleukins, chemokines, and tumour necrosis 

factors. Neutrophil elastase, the key protease implicated in development of AATD-

emphysema, is known to be elevated in the sputum and BAL of all-cause 

bronchiectasis171. Interestingly, although neutrophil elastase is known to cause direct 

parenchymal damage23, it may cause collateral damage in another way: its unopposed 

activity has also been shown to inhibit neutrophil phagocytosis172, thereby impairing 

clearance of bacteria, and leading to still more inflammation. Neutrophil elastase is 

therefore of key clinical relevance in bronchiectasis, being associated with severity, 

lung function, symptoms, and radiological appearance171,173. Other cell types, including 

macrophages, lymphocytes, and eosinophils are also implicated, but are relatively less 

studied170. Eosinophils in particular have been estimated to be elevated in 20% of 

bronchiectasis patients, even without an alternative cause such as ABPA or asthma 

174. Eosinophilia forms a clinically relevant endotype of COPD79, and increasing 

evidence shows a similar endotype may exist in bronchiectasis, where high 

eosinophils have been associated with more frequent exacerbations164, and have been 

identified for treatment with IL-5 modulating agents in some cases, with improvement 

in lung function and symptoms175,176. 

1.2.2 Diagnosis of bronchiectasis 

In contrast to the genetic definition of AATD, bronchiectasis is a syndrome defined 

clinically and radiologically. Clinical symptoms are often non-specific, but include 

shortness of breath, productive cough, and recurrent chest infections, all of which 

overlap with COPD, particularly the chronic bronchitis element of COPD. However, 

due to its radiological definition, many cases are diagnosed in asymptomatic patients 

177. Radiological findings centre on establishing abnormally dilated airways, by 

identifying a lack of tapering or airway visible <1cm from the pleura178,179. Examples 
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are given in Figures 1.7 and 1.8179. Less specific findings on CT include bronchial wall 

thickening, mosaic attenuation, and mucous impaction; however, these findings are 

not specific to bronchiectasis and therefore, in isolation, are not sufficient for a 

diagnosis 178. 

Figure 1.7: Signet ring sign: the airway diameter significantly exceeds the arterial 
diameter in transverse view. Case courtesy of The Radswiki, Radiopaedia.org, rID: 
11258 
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Figure 1.8: Bronchiectasis CT image exhibiting lack of tapering (A), bronchial wall 
thickening (B), and airway visible <1cm from the pleura (C). Mosaic attentuation is 
also visible in the right lower lobe, and mucous plugging is also visible (D). Case 
courtesy of Mohammad Ashkan Moslehi, Radiopaedia.org, rID: 19174 

 

Radiological changes can be present without the classical symptoms of purulent 

phlegm, recurrent chest infections and shortness of breath, and the availability and 

quality of CT scanning has now developed to the extent that many cases of 

bronchiectasis are diagnosed incidentally on CT scans done for other indications177. 

Additionally, the precise radiological appearance of bronchiectasis does not always 

correlate with disease severity as perceived by patients or their physicians180. Along 

with the need to give meaningful prognoses to patients, this has led to attempts to 

develop a standardised method of describing bronchiectasis severity, as described in 

section 1.2.4.1. 

1.2.3 Identifying underlying aetiologies of bronchiectasis 

Identifying the underlying cause of bronchiectasis has been found to change 

management in 18% of cases181, and is therefore of considerable importance. Whilst 

A 

B 

C

 

D
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the majority of cases are classified as idiopathic or post-infectious, the most important 

underlying causes are antibody-deficiency syndromes, found in 5% of patients, and 

allergic-bronchopulmonary aspergillosis (ABPA), found in 2.6% of patients181, both of 

which have prognostically beneficial managements if identified. By comparison, AATD 

is estimated to be found in less than 1% of bronchiectasis patients182. BTS guidelines 

therefore recommend serum IgG, IgA, IgM, IgE, and specific Aspergillus IgE be tested 

in all patients with bronchiectasis. Sputum microbiology should also be tested in all 

cases of bronchiectasis, and non-tuberculous Mycobacteriae (NTM) are particularly 

strongly associated183, but it remains unclear whether NTM is causative or simply 

opportunistically colonises affected airways184. Further tests are warranted depending 

on clinical suspicion: in young, male, infertile patients with a history of malabsorption 

or pancreatitis, cystic fibrosis should be tested for; in young patients with recurrent 

sinusitis or otitis, primary ciliary dyskinesia (PCD) should be tested for. 

1.2.4 Quantification of progression and severity of bronchiectasis 

Many clinical characteristics are implicated in the assessment of disease severity in 

bronchiectasis. Many common comorbidities, such as COPD, cognitive impairment, 

and liver disease, greatly influence mortality 185. FEV1% predicted values are 

negatively correlated with degree of bronchial dilatation, and also correlate with 

mortality186-188. Exacerbations are often also influence both mortality and quality of 

life189, though the clinically relevant “frequent” exacerbation threshold appears to be 

≥3 per year187,188, rather than ≥2 year in COPD79, potentially creating confusion in 

patients with both diseases. Microbiology is also implicated and discussed further in 

section 1.2.4.2. 
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Options for quantifying the severity of bronchiectasis are available, but have flaws. The 

FACED score, originally presented in 2014 187, includes 5 criteria as shown in Table 

1.2. The FACED score had good predictive power for 5-year all-cause mortality, but 

did not include a wide range of other pathogens in its analysis, and only included 1 

radiological parameter (number of lobes affected) in its derivation study. Furthermore, 

it did not originally attempt to predict exacerbation rate, a symptom of great important 

to patients and healthcare economics, though an extended version was later validated 

in this regard. 

The bronchiectasis severity index (BSI) of 2014 is more extensive, providing 9 clinical 

parameters which are independently associated with mortality and hospital admission. 

The score accounts for age, BMI, baseline FEV1pp, previous hospital admissions, 

exacerbation rate, MRC score, pseudomonas colonisation, isolation of other 

potentially pathogenic bacteria, but only has one domain for radiological severity, 

defined as 3 or more lobe involvement or cystic bronchiectasis188. In comparative 

studies, BSI has been the more capable score in predicting exacerbations, 

hospitalisation, but with a roughly equal capability to predict mortality 190,191. 
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Table 1.2: Comparison of BSI and FACED scores. 

Criterion Points 
0 1 2 3 4 5 6 

Bronchiectasis Severity Index 
Age <50  50-

69 
 70-

79 
 80 

BMI ≥18.5  <18.5     
FEV1% predicted >80 50-

80 
30-
49 

<30    

Hospital admission <2 years previously No     Yes  
Annual exacerbation rate <3  ≥3     
MRC 1-3  4 5    
Pseudomonas colonisation No   Yes    
Colonisation with other pathogens No Yes      
≥3 involvement, or cystic morphology No Yes      
FACED 
FEV1% predicted ≥50  <50     
Age 70  ≥70     
Chronic Pseudomonas colonisation No Yes      
Extension (≥3 lobe involvement) <3 ≥3      
mMRC score [MRC - 1] 0-2 3-4      
[Extended FACED only] Annual severe 
exacerbation rate 

No  Yes     

 

1.2.4.1 Radiological severity in bronchiectasis 

The BSI arrived at their radiological criterion by adapting Reiff’s score of 1995192, 

where severity is based on a score taken from number of lobes involved and 

morphology of bronchiectasis according to Reid’s 1950 classification system193 

(cylindrical, varicose, cystic, Figure 1.9). Reid’s system has been used in most 

assessments of morphology in the literature, but was in fact based on pathological 

specimens, rather than radiology. The Reiff score in turn was developed from Bhalla 

et al.’s scoring system with 9 categories, of which some may describe bronchiectasis, 

but which was only validated in cystic fibrosis194. These limitations were the rationale 

for the publication in 2018 of the Bronchiectasis Radiologically Indexed CT Score 

(BRICS)180. This study identified two components of the Bhalla score, bronchial 
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dilatation and number of bronchopulmonary segments with emphysema, as predictive 

of exacerbation rate and degree of obstruction in bronchiectasis, and combined them 

for a score between 0 and 5. However, for use in cases of combined COPD and 

bronchiectasis, this presents a conundrum of classification: emphysema is a 

constituent part of COPD and its severity should therefore not be used to evaluate 

bronchiectasis, since this would affect the determination of which syndrome is 

contributing to outcomes. The circular nature of this score is apparent when we 

conclude from the BRICS article that degree of emphysema is predictive of severe 

airflow obstruction, which is an integral part of definitions and guidelines of COPD 88.  

Figure 1.9: Schematic of Reid’s bronchiectasis morphology193 and a representation 
of the normal pattern of airway tapering 

 

A further weakness of all measures of bronchial dilatation is that all current scoring 

systems measure bronchial dilatation in relation to the adjacent artery. However, in the 

case of pulmonary hypertension, the pulmonary arteries may themselves be enlarged, 

meaning that a dilated bronchiole may not appear so in relation to the hypertrophied 

and dilated adjacent pulmonary artery. Pulmonary hypertension has many causes, 

including bronchiectasis and COPD, and so can be expected to occur in a minority of 
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all patients in research on this topic195-197. The identification of lack of tapering may be 

superior to comparison with adjacent arteries, but is far more labour-intensive and 

requires expert radiological skill. The future use of algorithmic radiological analysis 

may reduce these labour requirements, by analysing vast quantities of data with 

objectivity. So far, some software packages have been tested and validated in other 

respiratory disorders, but lack validation in bronchiectasis198,199. One example is the 

YACTA (Yet Another CT Algorithm) software200, which is rare among such algorithms 

in being able to construct a true tapering index for the whole lung. Parameters derived 

from this algorithm have been found to associate with FEV1% predicted in adults with 

cystic fibrosis199. 

A 2007 study of patients with AATD and bronchiectasis used a bespoke radiological 

severity score based only on degree of bronchial dilatation201. This study also used a 

bespoke scoring system of Airway Disease Score (Bronchial Wall Thickness) 

(ADSBWT); however the mean value was outside the stated range of scores, thus 

compromising the reliability of this bespoke score201. It may be that severity, whilst 

useful for clinical assessment, is simply too subjective a term to use in standardised 

quantification of CT appearances, and radiological description should therefore focus 

only on bronchial dilatation, lobar involvement, morphology, and bronchial wall 

thickening. Conversely, radiology is no longer thought to be sufficient to encompass 

the heterogeneity of clinical symptoms and prognosis seen: BSI estimated radiological 

appearances to be 3 times less important than Pseudomonas colonisation or severe 

obstructive spirometry, and only as important as colonisation with other pathogens 

(Table 1.2) 202. 
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1.2.4.2 Microbiology of bronchiectasis 

Respiratory tract dysbiosis plays an important role in the prognosis of patients with 

bronchiectasis. Less diverse microbiomes, and the presence of Pseudomonadota (or 

Proteobacteria), both appear to correlate with lung function decline 203-205. P. 

Aeruginosa in particular is associated with exacerbation frequency, quality of life, and 

mortality; strong evidence exists for these links, and therefore eradication therapy 

should be considered irrespective of symptoms 97,206-208. Other common colonising 

bacteria include H. influenzae, S. pneumoniae, M. catarrhalis, S. aureus, S. maltophilia 

and non-tuberculous Mycobacteria (Table 1.3). Some of these others have been 

independently associated with disease outcomes, and H. influenzae has been 

associated with reduced microbiome diversity209. However, the identification of this set 

of bacteria as common and potentially pathogenic does have a limitation; culture 

mechanisms are often designed so as to preferentially grow these organisms, 

potentially excluding other pathogens (notably anaerobes) and so propagating the 

emphasis on the conventional pathogens in the literature 210. This is where microbiome 

data can prove useful, by analysing bacterial DNA rather than relying on culture. In 

large cohorts, this can also provide supportive evidence of complex bacterial 

interactions211. Yet microbiome analysis also comes with its own disadvantages; it 

cannot identify whether bacteria are alive or dead, and cannot quantify bacterial load. 

Both techniques are therefore required for a complete study of microbiology of the 

lung. 
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Table 1.3: Common colonising microorganisms in bronchiectasis. * denotes non-
pseudomonal pathogens which associate with mortality and hospitalisation when 
treated as a group 

Organism Prevalence among sputum-
producing bronchiectasis 
patients in Europe (%) 

Clinical significance in bronchiectasis 

Pseudomonas 
aeruginosa 

25.1212 Linked to higher exacerbation 
frequency, hospital admission, lower 
quality of life, and increased 
mortality97,206-208 

Haemophilus 
influenzae 

23.6212 Inconclusive*; associated with 
reduced microbiome diversity209 

Non-tuberculous 
Mycobacteriae 

8.3-12213-215 Increased mortality and 
hospitalisations216. 

Staphylococcus 
aureus 

8.6212 Inconclusive* 

Streptococcus 
pneumoniae 

8.5212 Inconclusive* 

Enterobacteriaceae 5.9212 Inconclusive*  
Moraxella catarrhalis 5.4212 Inconclusive* 
Aspergillus fumigatus 1.6212 Associated with increased 

exacerbations, severity , and poorer 
pulmonary function 217 218 

Stenotrophomonas 
maltophilia 

1.1212 Inconclusive; some data suggests 
increased hospitalisations and lower 
FEV1 219,220 

 

1.2.4.3 Biomarkers in bronchiectasis 

The study of biochemical markers in bronchiectasis is a rapidly developing field, and 

has great potential in the categorisation of this widely heterogenous disease, enabling 

targeted treatments based on underlying phenotypes. Biomarkers may also be useful 

in terms of monitoring disease progression and prognosis in diseases including AATD. 

Heterogeneity of individual bronchiectasis phenotype is not wholly dependent on 

underlying aetiology: two patients with the same underlying aetiology of the same age, 

gender and smoking history may have wildly different phenotypes; one having perhaps 

only mildly dilated cylindrical bronchiectasis confined to one or two lobes, and the other 

having widespread cystic bronchiectasis. Evidence for such variation exists for other 

underlying aetiologies 188,221, and anecdotally is also found in AATD. Such wide 
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heterogeneity, even within the same aetiologies, illustrates the need for identification 

of non-invasive, cost-effective biomarkers to identify clinical phenotypes and 

endotypes. 

 

Sputum biomarkers have been widely studied in bronchiectasis, with neutrophil 

elastase being the most promising identified, as it is independently associated with 

worse HRCT score, exacerbation rate and FEV1 decline 171,222. Neutrophil elastase is 

a proinflammatory enzyme, and is the main protease involved in the progression of 

AATD-associated lung disease. Several neutrophil elastase inhibitor trials having been 

conducted, with promising results. Some have shown association with exacerbation 

frequency, lung function decline, and disease severity score 135,209,223-225. No neutrophil 

elastase inhibitors, including AAT replacement, are yet licensed in the UK. Other 

neutrophil-dependent markers have been identified as predictive of disease severity, 

including matrix metalloproteinase-8 and -9226,227. In one study, sputum interleukin-8 

(IL-8) was associated with frequent exacerbations, and interleukin 13 with 

bronchodilator reversibility, but neither were associated with radiological severity, 

whereas sputum neutrophil count was228. Cathepsin G is another serine protease long 

known to be associated with more severe bronchiectasis229. More recently, a study 

including 48 patients with both bronchiectasis and usual COPD found these patients 

had higher proteobacteria (including P. aeruginosa) infection rates, and higher levels 

of neutrophil degranulation proteins, compared to patients with COPD alone 230. 

Compared with serum, sputum has the advantage of being non-invasive to obtain and 

providing a direct sample from the site of inflammation, but not all patients reliably 

produce sputum, and samples may be diluted with saliva. 
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Several serum biomarkers have also been studied. Fibrinogen appears one of the 

most promising, as it has been associated with increased Bronchiectasis Severity 

Index score, lower FEV1, P. aeruginosa infection and impaired quality of life231. 

Secondly, eosinophilic inflammation appears to comprise a specific endotype of 

bronchiectasis, with serum counts of >0.3x10-3/ml associating with frequency of 

exacerbations in two studies175,232. Conversely, eosinophil level <0.1x10-3/ml was also 

associated with disease severity 232,233. Eosinophils are easy to measure within 

existing clinical services, as are thrombocytes, which have been directly associated 

with disease severity, exacerbation rate, and mortality in stable bronchiectasis 234. 

TNF-alpha has also been found to associate with bronchiectasis severity score, but 

only in a single study which was unclear in its definitions of severity235. Soluble 

adhesion molecules such as ICAM-1, E-selectin, and VCAM-1 are involved in the 

mobilisation of leucocytes to areas of inflammation, and their levels have been 

associated with increased bacterial load, which correlated with increased exacerbation 

risk in the same study236. Desmosine is an amino acid only found in elastin, and free 

serum desmosine therefore correlates with neutrophil elastase activity; it is associated 

with risk of severe bronchiectasis exacerbations, an important influence on patients’ 

quality of life, but not with other markers of disease severity171. Likewise, CRP over 

0.4mg/L has also been found to associate with a higher risk of severe exacerbation, 

but not of mild or moderate exacerbations237. More recently, serum interleukin-6 has 

been found to be negatively associated with FEV1 238. 
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It has been suggested that combinations of these biomarkers may be more effective 

in predicting disease outcomes than any single biomarker alone 239. However, no 

studies have been done of biomarkers in AATD-bronchiectasis specifically, and 

relationships of markers to clinical features require validation in multiple independent 

cohorts. 

1.2.5 Treatment of bronchiectasis 

1.2.5.1 Non-pharmacological treatment 

The aims of treatment are to reduce exacerbation frequency and improve symptoms 

of cough. Airway clearance techniques taught by a respiratory physiotherapist, 

including active cycle of breathing techniques, oscillating positive respiratory pressure 

and gravity assisted positioning, are recommended97. There are an efficient and low-

risk way of achieving cough, breathlessness and exercise tolerance improvement 

240,241, but only a minority of patients are likely to sustain these techniques 

effectively242. Pulmonary rehabilitation has also been shown to improve exercise 

tolerance and symptoms 243. Interestingly, this study also found exacerbation 

frequency to be improved by rehabilitation, the precise mechanism for which was 

unclear. 

1.2.5.2 Pharmacological treatment 

Pharmacological treatment, other than that for underlying causes, is limited to 

mucoactives, such as carbocisteine and nebulised saline, and prophylactic 

antibiotics97. Bronchodilators may also be used, but evidence in bronchiectasis is 

limited. Inhaled corticosteroids have no proven benefit, and may be actively 

harmful244,245. Evidence for mucoactive use in bronchiectasis is also limited, but one 

study has found nebulised saline to have a beneficial effect on spirometry and 
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symptoms246. A further study comparing saline and carbocisteine has completed 

recruitment, aiming to publish in 2025247.  

The use of prophylactic antibiotics has more evidence in the literature, with regular 

macrolide use being association with a reduction in exacerbation (but not 

hospitalisation) frequency being demonstrated on meta-analysis248. In particularly 

resistant cases of pseudomonas colonisation, nebulised colomycin is recommended 

97. 

Although neutrophil elastase is recognised as a key inflammatory mediator in 

bronchiectasis (section 1.2.1), there is insufficient evidence to recommend neutrophil 

elastase inhibitors, though one small phase II trial (n=16) showed a modest 

improvement in FEV1223. Indirect inhibition of neutrophil elastase, by the DPP-1 

inhibitor brensocatib, has emerging evidence in reducing exacerbation frequency, but 

is not yet licensed249. 

Many elements of pathophysiology, clinical features, and corresponding treatments, 

overlap with those of COPD, and increasingly an overlap syndrome is recognised. 

1.3 Bronchiectasis-COPD overlap syndrome 

1.3.1 Prevalence 

Bronchiectasis has been studied in those with COPD, though estimates of its 

prevalence vary widely, from a small minority to a majority of cases250-253. Increased 

identification of a bronchiectasis-COPD overlap syndrome (BCOS) may be connected 

with the ageing COPD population and its increasing burden of comorbidities. Several 

studies have found an increased prevalence of bronchiectasis in more severe COPD 

250,254,255. Increased identification may also be related to the advancement of CT quality 
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and availability: high resolution CT (HRCT) scanning in particular is much more 

available in recent years, providing a more detailed assessment of lung parenchymal 

disease than a standard CT thorax, and meaning more cases of bronchiectasis are 

detected. 

1.3.2 Common aetiologies 

Bronchiectasis and COPD can share aetiologies, in that chronic inflammation, 

particularly related to neutrophil elastase activity, is implicated in the development of 

emphysema, and bronchiectasis, as discussed in section 1.2.1. Bronchiectasis 

appears to be more prevalent in those with emphysema-predominant COPD, giving 

further credence to a shared aetiology253. Patients often present with similar 

symptoms, including shortness of breath, productive cough, and recurrent chest 

infections/exacerbations. Just as in bronchiectasis, pseudomonas has been identified 

as predictive of poorer outcomes in COPD, as measured by frequency of 

exacerbations256, airway obstruction severity257, and hospitalisations258. Furthermore, 

COPD without bronchiectasis could conceivably cause bronchiectasis via the 

previously described “vicious cycle”, where recurrent COPD exacerbations and 

consequent inflammation cause structural damage and airway dilatation. Conversely, 

anecdotal evidence exists for never-smoking patients with bronchiectasis later 

developing emphysema, with neutrophil elastase activity suggested as a possible 

cause259. 

1.3.3 Diagnosis 

The ROSE criteria (Radiology, Obstruction, Symptoms and Exposure)260 has recently 

been developed for the diagnosis, rather than severity, of bronchiectasis in COPD and 

could be useful at least for standardising the diagnosis of bronchiectasis, though the 
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definition of “exposure” should be widened, since several bronchiectasis causes are 

not exogenous but related to genetic predisposition. Additionally, the aforementioned 

(Section 1.3.2.1) reliance of bronchiectasis diagnosis on airway-arterial ratio has been 

suggested to over-diagnose bronchiectasis, due to narrowed bronchial arteries in 

COPD261 and a correlation of airway-arterial ratio with FEV1
262

, though this evidence 

comes from small studies. 

1.3.4 Clinical implications 

Several groups have studied how bronchiectasis in COPD might change prognosis or 

treatment. Bronchiectasis in COPD is associated with increased exacerbation 

frequency and poorer FEV1
263, an increased duration of hospitalisations264; 

requirements for ITU care in those admissions265; poorer functional and quality-of-life 

scores266; higher rates of colonisation with potentially pathogenic organisms267; and 

mortality263,268, compared with those with COPD alone. These findings have been 

corroborated by systematic review267. However, only one paper has aimed to quantify 

the radiological subtypes of BCOS and relate them to outcomes; this is Martinez-

Garcia et al’s 2013 data from 115 bronchiectasis patients, which found a moderate 

correlation between the Bhalla index and number of exacerbations, and a small 

correlation with mortality263. 

1.3.5 Challenges in management 

Due to such overlap, it is often difficult to establish which combination of the diseases 

is primarily responsible for the patient’s symptoms at any given moment. This can 

make treatment difficult, or at least reduce treatment decisions to a “trial and error” 

approach, particularly since guidelines are only available for the separate 

diseases97,269. Fortunately, many treatment strategies are the same for both 
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conditions, including pulmonary rehabilitation, airway clearance techniques, smoking 

cessation, vaccinations, and mucolytic therapy. Some pharmacological treatments can 

be applied to bronchiectasis with minimal risk, including the use of short or long-acting 

bronchodilators, and long-term antibiotics where indicated97. However, the use of 

inhaled corticosteroids, recommended in COPD with asthmatic features, may be 

ineffective or actively harmful in bronchiectasis by increasing the risk of 

pneumonia149,244,270. Conversely, the use of inhaled antibiotics is often indicated in 

bronchiectasis, but not recommended in guidelines for COPD79,97, possibly due to 

fears of inducing bronchospasm. This presents a challenge to clinicians, and 

necessitates study of treatment in bronchiectasis-COPD overlap syndrome; however, 

this niche is understudied at present. 

1.3.6 Summary of BCOS 

Drawing on the sources mentioned above, the current academic consensus is that 

there a clinically meaningful overlap between bronchiectasis and usual COPD 

exists259,271. This can be justified in an analogous way to Hill’s criteria of causation272: 

the relationship is “dose dependent”, in that bronchiectasis seems to occur more 

frequently in those with more severe COPD; it is plausible given the inflammation 

common to both conditions; it is consistent between studies, albeit with a wide variation 

in prevalences reported; it has somewhat specific features, with most studies reporting 

a predominance of mild basal and cylindrical disease250,255,264; and lately a temporal 

relationship has even been described: Lu et al in 2022 followed a large cohort over 13 

years and described an incidence of bronchiectasis in COPD patients of 87.83 per 

10000 person-years, compared to only 69.80 in those without COPD 273. 
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Bronchiectasis and COPD therefore undoubtedly overlap, but to it is unclear to 

precisely what extent, though the phenomenon does appear to be associated with 

poorer clinical outcomes than COPD or bronchiectasis alone. 

1.4 Bronchiectasis in AATD 

The evidence for an association between bronchiectasis and AATD is more scarce. 

Bronchiectasis and AATD are known to occur in the same patients. In one study of 74 

patients with PiZZ phenotype, 94% had radiological evidence of bronchiectasis, and 

27% had both clinical and radiological evidence, with mild cylindrical bronchiectasis 

predominating201. As in usual COPD, more severe COPD sufferers appeared to have 

more severe bronchiectasis, strengthening the case for an association. In a US cohort, 

9.4% of patients with bronchiectasis had PiZZ AATD phenotype274; however, findings 

from other cohorts vary widely182,275-277. Conversely, one study’s authors concluded 

that bronchiectasis in AATD was primarily due to emphysema, rather than being a 

direct consequence, after having reviewed AATD alleles in 202 bronchiectasis and 

1030 control patients and finding no significant differences in S, Z, M or I frequencies 

278. It therefore remains unclear as to whether AATD is a driving factor for development 

of bronchiectasis274. 

Differences between COPD in smoking-related lung disease and AATD are known, as 

discussed in section 1.1.2.1. Currently there are few studies that have explored 

differences in microbiology and microbiome, but such distinctions could conceivably 

lead to different strategies for antibiotic therapy. Likewise, distinctions between 

bronchiectasis in AATD vs usual COPD could translate to differing clinical treatment 

strategies. 



47 
 

Despite the overlap, AATD is not one of the conditions screened for in cases of 

bronchiectasis. British Thoracic Society (BTS) guidelines do not include AATD testing 

among their recommended screening tests (section 1.2.2), as the available evidence 

for is considered insufficient97. European Respiratory Society (ERS) guidelines 

acknowledge AATD as a potential cause, but only suggest that testing could be done 

if concurrent basal emphysema or early onset airway obstruction is present279. There 

is therefore scope to research unique characteristics of bronchiectasis in AATD, to 

provide better evidence for a decision on screening tests, which would ensure patients 

with such disease overlap are treated appropriately. Furthermore, although some 

details of radiological patterns of AATD-bronchiectasis have been reported once 

before201, no validation of the commonly used radiological or clinical scoring systems 

has been performed. Likewise, clinically relevant microbiology and serum biomarkers 

of bronchiectasis as mentioned in section 1.2.4 have not been studied in AATD. This 

thesis therefore aims to establish whether bronchiectasis is independently related to 

AATD, and whether its radiological, microbiological, or biochemical characteristics may 

constitute clinically relevant subtypes of AATD which may therefore be a target of 

emerging drug treatments.  

1.5 Research objectives 

The overarching aim of this thesis is to understand the impact of bronchiectasis in 

AATD. This thesis therefore has the following objectives: 

1. To review the prevalence of bronchiectasis in the Birmingham AATD cohort, the 

demographics of patients involved, and compare the presence or absence of 

bronchiectasis with disease progression and severity as measured by baseline 
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and decline in lung function parameters, exacerbation frequency, and 

symptoms. Results of this work are presented in chapter 4. 

2. To subcategorise bronchiectasis according to lobar involvement, morphological 

category, extent of bronchial dilatation and bronchial wall thickening, with 

parameters taken from established scoring systems in non-AATD 

bronchiectasis. These subcategories will also be related to the outcomes listed 

in objective 1, along with mortality, to enable to validation of the Bronchiectasis 

Severity Index score in AATD. Results of this work are presented in chapter 5. 

3. To assess whether an objective algorithmic analysis of bronchiectasis 

correlates with visual assessment, and whether algorithmic data is associated 

with the aforementioned clinical outcomes. Results of this work are also 

presented in Chapter 5. 

4. To study the microbiological characteristics of bronchiectasis in our cohort, by 

primary and quantitative culture. Presence or absence of identified bacteria will 

be related to the same disease outcomes in aim 1. Results are presented in 

Chapter 4. 

5. To study serum biomarkers of bronchiectasis in our cohort, to assess whether 

bronchiectasis in AATD is associate with a particular endotype, and compare 

with the aforementioned clinical outcomes. Results are presented in Chapter 

5. 

6. To review the outcomes of points 1 to 5 and assess whether this information 

provides evidence for or against bronchiectasis as a clinically significant 

phenotype of alpha-1 antitrypsin deficiency. 

 



49 
 

First, the existing literature was reviewed systematically, to ensure complete coverage 

of a niche topic. 
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2 A systematic review of the radiological, 

microbiological, and biochemical characteristics of 

bronchiectasis in AATD 

Work from this chapter was presented at ERS 2023 and published in abstract form as: 

J De Soyza, A Pye, DA Spittle, AM Turner. What are the radiological, microbiological 

and biochemical characteristics of bronchiectasis in alpha-1 antitrypsin deficiency? A 

systematic review. European Respiratory Journal Sep 2023, 62 (suppl 67) PA394; DOI: 

10.1183/13993003.congress-2023.PA394 

2.1 Introduction 

Bronchiectasis in AATD constitutes a subgroup of an already rare disease. 

Consequently, relevant research may have been published in lower impact forms or 

journals. To increase confidence that the entire literature base for subclassification of 

bronchiectasis in AATD had been reviewed, a systematic review was also conducted. 

2.2 Material and methods 

2.2.1 Search strategy 

 

Databases searched were MEDLINE and EMBASE (via Ovid), Cochrane Library 

(Wiley) Central, Health Technology Assessment (HTA), NHS Economic Evaluation 

Database (EED), and the Database of Abstracts of Reviews of Effect (DARE). The 

precise search strategy is shown in Table 2.1. Search results were uploaded to 
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rayyan.ai280 for management of the review process. Duplicates were removed prior to 

abstract review. 

Table 2.1: Database Search Strategy. Exp: explode, ti: title, ab: abstract. / denotes a 
Medical Subject Heading (MeSH). * denotes truncation. 

Step Search term 

1 exp bronchiectasis/ 
2 bronchiect*.ti,ab. 
3 bronchoect*.ti,ab. 
4 (bronchial* adjacent dilat*).ti,ab. 
5 or(1‐4) 
6 alpha 1-antitrypsin/ 
7 alpha-1 antitrypsin.ti,ab. 
8 alpha 1 antitrypsin.ti,ab. 
9 alpha1 antitrypsin.ti,ab. 

10 alpha-1-at.ti,ab. 
11 alpha-1-antitrypsin.ti,ab. 
12 alpha one antitrypsin.ti,ab. 
13 alpha one antitrypsin.ti,ab. 
14 AAT.ti,ab. 
15 A1AT.ti,ab. 
16 or(6-15) 
17 deficien* or lack*.ti,ab. 
18 16 and 17 
19 AATD.ti,ab. 
20 alpha 1-antitrypsin deficiency/ 
21 18 or 19 or 20 
22 5 and 21 
23 limit 22 to humans 

 

2.2.2 Eligibility 

Eligible study designs included case-control studies, cohort studies, individual case 

reports, case series, randomised controlled trials (RCTs), observational controlled 

studies (OCSs) or observational uncontrolled studies (OUSs). Studies had to have 

included patients with both AATD and bronchiectasis. Only studies which contained 

detail of CT scan findings, microbiology or biochemical markers were included; an 

overview of study of unclassified bronchiectasis in AATD is included in Chapter 1. No 

restrictions on outcome measures were used, in order to widen the search in what is 
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a small topic. Non-English abstracts and articles were translated using Google 

Translate281. The intention was to check translations with a native speaker if 

necessary, but this was not required. 

2.2.3 Review process 

Three reviewers screened abstracts. Reviewer 1 reviewed every abstract; reviewers 2 

and 3 each reviewed 50% of the abstracts sorted alphabetically by author, such that 

every abstract was independently reviewed by 2 individuals. Conflicting opinions were 

resolved through discussion and escalated if necessary to the named collaborator. 

The three reviewers then screened the full texts of the accepted articles against 

selection criteria.  Reviewer 1 read all articles, and reviewers 2 and 3 read the articles 

corresponding with any abstract which had been included from their original 

allocations. Again, conflicting opinions were resolved by discussion, and, if necessary, 

escalation to the named collaborator. Missing full-text articles were sought from 

available author contact details where possible. Reasons for excluding studies were 

documented. 

The following data were collected and recorded in a spreadsheet in Microsoft Excel: 

number of AATD patients; age; sex; proportion of AATD patients with bronchiectasis; 

record of type of bronchiectasis (cystic, varicose, cylindrical); tapering value on CT; 

airway wall thickness on CT; Bronchiectasis Severity Index or other quantification of 

disease severity on CT; sputum culture results in stable and/or exacerbated status; 

smoking status (ex/current/never); degree of smoke exposure (pack years); 

occupational exposures; FEV1 (% predicted); DLCO or KCO (% predicted); COPD 

stage (determined using current GOLD categories88); and reversibility of FEV to 

bronchodilators (defined as >200ml and >12%).   
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2.2.4 Synthesis 

The included studies were too heterogenous to allow for direct comparison or meta-

analysis; results were therefore grouped into one of three categories: radiological, 

microbiological, and biomarkers. 

2.2.5 Quality assessment 

 

Quality assessment was performed using the Joanna Briggs Institute tools282 for 

analysis of case studies/series; case-control studies; and cohort studies. 
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2.3 Results 

Initial searches of titles and abstracts identified 834 records. 192 of these were 

duplicates and were removed. The remaining 642 abstracts were screened, with 571 

of these excluded. 71 articles were identified for screening of full texts; for 31 of these 

articles full texts were either unavailable or not published as a full paper (in the case 

of conference abstracts). Where contact details for authors of conference abstracts 

Figure 2.1: PRISMA flow diagram detailing study selection process 



55 
 

had been published, efforts were made to contact them for full unpublished 

manuscripts; however, none responded with such manuscripts. 40 full-text articles 

were assessed for eligibility. 1 was excluded on the basis of the population not having 

both AATD and bronchiectasis; 22 were excluded due to lack of detail of 

bronchiectasis. 17 studies were included in the review (Figure 2.1). The table of 

characteristics is shown in Table 2.2.  

Of the 17 studies, 9 were case reports283-291, 3 were case series292-294, 2 were case-

control studies295,296 and 3 were retrospective cohort studies201,274,297. 12 of these 

addressed radiological findings (3 case series292-294, 8 case reports283,284,286-291, 1 

retrospective cohort study201 and 1 case-control study296). 3 case reports283,286,287 and 

1 retrospective cohort study274 reported microbiological findings. 1 retrospective cohort 

study297 and 1 case-control study295 focused on biomarkers. 
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Table 2.2: Characteristics of included articles: Bx = Bronchiectasis 
  
Author Year Study type 

n 
AATD 

n AATD 
and Bx 

n 
Male 

n 
Female Ages Focus Exposure measures Outcome measures Data 

Eden E. 2019 
Retrospective 
Cohort study 58 58  NA NA  

mean 66.9 
(10.7) Microbiology Culture results 

FEV1; FVC; FEV1/FVC ratio; 
exacerbation frequency 

Mean + 
SD 

Wood AM 2011 
Retrospective 
Cohort study 471 111 281 190  NA Biomarkers 

Genotyping DBP gene (GC); Vit D and 
DBP levels None 

Mean + 
SD 

Parr D 2007 
Retrospective 
Cohort study 74 70 53 21 50.6 (9.2) Radiology 

Morphology; Severity; ADS(BWT) 
Score; Lobar involvement; ADS(B) 
score 

None specific to 
bronchiectasis patients 

Mean + 
SD 

O'Brien E 2015 Case-control Study 107 58 61 46  NA Radiology Severity; Lobar involvement None 
Mean + 
SD 

Miravitlles 1999 Case-control Study 18 9 11 7  NA Biomarkers 
Quantification of specific IgG and its 
subclasses 

FEV1; FVC; FEV1/FVC ratio; 
transfer factor 

Mean + 
SD 

Hersh CP 2019 Case series 3 1 2 1 49 Radiology Severity; lobar involvement FEV1; Transfer factor 
Raw 
values 

Jouhadi Z. 2018 Case series 3 2 0 3 21; 29 Radiology Morphology; Lobar involvement FVC 
Raw 
values 

Myung 1993 Case series 7 3 3 4 52/21/56 Radiology Morphology; lobar involvement None 
Raw 
values 

Mosella M 2017 Case report 1 1 1 0 52 
Radiology; 
microbiology Lobar involvement; culture results 

FEV1; FVC; FEV1/FVC ratio; 
transfer factor 

Raw 
values 

Carpagnano 
GE 2017 Case report 1 1 0 1 52 Radiology Lobar involvement FEV1; FVC; gas transfer 

Raw 
values 

Aggarwal N 2016 Case report 1 1 1 0 18 
Radiology; 
microbiology 

Airway thickening; lobar involvement; 
culture results FEV1 

Raw 
values 

Simpson S 2016 Case report 2 2 2 0 70, 72 Radiology Morphology; severity; lobar involvement None 
Raw 
values 

Milger K 2015 Case report 1 1 0 1 44 
Radiology; 
microbiology 

Morphology; severity; Lobar 
involvement; culture results FEV1; FVC 

Raw 
values 

A Fahim 2013 Case report 1 1 1 0  NA Radiology Lobar involvement FEV1; transfer factor 
Raw 
values 

Veloso S 2002 Case report 1 1 0 1 47 Radiology Morphology; lobar involvement None 
Mean + 
SD 

Rodriguez-
Cintron 1994 Case report 1 1 1 0 21 Radiology Morphology; lobar involvement 

FEV1; FVC; FEV1/FVC ratio; 
transfer factor 

Raw 
values 

Scott J 1977 Case report 1 1 1 0 53 Radiology Morphology 
FVC; FEV1/FVC ratio; transfer 
factor 

Raw 
values 
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2.3.1 Demographics 

 

Across all studies, 848 patients were included: 418 (49.3%) male, 275 (23.4%) female, 

and 58 (6.8%) from one cohort study which did not report sex. Only 6 patients were 

current smokers, 91 were ex-smokers, and 55 had never smoked. Smoking status was 

unreported in the remainder. Pack year history was only recorded in one case study, 

and occupational exposure was universally unrecorded. 342 of the total 848 patients 

had bronchiectasis. 

2.3.2 Articles focused on radiology 

Three case series, 8 case reports, 1 case-control study and 1 cohort study reported 

details of radiological bronchiectasis. 1 of the case reports used bronchography; the 

remainder of articles used computed tomography (CT). 4 case studies, 2 case series, 

and the cohort study reported subtype of bronchiectasis, for a total of 82 patients. 61 

(74.4%) of these patients had cylindrical bronchiectasis, 14 (17.1%) had varicose 

bronchiectasis, 6 (7.3%) had cystic bronchiectasis, and 1 (1.2%) had traction 

bronchiectasis. No studies reported tapering value. One case study noted that airway 

thickening was present in their study; Parr et al.’s cohort study reported airway 

thickening and quantified it with a Bronchial Wall Thickening element of Airway 

Disease Severity score (ADSBWT)201. Bronchial Wall Thickening in this score is given 

one of 3 categories according to thickness relative to the adjacent pulmonary artery: 

0 for no thickening, 1 for thickness <50% that of adjacent pulmonary artery; and 2 for 

thickness >50% that of adjacent pulmonary artery. However, the mean ADSBWT for the 

whole cohort was reported as 2.02 (SD 0.19); it is not clear from the manuscript how 

this can be, since the maximum score for wall thickening was apparently 2. The study 
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also combined subtype, extent and severity of bronchiectasis into a disease severity 

score called Airway Disease Severity: Bronchiectasis (ADSB). Mean ADSB score was 

14.8 (SD 0.95). 

Disease outcomes in these studies were variably reported. Parr et al.’s cohort study 

calculated correlation coefficients for ADSBWT with the outcomes of St George’s 

Respiratory Questionnaire (SGRQ) Score (correlation coefficient [cc] 0.393 

(p<0.001)), FEV1 (cc 20.531 (p<0.001)), FVC (cc 20.399 (p<0.001)) and DLCO/VA (cc 

20.181 (p=0.062))201. ADSB was also correlated with the same outcomes, although 

only in combining subtype, extent and severity, rather than separating each variable. 

ADSB correlation coefficients (cc) were: SGRQ score cc 0.380 (p<0.001); FEV1 cc -

0.087 (p=0.229); FVC cc -0.086 (p=0.223) and DLCO/VA cc -0.110 (p=0.176). The 

paper concluded that the significant results were firstly that ADSBWT correlated 

positively with increasing symptoms as measured by SGRQ; and negatively with FEV1 

and FVC; and secondly that ADSB correlated positively with SGRQ, with no significant 

effects on FEV1, FVC or DLCO/VA.  

The case-control study, by O’Brien et al., commented on CT findings of bronchiectasis 

only so far as to state that bronchiectasis was “mild in the majority of cases” and that 

there was “no lobar preponderance”296. However, unlike Parr et al, the detailed 

description of bronchiectasis in AATD was not the primary outcome of the study - 

instead the authors were primarily concerned with the impact of smoke exposure on 

the clinical phenotype of AATD. 

Every case report commented on the lobar distribution of bronchiectasis to some 

extent, with 3 of the 8 reporting bilateral lower lobe bronchiectasis; one reported right 

upper and middle lobes; one reporting bilateral upper lobe and lingula; one reporting 
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left lower lobe only; and one reporting left lower lobe and right middle lobe. Therefore 

5 reported lower zone predominant bronchiectasis, and 3 reported upper zone 

predominant bronchiectasis. All 3 case series reported lobar distribution, with 3 

patients from these articles having bilateral lower lobe disease, one further patient also 

having right middle lobe disease, one having diffuse disease, and one being 

unrecorded. Parr et al’s study did not record exact lobar distribution, but did report that 

the mean number of lobes involved was 3.7 (SD 1.74)201. 

2.3.3 Articles focused on microbiology 

 

Three case studies and one cohort study reported findings on culture, with a combined 

61 patients. Of the 39 patients who had appropriately sensitive bacterial culture 

testing, 14 tested positive for P. aeruginosa and 8 tested positive for Staphylococcus 

aureus274,283,286,287. Of 31 patients tested for fungal growth, 9 had positive cultures, 

with only one case report giving the exact species as Aspergillus Fumigatus.  Only in 

Eden et al.’s cohort study was mycobacterial culture recorded. 27 of the 36 patients 

tested for mycobacteria had at least one positive culture, with 18 of these showing 

Mycobacterium avium complex, and 2 showing Mycobacterium abscessus. No studies 

reported microbiome data, nor did any study report whether patients had concurrent 

exacerbations or whether samples were taken in a stable state. Eden et al reported 

lung function of FEV1 (mean 74.8% predicted SD 21.1), FVC (mean 85.3% predicted 

SD 21.0) and FEV1/FVC (mean 68.4% SD 12.4) but did not correlate this with 

microbiology findings. The three case reports all reported FEV1 (mean 64% predicted), 

but only two reported both FEV1 and FVC (FVC mean 60% predicted), and only one 

reported gas transfer (Mosella et al, DLCO 97 KCO 117 % predicted). Exacerbation 
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frequency was recorded: 61.8% had exacerbated in the last 2 years; 19.3% of patients 

had had a severe exacerbation. 

2.3.4 Articles focused on biochemical markers 

 

One cohort study and one case-control study focused on biochemical markers. Wood 

et al.’s 2011 cohort study measured Vitamin D and Vitamin D Binding Protein (DBP) 

polymorphisms in 471 patients with AATD, 111 of whom also had bronchiectasis297. 

DBP variants GC2, GC1F and GC1S were identified as potential markers of COPD 

disease state. Single-nucleotide polymorphisms (SNP) coding for each DBP variant 

were identified. Each patient’s DBP gene was analysed for these variants. Those with 

the GC2 variant were associated with an increased risk of bronchiectasis (Odds Ratio 

1.51, 95% CI 1.02 to 2.22, p=0.034). One SNP, labelled rs2070741, was associated 

with bronchiectasis (1.80, 95% CI 1.02 to 3.19). Lung function was not reported. 

Miravitlles et al. measured antibody response to pneumococcal vaccination in 18 

patients with AATD, 9 of whom also had bronchiectasis295. In testing for IgA, IgM, and 

4 IgG subclasses, patients with AATD and bronchiectasis exhibited higher IgA levels 

than healthy controls (mean 2.93 gL-1 SD 1.56 vs. mean 1.90 gL-1 SD 0.88, p <0.05), 

whereas AATD patients without bronchiectasis did not. Patients with AATD and 

bronchiectasis also exhibited higher IgG4 levels than AATD patients without 

bronchiectasis (mean 0.80 gL-1 SD 0.55 vs mean 0.17 gL-1 SD 0.19, p<0.05). Lung 

function was measured but was not compared with biomarker levels (FEV1 mean 58% 

predicted SD 36, FVC mean 69 SD 31, FEV1/FVC ratio mean 55 SD 20, DLCO mean 

59 SD 18). 
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2.3.5 Quality assessment 

 

Quality assessment of all articles is presented in Tables 2.3-6. All 12 case reports 

clearly stated demographics; but only three adequately reported the case history. Of 

the remaining nine reports, none recorded occupational history, and one did not record 

smoking history. Two of the 12 case reports did not adequately describe current 

clinical condition, and one did not adequately describe the diagnostic assessment. 

Interventions were not documented in any study, so intervention, post-intervention 

assessment, and adverse events descriptions were not deemed applicable. All 12 

reports adequately described their learning points. 

Of the two case-control studies, both used comparable groups. One study matched its 

groups and used the same criteria to identify both cases and controls, the other did 

not. Both studies used standard, valid, and reliable measures of exposure; measured 

these exposures in the same way for cases and controls; assessed outcomes in a 

standard, valid and reliable way; gave a long enough exposure time; and used 

appropriate statistical analysis. Neither identified confounding factors nor gave 

strategies for dealing with them. 

Of the retrospective cohort studies, all 3 used comparable groups. One out of the 3 

used the same criteria for identification of exposed and non-exposed groups. All 3 

used standard, valid, and reliable measures of exposure and measured these in the 

same way for exposed and unexposed groups. Two identified confounding factors. 

Only Wood et al.’s study documented their strategy for dealing with confounding 

factors297. All 3 assessed outcomes in a standard, valid and reliable way; and used 

appropriate statistical analysis. None documented whether groups were free of the 
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outcome at the beginning of exposure. Since all were retrospective, the remaining 

factors for quality assessment in the tool used282 (sufficient follow up time; completion 

rates of follow up; strategies to address incomplete follow up) were deemed not 

applicable. Funnel plot analysis for publication bias was not undertaken due to the 

heterogeneity in population and outcomes among the studies. 
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Table 2.3: Quality assessment of Case Studies   
Case studies 

First Author 

Demographics 
Clearly 
Recorded? 

History clearly 
described and 
presented? 

Current clinical 
condition clearly 
described? 

Diagnostic 
tests/assessment methods 
clearly described? 

Intervention 
clearly 
described? 

Post-intervention 
clinical condition 
clearly described? 

Adverse Events 
clearly 
described? 

Takeaway 
lessons 
stated? Score 

Mosella M Yes Yes Yes Yes No intervention NA NA Yes 5/5 

Carpagnano G Yes 
No occupational 
history Yes Yes No intervention NA NA Yes 4/5 

Milger K Yes 
No occupational 
history Yes Yes Yes No No Yes 5/8 

Fahim A Yes 
No occupational 
history Yes Yes Yes No No Yes 5/8 

Veloso S Yes 
No occupational 
history Yes Yes Yes Yes No Yes 6/8 

Rodriguez-Cintron 
W Yes 

No occupational 
history Yes Yes No intervention NA NA Yes 4/5 

Scott J Yes 
No occupational 
history Yes Yes No intervention NA NA Yes 4/5 

Aggarwal N Yes Yes Yes Yes Yes Yes No Yes 7/8 

Simpson S Yes No smoking history Yes Yes No No No Yes 4/8 

 

Table 2.4: Quality assessment of Case Series 

 

Case series 

First 
Author 

Clear 
Inclusion 
Criteria? 

Condition 
measured in 
standard, 
reliable way? 

Valid methods of 
disease 
identification? 

Consecutive 
inclusion of 
participants 

Complete 
inclusion of 
participants? 

Clear 
demographics? 

Clear clinical 
information? 

Outcomes 
clearly 
reported? 

Clear reporting of 
site 
demographics? 

Appropriate 
statistical 
analysis? Score 

Hersh CP No Yes Yes No No Yes Yes 
No 
intervention No NA 4/8 

Jouhadi Z Yes Yes Yes No No Yes 
No exposure 
history Yes No NA 5/9 

Myung S No Yes Yes No No Yes No 
No 
intervention No NA 3/9 
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Table 2.5: Quality assessment of Case-Control Studies 

Case Control Studies 

First 
Author 

Were groups 
comparable? Matched? 

Same criteria used 
for identification of 
cases/controls? 

Exposure 
measures: 
standard, 
valid, reliable? 

Exposure measured 
in same way for 
cases/controls? 

Confounding 
factors 
identified? 

Strategies for 
dealing with 
confounding 
factors stated? 

Outcomes 
assess in 
standard, valid 
and reliable 
way? 

Exposure 
period long 
enough? 

Appropriate 
statistical 
analysis? Score 

O'Brien E Yes Yes Yes Yes Yes No No Yes Yes Yes 8/10 

Miravitlles M Yes No No Yes Yes No No Yes Yes Yes 6/10 

 

Table 2.6: Quality assessment of cohort studies 

Cohort Studies 

First 
Author 

Were groups 
similar/recruited 
from same 
population? 

Were groups 
free of outcome 
at start of 
study? 

Exposure 
measures: 
standard, 
valid, reliable? 

Exposure 
measured in 
same way? 

Confounding 
factors 
identified? 

Strategies for 
dealing with 
confounding 
factors stated? 

Outcomes 
assess in 
standard, valid 
and reliable 
way? 

Was follow 
up time 
long 
enough? 

Strategies to 
address 
incomplete 
follow-up 
described? 

Appropriate 
statistical 
analysis? Score 

Eden E. Y 
NA - 
retrospective Yes Yes Yes No Yes Yes NA - retrospective Yes 7/8 

Wood AM Y 
NA - 
retrospective Yes Yes Yes Yes Yes Yes NA - retrospective Yes 8/8 

Parr D Y 
NA - 
retrospective Yes Yes No No Yes Yes NA - retrospective Yes 6/8 
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2.4 Discussion 

The available data for the detailed description of bronchiectasis in AATD is relatively 

low in volume. The majority of articles providing detailed evidence are case series or 

case reports, which form the lower tiers of the traditional evidence pyramid298. Several 

of the cohort and case-control studies were not primarily concerned with the detailed 

description of bronchiectasis, and even if such detail was described, bronchiectasis 

characteristics were not compared with outcomes, limiting the utility of the data. 

Most of the available data centres on the description of radiology, which is expected 

since by definition bronchiectasis is a description of anatomical abnormalities, which 

can be captured radiologically. However, there was great heterogeneity across case 

reports and cohort/case-control studies as to how the bronchiectasis was quantified. 

Lobar distribution was the most popular method, but this was variably reported, being 

as precise lobes in the case studies, and average number of lobes affected in Parr et 

al.’s cohort, thus preventing meaningful analysis283-294. Severity was also variably 

measured with bespoke scores (as in ADSB and ADSBWT Parr et al.’s cohort) and 

categorisation used; radiological subtype was only variably reported; and no studies 

commented on airway tapering. Without standardised methods of quantification, it is 

difficult to draw conclusions. Future research in this field should use a standardised 

method of quantification; however, the options of ROSE criteria260, BSI188, FACED187 

and BRICS180 were not available at the time most papers in this systematic review 

were published, and each have their own flaws, as discussed in the introduction. 

Severity in Parr et al’s. study was based only on degree of bronchial dilatation201, 

rather than morphology or extent, and also used an objective measure in the form of 

ADSBWT with a mean value was outside the stated range of scores, thus compromising 
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the reliability of this result201. It may be that severity is simply too subjective a term to 

use in standardised quantification of CT appearances, and description should always 

include more detail of bronchial dilatation, lobar involvement, morphology, and 

bronchial wall thickening. 

Studies focused on microbiology were also limited, though do suggest that research 

in this field should be particularly vigilant for mycobacterial species, as well as S. 

aureus and P. aeruginosa. However, study of mycobacterial species presents a 

challenge in research, as these bacteria require a higher standard of laboratory 

isolation299. 

No studies have yet examined the microbiome for cases of bronchiectasis in AATD, 

and this could be an area of future research. 

Studies focused on biomarkers were very low in number, but did provide 2 further 

biomarkers for consideration in future research on bronchiectasis in AATD. Anti-

pneumococcal antibodies are unlikely to be selected for future research, since 

Miravitlles et al’s research was published some time ago, and batch manufacturing of 

the pneumococcal vaccine may well have changed in that time, and could vary 

between different countries295. Vitamin D binding protein subtype GC2 is likely to be 

more reliable, but evidence from Wood et al’s article297 would need to be compared 

with evidence for biomarkers in usual bronchiectasis/COPD overlap before 

considering which are the most clinically significant. 

Quality as a whole was lacking, particularly among case reports, many of which did 

not report the most basic respiratory history of occupational exposure and smoking 

exposure. Cohort/case-control studies were largely of better quality, but the majority 

did not identify confounding factors, or identify strategies for dealing with them. 
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The quantity and quality of available data for bronchiectasis in AATD is also lacking 

by comparison to data for bronchiectasis in usual COPD. Though this review has not 

systematically examined data for usual COPD, CT findings have been described more 

thoroughly and using more standardised techniques, such as the bronchiectasis 

severity index in at least 3 articles 266,300,301. Other characteristics of bronchiectasis in 

usual COPD have been better described. In Patel’s study of 54 patients, 

bronchiectasis was most frequently found in the lower lobes, and was associated with 

higher IL-8 levels and longer symptom resolution times at exacerbation264. Conversely, 

in a different study of 71 patients, bronchiectasis was most commonly found in the 

upper lobes and right lower lobe300; such discrepancy is consistent with the 

heterogeneity in the studies in this review. Gatheral et al. found minor bronchiectasis 

to be the most common level of severity251; similarly, Bak et al. found mild 

bronchiectasis to be most common, and found moderate to severe bronchiectasis to 

be associated with poorer lung function302. However, Sahin et al. instead found that 

severe bronchiectasis was most common, 266 as did Tiew et al.301, though both studies 

used criteria selecting for more severe COPD. Sahin’s study also found that severity 

of bronchiectasis in COPD was associated with lower TLCO, higher SGRQ score, 

poorer performance on 6-minute walk testing, and anxiety and depression. 

Microbiologically, P. aeruginosa, S. aureus and non-tuberculous mycobacterial 

infections feature frequently in the data for usual COPD and bronchiectasis, as they 

did in this review; though in usual COPD S. aureus, H. influenzae, and Acinetobacter 

species also feature 251,303,304. S. pneumoniae also features commonly, but may be 

less frequent than in COPD without bronchiectasis 304. It may be that these organisms 

also appear in AATD-bronchiectasis, but smaller sample sizes and fewer articles limit 

the likelihood of finding them. Tiew et al. also found frequent rates of Aspergillus 
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colonisation in bronchiectasis-COPD overlap syndrome recruited from tertiary 

centres301, which was found in one case report in this review and serves to highlight 

the value of including fungal organisms in any testing for microbiology or microbiome. 

2.5 Conclusion 

The available evidence for the detailed description of bronchiectasis in AATD is 

lacking, especially when compared with the data for bronchiectasis in COPD. This 

systematic review suggests that future research in this area should use detailed, 

standardised methods of CT description; should be vigilant for mycobacterial species; 

and should consider including Vitamin-D-binding protein GC2, IgA and IgG4 when 

correlating biomarkers with outcomes. Whilst ideas for the subsequent chapters had 

been conceived prior to the review, the findings confirmed that the studies in the 

remainder of the thesis were warranted. 
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3 Methodology 

Sections 3.2 is published as the “Methodology” section of De Soyza J, Ellis P, 

Newnham M, Rickard L, Turner AM. Bronchiectasis Occurs Independently of Chronic 

Obstructive Pulmonary Disease in Alpha-1 Antitrypsin Deficiency. Chronic Obstr Pulm 

Dis. 2024;11(5):507-514. doi:10.15326/jcopdf.2024.0526 

3.1 Collection of pre-existing clinical data 

3.1.1 The Birmingham AATD registry 

The Birmingham AATD registry was founded in 1996 and accepts referrals from all UK 

patients. Originally, as the only tertiary service in the UK, patients attended from across 

the country; however, as other tertiary centres have been established, the bulk of 

patients referred in recent years come from the west and east midlands, northern and 

south-western England, and Wales. Data from the registry was originally stored on 

paper, which was later transferred to a digital database referred to as “ADAPT”. The 

tertiary clinic in Birmingham temporarily ceased activity in 2014 due to lack of research 

funding; however, with NHS approval, it resumed in 2015/16. Digital records were 

transferred to a different system known as REDCap in 2021. Clinical data was taken 

from both the ADAPT and Redcap databases, and merged using R version 4.4.2 305. 

3.1.2 Ethics and consent 

The study has been ethically approved. Pre-2018 data collection is covered under 

approval by the NRES Committee West Midlands: South Birmingham on 14th February 

1996 (REC reference number 3359a), and data collection from 2018 onwards is 

covered by approval from the South Central Oxford C Research Ethics Committee on 
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24th October 2018 (IRAS ID 233675, REC reference number 18/SC/0541). Patients 

consent to be entered into the registry. Although the exact wording of consent forms 

has changed over time, patients have always been asked to consent to the sharing of 

their data for analysis of disease progression, which encompasses this work. Those 

who do not consent are not entered into the database, and consequently are not 

included in this work; approximately 99% of clinic attendees consent to data entry. 

3.1.3 Choice of clinical characteristics 

Data collected included age at baseline, sex, ethnicity, height, weight, smoking history 

(in the forms of both pack-year history and ever-smoker status), AATD genotype, 

serum AAT level at baseline, COPD status, asthma status, chronic bronchitis status, 

bronchiectasis status, and date of lung transplant if relevant. Clinical records were 

checked for missing data on age, sex, genotype, smoking status, and COPD, chronic 

bronchitis, and asthma status. For clinical outcomes, lung function raw values for 

FEV1, FVC, KCO and TLCO, exacerbation rate, and mMRC and SGRQ scores at each 

visit were recorded. Data taken from local services are included where primary 

evidence (e.g. lung function reports) are seen by the clinic. Lung function percent 

predicted (pp) values were calculated using the GLI method306,307. 

For those with CT scans available, date of death or last follow-up was also recorded 

by searching clinical records, and survival status and time was calculated, to facilitate 

the survival analyses in Chapter 5. 

3.1.4 Categorisation of genotypes 

Although PiZZ, PiSZ and PiMZ genotypes are the most prevalent forms of AATD, many 

other less common genotypes are known, as discussed in section 1.1.1.2. Some 

produce similarly low levels of functional AAT, or none at all in the case of null 
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variants308. The inclusion of these rare genotypes in statistical analysis presents a 

dilemma: by excluding them, more robust validity to the commoner genotypes can be 

achieved, but this perpetuates the lack of knowledge of the characteristics of these 

rarer genotypes. By including them, the reverse may be true: applicability to the 

commoner genotypes may be weakened, to the benefit of increasing validity to the 

rarer genotypes. Selection of which genotypes to include in the various statistical 

models is included in the statistical analysis sections below. Genotypes were 

categorised as severe if they produce functional AAT levels at or below the level of a 

PiZZ patient. For clarity, the classifications of the various alleles are detailed in Table 

3.1, which follows the accepted academic consensus as published by the ERS309. 

Table 3.1: Categorisation of allele combinations (SD = severe deficiency, NS = non-
severe, N = normal) 
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Z SD 

S NS NS 

M NS NS N 

Null SD SD NS SD 

I NS NS NS SD NS 

Mmalton SD NS NS SD NS SD 

Mprocida SD NS NS SD NS SD SD 

Plowell SD NS NS SD NS SD SD SD 

F SD NS NS SD NS SD SD SD SD 

 

3.1.5 Accuracy of clinical diagnoses 

In the Birmingham registry, COPD diagnosis is defined as post-bronchodilator 

FEV1/FVC ratio <0.7 on spirometry with compatible symptoms, and bronchiectasis 

diagnosis is defined as a radiological diagnosis made on a CT thorax report issued by 

a radiologist at either the referring or tertiary centre, along with compatible symptoms. 
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COPD diagnosis accuracy was checked by reviewing spirometry for post-

bronchodilator FEV1/FVC ratio <0.7. Bronchiectasis accuracy was checked in the 

course of reviewing available CT scan images as described in section 4. 

3.1.6 Summarising clinical outcomes per patient 

For those with 3 or more measurements of spirometry or gas transfer, lung function 

decline estimates were calculated using linear regression. Median yearly exacerbation 

rate was calculated for each patient. MRC score was converted to mMRC score where 

necessary. For the mMRC score, which is an ordinal variable ranging from 0 to 4 

depending on severity of breathlessness310, the mode was used; this avoided the issue 

of median values giving multiples of 0.5, which would not be useful in a variable 

spanning only 5 integers. 

3.1.7 Statistical models 

Section 3.1.7 describes features common to all statistical models in the thesis. R 

statistical programming language version 4.2.3 was used for all statistical analysis305. 

Multivariate regression models were constructed, appropriate to each clinical outcome 

of interest. Assumptions of linearity, homogeneity of variance, collinearity and 

normality of residuals were checked in each case, using the “performance” package 

within R311. An example of this is given in Appendix section 1. Where data 

transformation was required, this is described in the relevant results sections of 

Chapters 4 and 5. 

3.1.7.1 Modelling normally distributed linear outcomes 

When models featured dependent variables of baseline FEV1; FEV1, KCO or TLCO 

yearly decline; or SGRQ score; linear models were used, as these outcomes followed 

normal distribution patterns.  
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3.1.7.2 Modelling categorical outcomes 

Where mMRC was the dependent variable, multinomial models were constructed 

using the “Feed-Forward Neural Networks and Multinomial Log-Linear Models” (nnet) 

package within R312. This model gives an estimate for each level of a categorical 

dependent variable, relative to a reference level. In the case of mMRC, estimates were 

obtained for each of levels 1-4, relative to the reference level of mMRC 0. 

3.1.7.3 Modelling exacerbation rate 

Where yearly exacerbation rate was the dependent variable, zero-inflated models 

were constructed using the Political Science Computation Laboratory (pscl) package 

within R313. This model is used for distributions with an excess of zeros where the 

outcome can only be a positive integer (such as exacerbation rate), and gives two 

incidence risk-ratios, one for the probability of an excess zero, and the using a Poisson 

distribution to model the count data in the subgroup of patients with non-zero values. 

This model was selected as exacerbation rates in the dataset did not fit a conventional 

Poisson distribution, due to an excess of zeros. 

3.1.7.4 Modelling mortality 

Where mortality was the outcome of interest, two methods were used, using the 

“survival” package in R314. The Kaplan-Meier method was selected since Kaplan-Meier 

curves are a clear way to visualise differences in mortality between groups. The log-

rank test was used to determine statistical significance of differences in survival 

curves. The Cox proportional hazard method was also used due to the ability to control 

for other covariates, with covariates eliminated using the backward selection method, 

and the resultant models subjected to Schoenfeld residuals tests. 
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3.1.7.5 Covariates common to all statistical models 

Covariates were selected based on those values which are known or suspected to 

influence lung function, symptoms, exacerbations, and mortality, in the context of 

alpha-1 antitrypsin, bronchiectasis, or COPD. 

3.1.7.5.1 Age and sex 

Models using baseline FEV1% predicted values as the dependent variable did not use 

age and sex as covariates, as these are already included in the GLI method for 

calculation of predicted values307.  However, in all other models age and sex were 

included as covariates, as they are also known to influence exacerbations188,315, 

mortality188,315, and symptoms316-318 in the context of COPD, bronchiectasis and AATD. 

This includes models with the dependent variables of annual lung function change, as 

the rate of decline in lung function varies with age and sex319. 

3.1.7.5.2 Smoking status 

Smoking status was adjusted for in all models, as it is known to influence lung function 

decline, symptoms and exacerbation rate in COPD320 and bronchiectasis321, as well 

as mortality in the general population322. 

3.1.7.5.3 COPD 

COPD diagnosis was adjusted for in all models, since it is defined physiologically and 

therefore influences baseline lung function and lung function decline. Furthermore, it 

is characterised by symptoms of shortness of breath, and has a exacerbator 

phenotype accounting for a large proportion of cases88, and therefore can be expected 

to influence mMRC and SGRQ scores, and exacerbation rate. Furthermore, a 

relationship with mortality is long established, with COPD estimated to cause 3 million 

deaths worldwide annually323.  
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3.1.7.6 The multiple comparisons problem 

As detailed above, many statistical models were constructed on the same patients. 

This inevitably led to a multiple comparisons problem, whereby conventional limits of 

statistical significance (p <0.05) could be expected to occur by chance. However, this 

work is a study of a rare disease, and conventional solutions to this problem were not 

available: the widest possible retrospective sample size was already planned, and 

conventional solutions such as Bonferroni adjustments would risk over-correcting and 

missing true relationships. Therefore, from the outset it was decided to simply consider 

each statistically significant result cautiously, and with reference to biological 

plausibility or similar effects in other respiratory diseases. 

3.2 The analysis of unclassified bronchiectasis in the cohort 

The first analysis undertaken aimed to assess whether unclassified bronchiectasis 

was related to demographic or clinical characteristics and disease outcomes. Separate 

analyses were conducted for each phenotype: PiZZ, PiSZ and PiMZ. 

3.2.1 Correlation with demographic data 

Age, sex, serum AAT, and smoking status were compared according to bronchiectasis 

diagnosis using standard statistical tests.  

3.2.2 Correlation of unclassified bronchiectasis with COPD  

Multivariate binomial logistic regression modelling was used to assess whether the 

odds ratio for bronchiectasis diagnosis was related to COPD diagnosis, with covariates 

of age, sex, smoking status, and serum AAT level. A subgroup analysis to look for 

associations of bronchiectasis in patients without a COPD diagnosis was performed; 
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multivariate binomial logistic regression analysis was used again, with the same co-

variates. 

3.2.3 Correlation of unclassified bronchiectasis with clinical outcomes 

The outcomes of baseline FEV1, lung function annual change and exacerbation rates 

were compared between those with bronchiectasis and those without, using linear 

regression models for lung function models. Model assumptions were assessed for 

linearity and normality of residuals. Co-variates of age, sex, phenotype, smoking 

history, and COPD diagnosis were selected for use in all multivariate analysis in this 

study. Zero-sum inflated Poisson models were used for exacerbation rates, due to the 

high proportion of patients with no exacerbations, resulting in a heavily skewed 

distribution with an excess of zeroes, which did not meet assumptions for a standard 

Poisson model. Multinominal regression models were calculated for mMRC score 

data. All models were conducted in PiZZ patients first, and repeated in PiSZ and MZ 

patients if significant results were found. 

3.3 Sputum microbiology analysis 

3.3.1 Recruitment 

Samples of sputum were sought from all patients in the dataset who produced sputum. 

Such patients were identified from responses to questions in the registry’s case report 

form. Any positive answers to the following questions were treated as eligible: 

1. Phlegm? (Yes or No) 

2. Chronic Bronchitis (Yes or No) 

Other methods of obtaining airway secretions were considered. Bronchoscopy would 

have enabled sampling from all consenting patients with bronchiectasis, regardless of 
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whether they had a productive cough, but would subject the patient to including allergic 

reactions to sedation, infection, bleeding, bronchospasm or laryngospasm, and more 

rarely pneumothorax or even death. Additionally, bronchoscopy would have required 

use of limited NHS resources, which would not have been justifiable for a cross-

sectional study such as this. Nasopharyngeal swabs can also be done in all consenting 

patients regardless of cough status, and have demonstrated utility in diagnosing viral 

pneumonias324, but their usage in other cohorts unable to expectorate on demand (e.g. 

children) has not shown any association with lower airway bacterial species325. 

Sample pots, with return envelopes, were posted to all eligible patients. Patients were 

asked to produce the sample and post it on the same day, preferably at the start of the 

week to enable the shortest possible transit time in the post, which has previously 

been established as a valid method of sampling by my colleagues326. 

Patients who had CT scans analysed, but who did not send in sputum samples, had 

their clinical case notes reviewed for any evidence of historic sputum culture results. 

These results were recorded in a separate observation in the dataset. 

I was trained in the following methodology by an experienced microbiology laboratory 

technician, DA Spittle. The processing of sputum samples for basic assessment, 

quantitative culture, and presumptive identification described in this methodology was 

shared between us. Presumptive identification often required the input of A Pye, also 

an experienced microbiologist. 

3.3.2 Basic assessment 

Colour, weight, and whether the sample was taken in a stable state or during an 

exacerbation, were recorded for all samples. For sputum colour, the Bronkotest® 
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colour chart was used, as it appears commonly in other trials as an objective measure 

of colour327,328 (Figure 3.1). 

Figure 3.1: Bronkotest sputum colour chart 

 

3.3.3 Quantitative culture 

Quantitative culture was performed on all incoming samples under sterile conditions. 

Sputum was mixed with an equal amount of Sputolysin® (dithiothreitol [DTT] in 

phosphate buffer) at a 1g:1ml ratio, up to a maximum of 1g. This suspension was 

vortexed for 60 seconds. A primary streak plate on chocolate agar was prepared from 

this suspension as displayed in Figure 3.2. Serial dilutions in sterile saline (0.9% NaCl) 

were prepared, using precision pipettes and sterile tips, at 10-1, 10-2, 10-3, 10-4, and 10-

5 concentrations, as per Figure 3.3. Spread plates were prepared on chocolate agar 

using 10µl samples from the 10-3, 10-4, and 10-5 dilutions, with the addition of a blood 

agar plate for the 10-4 dilution. The additional blood agar plate helps to differentiate 

bacteria which do not produce haemolytic enzymes: the most relevant such bacterial 
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genus for respiratory pathology is Haemophilus, which accordingly will grow on 

chocolate agar but not on blood. 

 

 

 
Figure 3.3: Procedure for serial dilution of sputum samples 

 

Figure 3.2: Four quadrant streak plate method.  
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All plates were incubated for 24 hours at 37ºC and 5% CO2. After 48 hours, colonies 

were counted on the dilution plate containing the fewest colonies. Plates containing 

no obvious dominant organism were presumed mixed normal flora and discarded, but 

those with clear dominant organisms were considered potentially pathogenic. The aid 

of experienced microbiologists (DA Spittle and A Pye) was sought in making this 

decision. Such potential pathogens were sub-cultured by sampling with a loop, and 

creating new streak plates on chocolate agar. These plates were incubated for a 

further 48 hours. 

Immediate presumptive identification of potentially pathogenic bacteria was not always 

possible due to time constraints; in this case, samples were stored on cryo-

preservative MicroBankTM beads at -80ºC. 

3.3.4 Presumptive identification of potentially pathogenic bacteria 

3.3.4.1 Gram stain 

Gram staining was performed on all samples, using only agar plates which were less 

than 48 hours old (whether from fresh sputum samples or grown from cryo-

preservative beads). This technique was first used in 1884, but has the advantage of 

being inexpensive and requiring only simple procedural skills, although requiring some 

experience to interpret. Colonies were swabbed and smeared on a glass slide, which 

was then fixed with methanol for 60 seconds. The slide was then rinsed and allowed 

to air dry, before being covered with crystal violet. Crystal violet was rinsed off after 60 

seconds. Lugol’s Iodine solution was then added, and rinsed off after 60 seconds. The 

slide was then exposed to no more than 5 seconds of Gram differentiator solution 

(50% acetone/50% alcohol), and then immediately rinsed with water. Safranin 

counterstain was then added to the slide for 90 seconds, and rinsed with water. Slides 
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were then examined with a light microscope under 1000x resolution, using a 

cedarwood oil immersion, to establish morphology. 

3.3.4.2 Catalase test 

Catalase testing was performed on all gram-positive cocci. This distinguishes 

staphylococci from streptococci (and enterococci). Staphylococci produce catalase, 

which is capable of breaking down hydrogen peroxide into water and oxygen. A 

positive test is therefore indicated by a bubbling reaction when transferring drops of 

3% hydrogen peroxide onto a glass slide containing a bacterial colony. 

3.3.4.3 Coagulase test 

Catalase-positive gram-positive cocci (i.e. staphylococci) were subject to a coagulase 

test. This test distinguishes S. aureus from other staphylococci, since S. aureus 

produces an enzyme capable of triggering the clotting cascade, by binding with 

prothrombin and potentiating the cleaving of fibrinogen into fibrin. A suspension of 

bacterial colonies and rabbit plasma is pipetted onto a slide. Visible clumping of 

bacterial cells indicates a positive result. 

3.3.4.4 Optochin sensitivity test 

α-haemolysis capability is indicated by green discolouration of blood agar around 

bacterial colonies. This is due to the activity of hydrogen peroxide, which oxidises, but 

does not complete lyse, haemoglobin, forming methaemoglobin, which has a green 

colour. The most important clinical distinction between hydrogen peroxide-producing 

streptococci is between Streptococcus pneumoniae, which is a common pneumonia-

causing pathogen, and other Streptococci. A suspension of bacterial colonies is spread 

on a blood agar plate, and an optochin disc added to the centre. At 24 hours, the plate 

is reviewed. S. pneumoniae is not resistant to optochin, and a ring of several 
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millimetres containing no bacterial growth will be visible around the disc. Other 

Streptococci will show no such ring, and include S. viridans, S. mutans and S. sanguis, 

which are commensal organisms of the oral mucosa. 

3.3.4.5 Bacitracin test 

β-haemolysis refers to complete lysis of haemoglobin by streptolysin, and is indicated 

by transparent changes in the blood agar. The most important clinical distinction of 

streptolysin-producing streptococci is between S. pyogenes, responsible for most 

Group A Streptococcal infections, and S. agalactiae, responsible for Group B 

Streptococcal infections, particularly important in neonatal infections. These two can 

be distinguished by the addition of a bacitracin disc to a blood agar plate, on which a 

suspension of the colony has been spread. S. agalactiae is resistant to bacitracin, a 

naturally occurring antibiotic product of Bacillus licheniformis, whereas S. pyogenes is 

not. 

3.3.4.6 Tributyrin test 

Gram-negative cocci were subject to a tributyrin test to differentiate the pathogenic 

Moraxella Catarrhalis from the commensal genus Neisseria. M. catarrhalis produces 

butyric acid, which cleaves tributyrin, and turns a tributyrin-containing bacterial 

suspension from pink to yellow. 

3.3.4.7 Oxidase test 

Gram-negative bacilli were subject to an oxidase test. This differentiates 

Pseudomonas species, which are known to be highly pathogenic even in 

colonisation97, from other species. A bacterial colony is swabbed, and a drop of a redox 

indicator added to the swab. Organisms containing the cytochrome c oxidase enzyme, 
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such as Pseudomonads, will oxidise the indicator, and cause a change in colour from 

colourless to blue. 

Oxidase-negative gram-negative bacilli were grown on MacConkey agar to distinguish 

Klebsiella pneumoniae from Escherichia coli. The lactose fermenting Klebsiella turns 

red or pink; E. coli does not change colour. 

3.3.4.8 Factor X and V test 

Haemophilus species are so small that, even at 1000x magnification, the distinction 

between cocci and bacilli is unreliable. Such bacteria are termed “coccobacilli”. The 

most important distinction between these species is between Haemophilus influenzae, 

a common pathogen responsible for many cases of infective COPD exacerbations, 

and other Haemophilus species. H. influenzae requires both factors X and V for 

growth, whereas other species only require factors X or V in isolation. A Colombia agar 

plate is prepared with 3 discs containing factor X, factor V, and both, respectively. 

Unlike other species, H. influenzae will only grow around the “X and V” disc. 

 

Identification of potential pathogens followed the method shown in Figures 3.4 and 

3.5. Interpretation of test results was done only with the supervision of DA Spittle 

and/or A Pye, in order to ensure accuracy. 
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Figure 3.4: Presumptive Identification algorithm for Gram positive bacteria.  
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Figure 3.5: Presumptive identification algorithm for Gram negative bacteria. 
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3.3.5 Historic microbiology data 

Some microbiology data was available from the ADAPT and REDCap databases; from 

these database, microbiology species were recorded. Binary outcomes were also 

recorded for whether patients had ever grown the pathogens of interest (section 2.6). 

For those patients with CT scans available for analysis in Chapter 4, but without 

microbiology samples or historic data, digital records were searched for a clinical 

microbiology report, in order to allow more accurate calculation of the bronchiectasis 

severity index. A further 12 patients with stable sputum cultures were identified in this 

way. 

3.3.6 Pathogens of interest 

The pathogens of interest chosen for extraction from the data collected above were: 

Pseudomonas species; Haemophilus influenzae; Moraxella catarrhalis; 

Staphylococcus aureus; Streptococcus pneumoniae; Coliforms including 

Enterobacter, Klebsiella pneumoniae and Escherichia coli; non-tuberculous 

Mycobacteria (NTM), and the fungal Aspergillus species. These were selected as they 

have been documented as the most important pathogens in bronchiectasis 182,188,329. 

Pseudomonas species are particularly pathogenic, having been associated with 

increased mortality 330,331, hospitalisation 188, poorer quality of life scores 332, more 

frequent exacerbations188, and poorer cross-sectional lung function measurements333. 

Data on the influence of Pseudomonas on lung function decline is more mixed, but 

some studies have found increased disease progression rates in those colonised with 

Pseudomonas 207,333. As in the BSI study, the other bacteria listed above were 

combined in a “other pathogenic organisms” group 188. 
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These bacteria are understudied in Alpha-1 Antitrypsin Deficiency, with no published 

data available comparing bacteriology to disease outcomes at the time of writing. 

However, the US registry has reported the most commonly found bacteria in their 

cohort to be Pseudomonas species and S. aureus. In usual-COPD, more data is 

available, with colonisation with any of H. influenzae, M. catarrhalis, S. aureus, K. 

pneumoniae, or P. aeruginosa being associated with increased lung function decline, 

and also with only a single Pseudomonas culture 334. 

“Mixed normal flora” refers to growth on culture without a dominant organism. This 

growth is assumed to be of organisms which normally colonise the airway. Such 

organisms include Neisseria species, non-haemolytic Streptococci, Bordetella 

species, and Corynebacteria. These organisms were not recorded individually in the 

database, as they are accepted to be non-pathogenic unless in extreme cases of 

immunodeficiency335. 

Colonisation was defined as 2 or more isolations of the same organism, 3 or more 

months apart. For each respective organism, columns were generated in the database 

for whether the patient had ever had a positive sputum culture, and whether they had 

ever been colonised. If the patient had only ever grown mixed normal flora, this was 

recorded in a separate column. 

3.3.7 Statistical analysis of microbiology results 

Species names were recorded. Logistic regression models were constructed to assess 

whether particular species were associated with the disease outcomes of FEV1, KCO 

and TLCO decline, exacerbation rate, and mMRC score. Statistical models were 

limited to PiZZ or other severely deficient genotypes; unlike in the work for the entire 

cohort, rare phenotypes identified as severely deficient (Table 3.1) were included. This 
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is because some frequent attenders to the clinic have rare phenotypes, and are 

therefore well represented in the data available; including them increases the sample 

size without significantly reducing validity of the results, due to equivalent functional 

AAT in many rare variants as described in section 3.1.4. 

Kaplan-Meier and Cox proportional hazard models were constructed to assess 

influence of bacterial species on mortality from time of baseline assessment. Because 

these models assume variables are constant over time, but bronchiectasis develops 

at an unknown time, these models were repeated in those with bronchiectasis only. 

3.4 Blood biomarkers 

3.4.1 Haematological biomarkers 

Data from full blood counts were readily available from the database, as they are 

routinely performed at each clinical visit. Platelet and eosinophil counts were recorded. 

In the case of multiple results per patient, mean averages were calculated, and 

coefficient of variance was also calculated per patient. 

3.4.2 Z-polymers 

Samples for Z-polymer analysis were identified from samples stored at -80C, which 

had been taken from patients who had consented for their blood samples to be stored 

and used in then-unspecified cross-sectional studies. These samples were sent to a 

3rd party (Vertex Pharmaceuticals) for analysis, using a sandwich ELISA. In this 

method, the capture antibody (mouse monoclonal anti-AAT polymer) is coated onto 

96-well plates, which are then blocked with Blocker Casein in PBS and incubated 

overnight with human M-AAT polymer reference material, standards, quality controls, 

and samples. After washing, a detection antibody (HRP-conjugated goat anti-human 
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AAT) is added. Plates are washed, and a substrate solution is applied for colorisation, 

followed by stop solution (1N sulfuric acid) to halt the reaction. The absorbance is then 

measured immediately using a Bio-Tek PowerWave plate reader at 450 nm. The 

calibration curve is fitted with a 4-PL equation, with a range of 75.0–10,000 pg/mL, 

and a validated lower limit of 50.0 pg/mL. Notably, this assay is unable to determine 

polymer size. 

From these results, mean Z-polymer level was calculated for each patient. For patients 

with more than 1 measurement, the coefficient of variance was calculated. 

3.4.3 Biochemical biomarkers 

For the analysis of the remaining biomarkers referred to in the introduction, the 

intended methodology would have been performed by Vertex Pharmaceuticals, using 

a grant obtained for a 46-biomarker multi-analyte profile (InflammationMAP® v. 1.1336 

), which includes CRP, TNF-alpha, interleukin, ICAM-1, E-selectin, desmosine and 

VCAM-1 in its panel. Unfortunately, due to operational limitations at Vertex 

Pharmaceuticals, this analysis was delayed and could not be performed within the 

timeframe of the present work. Many patients had had CRP measurements at routine 

clinical visits, and this data was collected from the database. In 2019, some patients 

had had biomarker analysis on a different multi-analyte panel, including TNF-alpha, 

interleukins, and CRP, and this data was also collected. In the case of CRP, data was 

merged with the clinical CRP results before averages and coefficients of variance were 

calculated. 
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3.4.4 Statistical analysis of haematological and biochemical biomarkers 

3.4.4.1 Correlation with bronchiectasis 

Linear regression models compared biomarker levels between those with 

bronchiectasis and those without, with covariates of genotype, age, sex, COPD, and 

smoking status. 

3.4.4.2 Stability of biomarkers 

For biomarkers where more than one measurement per patient was available, stability 

over time was assessed using the coefficient of variance method, which gives the ratio 

of the standard deviation to the mean for each patient. The Kruskal-Wallis test was 

used to correlate stability of biomarker levels over time with annualised exacerbation 

rate (which demonstrated a non-normal zero-inflated distribution, as discussed in 

section 3.1.7.3), to assess whether variability of these inflammatory biomarkers was 

related to exacerbation, and therefore inflammatory period, frequency. 

3.4.4.3 Correlation of biomarkers levels with clinical outcomes 

The availability of biomarkers form separate groups. In descending order of 

measurement frequency, these are: firstly, full blood count measurements, 

encompassing eosinophil and platelet results (section 4.1). Secondly, CRP 

measurements, which are occasionally taken in clinic, but more rarely than the full 

blood count (section 4.3). Thirdly, patients with Z polymer levels constitute a specific 

group (section 4.2). Fourthly, a separate group of patients had had TNF alpha, IL-6 

and IL-8 studied in a multianalyte profile (section 4.3). The below models were 

repeated in each of these groups, except the TNF and interleukin group, in which the 

most promising models were identified by network analysis as detailed in 3.4.4.  
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Linear multivariate models assessed correlation of the biomarkers with baseline FEV1, 

FEV1 decline, KCO decline, and mean SGRQ score. Age, sex, COPD and ever-

smoker status were inserted as co-variates, and models containing eosinophil level 

were also controlled for asthma diagnosis, due to the known relationship between 

asthma and eosinophilia. 

 Zero-inflated models were used to correlate with annualised exacerbation rate. 

Multinomial models were used for correlation with mMRC score. Cox proportional 

hazard models were used to study correlation with mortality, using survival time from 

baseline. 

All models were repeated in a subgroup of patients with bronchiectasis only. 

3.4.4.4 Network analysis of biomarkers and numeric clinical outcomes 

A correlation matrix was constructed to examine the pairwise relationships between 

all biomarkers and the numerical clinical outcomes (baseline FEV1, FEV1 and KCO 

decline, annualised exacerbation rate, and mean SGRQ score). The Pearson 

correlation coefficient was used to quantify the linear relationships between all pairs 

of biomarkers. To visualise the correlation matrix, a heatmap was generated using the 

pheatmap() function in R337. 

To further explore the relationships between biomarkers, a network graph was 

constructed using the qgraph() function in R. The network layout was determined using 

the spring layout algorithm, which positions nodes (biomarkers) based on the strength 

of their correlations. Edges were only included if the absolute correlation was greater 

than or equal to 0.5, allowing for the visualisation of significant relationships. These 

methods were applied to the whole cohort, and repeated for a subset of patients with 

bronchiectasis. 
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Associations between biomarkers and clinical outcomes with Pearson correlation 

coefficients > 0.5 or < -0.5 were examined with regression models to assess 

significance. These statistical models of were limited to patients with the PiZZ or 

severely deficient phenotypes (Table 3.1). These rare genotypes were included for the 

same reason outlined in section 2.7. All models were multivariate, using baseline age, 

sex, COPD, and smoking status as covariates. 

 

3.5 Visual assessment of bronchiectasis on CT imaging 

Due to their establishment in the literature and clinical relevance, as discussed in the 

introduction, the following parameters were assessed in the present work: lobar 

involvement, Morphology score, bronchial dilatation, and bronchial wall thickness. 

Carestream Vue Motion imaging software338 was used to view the images, using NHS 

hardware. Lobar involvement was recorded as a binary outcome for each of the 6 

lobes: right upper, right middle, right lower, left upper and left upper lobes, and the 

lingula. The total number of lobes affected was also recorded. Subdividing by 

bronchopulmonary segmentation was deemed unfeasible for a general physician to 

identify reliably, and therefore less useful clinically. Morphology was recorded as binary 

outcomes for each of cylindrical, varicose, and cystic bronchiectasis, depending on 

their respective presence anywhere within the lung. Additionally, morphology was 

scored as 0 for no bronchiectasis, 1 for cylindrical without varicose or cystic 

bronchiectasis, 2 for varicose without cystic bronchiectasis, and 3 for cystic 

bronchiectasis. Bronchial dilatation was scored as per the modified Reiff score: 0 for 

no dilatation; 1 for dilatation 1-2x the diameter of the accompanying pulmonary artery; 

2 for dilatation 2-3x arterial diameter; and 3 for dilatation >3x arterial diameter. 
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Bronchial wall thickness was likewise scored as per the modified Reiff score: 0 for no 

thickening; 1 for thickening <0.5x the diameter of the accompanying pulmonary artery; 

2 for thickening 0.5-1x arterial diameter; and 3 for thickening wider than the 

accompanying artery. For both wall thickness and dilatation, the measurements tool 

from Carestream Vue Motion was used to objectively assess these ratios before 

categorisation. Mucous plugging was not recorded due to its unreliability between 

observers, implying unfeasibility for a general physician to identify reliably 339. 

Emphysema and lung density parameters were not recorded due to the significant 

overlap of COPD as a separate diagnosis in the study population; instead, the clinical 

diagnosis of COPD was used as a covariate in statistical analysis. 

Combining radiological, microbiological, and clinical data allowed calculation of the 

bronchiectasis severity index (BSI) score, as described in section 1.2.4. However, 

since BSI is a prospective score, and much of the clinical data available was only 

cross-sectional in nature, some adjustments were made: the most recent values were 

taken for BMI and FEV1% predicted; median annual exacerbation rate and mode 

mMRC were used; Pseudomonas or other pathogen colonisation was scored if the 

patient had ever been colonised. 

3.5.1 Obtaining CT scans 

All patients with a clinical diagnosis of bronchiectasis were identified from the 

database. All available CT scans for these patients were included in the study, with CT 

images being acquired from both digital hospital records and, in the case of patients 

who had not attended the clinic since digital records became available, physical 

storage media (CD-ROM). A sample of scans from patients without a clinical diagnosis 

of bronchiectasis was also included, numbering half of the bronchiectasis scans, to 
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assess the rate of undiagnosed radiological bronchiectasis in our population. Where 

patients had more than one CT scan available, the most recent scan was assessed. 

3.5.2 Inter-rater reliability 

10% of scans were assessed by a radiologist with 5 years’ experience and a special 

interest in thoracic radiology. Inter-rater reliability was calculated for each individual 

parameter using the Cohen’s κ method340. 

3.5.3 Statistical analysis 

Each visually assessed parameter was correlated with the clinical outcomes of 

annualised exacerbation rate; mMRC score; SGRQ score; baseline FEV1pp; and lung 

function yearly decline, as measured by FEV1pp, FEV1ml, KCOpp and TLCOpp. Zero-

inflated logistic regression models were used for exacerbation rate; multinomial 

regression models were used for mMRC score; and linear regression models were 

used for SGRQ and lung function. Those with alternative bronchiectasis aetiologies 

were excluded from these models. Age, sex, smoking status (ever vs never), and 

COPD status were used as covariates. PiZZ and similarly severe phenotypes were 

analysed as one group, with PiSZ analysed separately. Linear models were checked 

for normality of residuals and collinearity. Zero-inflated models were assessed for mis-

specified dispersion and collinearity. Where high collinearities were found, Lasso 

regularised models were constructed to penalise high collinearity coefficients and 

reduce impact of multicollinearity.  
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3.5.4 Survival analysis 

To assess survival from baseline, and survival since birth, Kaplan-Meier survival 

curves and Cox-proportional hazard models using the backward selection method 

were constructed to control for the aforementioned covariates. 

3.6 Algorithmic analysis of bronchiectasis on CT imaging 

3.6.1 Eligibility of CT scans for algorithmic analysis 

CT scans which had been analysed visually were downloaded as DICOM files. These 

files were then assessed with a CT analysis algorithm known as YACTA (Yet Another 

Computed Tomography Algorithm). Scans with less than 100 images are not able to 

be effectively analysed by YACTA; in practice this excluded older scans, which were 

often performed in older generation CT scanners under a historic High-Resolution CT 

protocol. These historic protocols gave detailed scan images with thin transverse 

slices, but only of samples of the lungs341.  A schematic of this process is shown in 

Figure 3.6. These protocols existed as a compromise between the benefit of image 

detail and the combined risks of radiation exposure from older generation scanners, 

and the increased time these scanners took to acquire an image of such detail, which 

would increase breathing artefacts. With the increased efficiency of CT scanning 

allowed by multidetector row CT scanning, high resolution CT scanning of the entire 

lung parenchyma became possible at scale in the 2000s 342. 
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3.6.2 Algorithmic detection of the bronchial tree 

YACTA [the algorithm] detects the bronchial tree by the use of landmarks within the 

chest343. In transverse CT images, for each voxel, it assesses whether the surrounding 

voxels are air (i.e. whether the average HU are below -975HU). If not, it assesses 

whether all voxels are soft tissue (i.e. above -525HU). If this analysis results in an area 

of air less than 8cm2, this area is designated as the trachea. Areas of pure air larger 

than 8cm2 are likely to be outside the chest and therefore irrelevant. Errors are 

sometimes encountered with large bullae, which will also result in pure air areas 

>8cm2; for this reason, the algorithm starts at the most superior transverse image and 

works down. If necessary, a trachea landmark can be set manually. The algorithm 

continues down the bronchial tree, assessing for areas of pure air or soft tissue. If a 

Figure 3.6: Chest X ray image highlighting areas of the chest captured by historic 
HRCT protocols.  



97 
 

voxel is surrounded in all 6 cardinal directions by pure air, or if it is only adjacent to 

soft tissue on one side, it is designated as bronchus. 

Next, the result of this analysis is reconstructed into a 3D object. This object is 

skeletonised by deletion of “simple” voxels, which are those whose deletion does not 

alter the topology of the 3D object. The diameter of the airways is thereby reduced 

uniformly in each direction, and establishes the midpoint of the airway throughout the 

bronchial tree. Perpendicular measurements from this midpoint to the edge of the 

original 3D object can then be calculated, and therefore bronchial dilatation and 

tapering can be assessed from the transverse plane of the bronchus, not the whole 

body344. 

Branching of the airway is used to identify each of the six lobes (right upper, middle 

and lower; left upper and lower lobes; and the lingula), using a pre-existing automated 

method345. The algorithm is able to account for the rare anatomical variant of a tracheal 

bronchus, when a bronchus branches directly from the trachea, proximal to the 

carina200. This method also assigns bronchial levels to each airway, with G0 for the 

trachea, G1 for the right and left main bronchi, and so on for each division to G10. 

3.6.3 Bronchiectasis Index (BEI) 

The algorithm returns a large number of parameters by default, but only some of these 

were deemed suitable for further analysis.  

The first parameter selected was the Bronchiectasis Index (BEI, not to be confused 

with Bronchiectasis Severity Index, BSI, see introduction and chapter 5). This is a 

measure of airway tapering. Tapering is assessed by establishing the plane of the 

airway as per the skeletonisation method above, and measuring the transverse 

diameter of the airway in that plane. Diameter measurements in close proximity to a 
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branch point are disregarded, as measurements in this area will be anomalously high 

as the airway diverges. The diameter of each airway at each respective bronchial level 

can be assessed, and a numerical value assigned to the degree to which this diameter 

reduces with each airway generation. The reference ratio for this diameter reduction 

was 0.7 for Gn:Gn+1; i.e. the airway diameter should reduce by a factor of 0.7 with 

each generation. Airway generations can be reliably identified up to the 10th 

generation. BEI can be calculated for each of the 6 lobes of the lung. The BEI 

parameter was selected as lack of tapering is accepted to be a specific marker of 

bronchiectasis346; unlike broncho-arterial ratio, it is unaffected by pulmonary 

hypertension or normal variation in arterial size, which can be significantly smaller that 

the accompanying bronchus in health347. However, an accurate assessment of 

tapering by human eye is difficult and time consuming348, creating clear scope for an 

automated alternative such as BEI. 

3.6.4 Quantification of airway wall thickness (AWPi10) 

AWPi10 (Figure 3.7) is a standardised measure of airway wall thickness. From each 

airway assessed in transverse profile, the area of the airway wall is plotted against the 

internal perimeter of the airway, as per diagram. For each scan, a linear regression is 

then calculated. From this regression line, AWPi10 is given by the estimated airway 

wall area for an airway of perimeter 10mm. This variable was selected as it has been 

used in recent studies as a standardised measure of airway wall thickness, with a 

weak to moderate correlation with BSI score in one study. 349-351. 
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3.6.5 Emphysema quantification (PD15) 

PD15 is a quantitative measure of density, measured in Hounsfield units. It represents 

the value below which the 15% of the lung has lower density. It has been established 

as a reliable measure of lung density in both usual and AATD-COPD since 2004 352-

354. 

3.6.6 Statistical analysis of algorithm-derived data 

Analysis was focused on 3 areas. Firstly, to assess whether the YACTA parameters 

correlated with my visual assessment of the CT scans; secondly, whether thresholds 

of the continuous YACTA data could be identified to diagnose bronchiectasis with an 

acceptable level of sensitivity and specificity; thirdly, whether the YACTA parameters 

correlated with the clinical outcomes of interest. 

Figure 3.7: Schematic demonstrating derivation of airway wall area.  



100 
 

3.6.7 Correlation between YACTA parameters and visual CT assessment 

For the assessment of correlation between YACTA and visual CT scan assessment, 

standard statistical tests were used. Student’s T-test or one-way analysis-of-variance 

for comparison of means between groups, and Wilcoxon rank sum or Kruskal-Wallis 

tests for comparison of binary groups where data was not normally distributed. The 

BEI was compared with visual assessment of number of lobes affected, morphology, 

bronchial dilatation and bronchial wall thickening. The AWPi10 YACTA parameter was 

compared with visual assessment of bronchial wall thickening only. BEI for each of the 

6 lobes was compared with the visual diagnosis of bronchiectasis for each respective 

lobe. 

3.6.8 Identification of YACTA thresholds correlating with visual assessment 

For the assessment of thresholds which correlated with bronchiectasis, Receiver 

Operating Characteristic (ROC) curves were calculated using R. If the 95% confidence 

interval of the area under the curve (AUC) included 50%, no further analysis was 

conducted; if the AUC 95% confidence interval range did not include 50%, the optimal 

threshold was identified using Youden’s J method. This analysis was performed firstly 

for the ability of BEIndexLung to identify the following visual assessment parameters: 

bronchiectasis of any kind; cystic morphology; varicose or cystic morphology; 

bronchial wall thickening at each grade; bronchial dilatation at each grade; and number 

of lobes affected. Secondly, ROC analysis was conducted for the association of the 

BEIndex with bronchiectasis in each respective lobe. Thirdly, ROC analysis was also 

conducted for the association of AWPi10 with bronchial wall thickening scores of each 

grade. 



101 
 

3.6.9 Correlation of YACTA parameters with clinical outcomes 

For the assessment of correlation between YACTA parameters and clinical outcomes, 

regression models were calculated in a similar way to the assessment of visual CT 

scan parameters described previously. This used linear regression for FEV1, KCO and 

TLCO percent predicted yearly decline, FEV1 baseline percent predicted, and FEV1 

ml yearly decline; zero-inflated logistic regression models were used for exacerbation 

rate analysis; and multinomial logistic regression models were used for mMRC score. 

These models were only conducted on patients with either PiZZ genotypes or 

phenotypes which produce similarly severe Alpha-1 Antitrypsin Deficiency. 

3.7 Presentation of results 

This chapter has summarised all methods used in the production of this thesis. Results 

referring to unclassified bronchiectasis, including microbiology and biomarkers, are 

presented in Chapter 4. Results referring to the radiological classification, both visually 

and algorithmically, are presented in Chapter 5. 

  



102 
 

4 Clinical, microbiological and blood biomarker 

characteristics of unclassified bronchiectasis 

N.B: sections 1 and 4.1 are published as part of “De Soyza J, Ellis P, Newnham M, 

Rickard L, Turner AM. Bronchiectasis Occurs Independently of Chronic Obstructive 

Pulmonary Disease in Alpha-1 Antitrypsin Deficiency. Chronic Obstr Pulm Dis. 2024 

Sep 27;11(5):507-514. doi: 10.15326/jcopdf.2024.0526. PMID: 39213377”. 

4.1 Prevalence of bronchiectasis in AATD 

4.1.1 Descriptive statistics 

The inclusion/exclusion process is shown in Figure 4.1. Four patients were excluded 

due to having other causes of bronchiectasis: 1 had Allergic Bronchopulmonary 

Aspergillosis (ABPA), 2 had childhood pertussis, and 1 had traction bronchiectasis 

secondary to interstitial lung disease (ILD). All 4 had the PiZZ genotype. Among those 

with ≥3 lung function measurements, median follow-up time was 6.4 years (IQR 3.9 - 

11.2). 

Baseline characteristics of the PiZZ, PiSZ and PiMZ groups, stratified by 

bronchiectasis diagnosis, are shown in Table 4.1. 967 patients had spirometry 

available for review of diagnostic accuracy of COPD: type I and II error rates were 

0.6% and 1.7% respectively (Table 4.2). 290 patients had CT scans available for 

review of diagnostic accuracy of bronchiectasis: type I and II errors were 1.6% and 

7.5% respectively (Table 4.3). 

PiZZ patients with bronchiectasis were older at baseline than those without (54 vs 49 

years, p <0.001), and more likely to be never smokers (35 vs 24 %, p<0.001). PiSZ 
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patients with bronchiectasis were also older on average (63 vs 48 years, p <0.001), 

but no differences in smoking status were seen. PiMZ numbers were small with little 

variance between the bronchiectasis and non-bronchiectasis groups. 134 PiZZ 

patients did not have COPD, 25 (18.6%) of whom had bronchiectasis. 
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Figure 4.1: Inclusion/exclusion process for regression model of bronchiectasis vs 
COPD. 
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Table 4.1: Characteristics of 1290 AATD patients stratified by phenotype and bronchiectasis diagnosis. 

AATD: Alpha-1 Antitrypsin Deficiency; +/- standard deviation. Continuous variables compared with t-tests; categorical variables 

compared with Fisher’s Exact or Chi-squared tests. 

  

 

PiZZ PiSZ PiMZ 

 

Bronchiectasis 

No 

Bronchiectasis p Bronchiectasis 

No 

Bronchiectasis p Bronchiectasis 

No 

Bronchiectasis p 

n 220 832 

 

15 165 

 

5 53  

Sex: Male (%) 117 (53.2) 468 (56.2) 0.46 10 (66.7) 80 (48.5) 0.281 1 (20.0) 27(50.9) 0.392 

Age (years)  54.2 +/- 10.24 49.41 +/-11.71 <0.001 63.00 +/-8.71 48.27 +/-14.64 <0.001 62.75 +/-9.60 49.95+/-14.16 0.085 

Body Mass Index  25.77 +/-5.83 26.46 +/- 5.26 0.137 24.60 +/-5.68 27.27 +/-5.19 0.090 Missing data 27.22 +/-5.58 NA 

Serum AAT (µmol/L)  4.02 +/-1.53 4.40 +/-2.35 0.030 13.81 +/-3.98 13.70 +/-3.49 0.922 Missing data 12.36 +/-4.68 NA 

Ever Smoker (%) 143 (65.0) 632 (76.1) 0.001 10 (66.7) 102 (61.8) 0.926 3 (60.0) 35 (67.3) 1.00 

Smoking: pack year 

history  13.89 +/-15.72 15.45 +/-15.50 0.193 26.57 +/-25.04 17.30 +/-23.72 0.164 13.2 +/-15.35 19.33 +/-20.76 0.524 

COPD (%) 192 (88.5) 655 (85.7) 0.354 13 (86.7) 69 (54.3) 0.034 2 (50.0) 19 (40.4) 1.00 
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Table 4.2: Diagnostic accuracy of COPD 

 n = 967 FEV1/FVC ≤0.7 FEV1/FVC >0.7 

COPD diagnosis (%) 766 (79.2) 6 (0.6) 

No COPD diagnosis (%) 16 (1.7) 179 (19.6) 

 
Table 4.3: Diagnostic accuracy of Bronchiectasis 

 n = 290 CT evidence No CT evidence 

Bronchiectasis diagnosis 193 (66.5%) 0 (0.0%) 

No Bronchiectasis diagnosis 22 (7.5%) 75 (25.8%) 

 

4.1.2 Correlation of bronchiectasis with COPD in AATD 

The clinical diagnosis of bronchiectasis was unrelated to a concurrent diagnosis of 

COPD on multivariate binomial logistic regression modelling in all phenotypes (Table 

4.4, Figures 4.2 and 4.3), instead having a small but significant association with older 

age in both phenotypes (OR 1.03, p = 0.001), and with smoking status in PiZZ patients, 

being more likely in those who have never smoked (OR 0.59, p = 0.031). There was 

also an inverse relationship between serum AAT and bronchiectasis diagnosis in PiZZ 

patients (OR 0.88, p = 0.018). 
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Figure 4.3: Forest plot of multivariate binomial logistic regression for the association of 
COPD with bronchiectasis in 180 patients with PiSZ alpha-1 antitrypsin deficiency: 
bronchiectasis is not associated with COPD diagnosis. 

Figure 4.2: Forest plot of multivariate binomial logistic regression for the 
association of COPD with bronchiectasis in 1052 patients with PiZZ AATD: 
bronchiectasis diagnosis is associated with serum alpha-1 antitrypsin level, but not 
with COPD diagnosis. 
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Table 4.4: Associations of Bronchiectasis in patients with AATD, stratified by phenotype. 

AATD: Alpha-1 Antitrypsin Deficiency; COPD: Chronic Obstructive Pulmonary Disease. NA refers to missing covariate data; NA* 

refers to insufficient variance for regression modelling

 Bronchiectasis: PiZZ patients Bronchiectasis: PiSZ patients 

Bronchiectasis: PiMZ 

patients 

Variables 

Odds 

Ratios 

CI p 

Odds 

Ratios 

CI p 

Odds  

Ratios  

CI P 

COPD 1.2 0.67 – 2.21 0.550 1.76 0.26 – 17.44 0.589 1.69 013 – 41.02 0.693 

Age (years) 1.03 1.02 – 1.05 <0.001 1.08 1.01 – 1.17 0.030 1.07 0.97 – 1.24 0.208 

Sex (Male) 0.91 0.65– 1.27 0.568 0.92 0.20 – 4.27 0.907 NA* - - 

Ever smoker (vs 

never) 

0.63 0.42 – 0.94 0.022 0.75 0.13 – 5.00 0.757 NA - - 

Serum AAT (µm/L) 0.88 0.79 – 0.97 0.012 0.94 0.75 – 1.18 0.588 NA - - 

Observations 851 102      39 

     0.061 R2 Tjur 0.039 0.086 
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Baseline FEV1, as well as FEV1, KCO and TLCO pp/year decline did not differ 

significantly between patients with and without bronchiectasis in multivariate linear 

regression analysis (Table 4.5). Exacerbation rate was also unrelated to 

bronchiectasis diagnosis (Table 4.5). 

Table 4.5: Summary of multiple multivariate regression model estimates, comparing 
lung function and exacerbation rate between bronchiectasis and non-bronchiectasis 
patients with AATD, stratified by phenotype. 

 PiZZ PiSZ 
Outcome n Estimate 

(bronchiectasis 
vs non-
bronchiectasis) 

CI p n Estimate 
(bronchiectasis 
vs non-
bronchiectasis) 

CI p 

FEV1pp 
baseline 

973 -0.49 -3.78 
– 2.79 

0.768 140 -10.25 -23.22 
– 2.72 

0.121 

FEV1pp/year 
decline 

687 -0.02 -0.33 
– 0.29 

0.903 85 -0.44 -1.78 – 
0.90 

0.518 

KCOpp/year 
decline 

525 -0.23 -0.70 -
-0.24 

0.338 58 -1.59 -3.95 – 
0.77 

0.181 

TLCOpp/year 
decline 

498 -0.12 -0.57 
– 0.32 

0.577 60 1.54 -0.85 – 
3.94 

0.202 

Exacerbation 
yearly rate 

979 0.99 0.61-
1.59 

0.963 141 0.63 0.05 – 
7.89 

0.721 

 

n = number of patients included in model; FEV1 = Forced Expiratory Volume in 1 second; KCO 

= transfer coefficient of carbon monoxide; TLCO = transfer factor of the lung for carbon 

monoxide; pp = % predicted; multivariate estimates adjust for age, sex, phenotype, smoking 

history, and concurrent COPD diagnosis. Linear regression models used for FEV1pp, KCOpp 

and TLCOpp; zero-inflated model used for exacerbation rate. 

 

Bronchiectasis was associated with higher mMRC scores in PiZZ patients on 

multivariate multinomial logistic regression modelling (Table 4.6); however, this pattern 

did not persist in PiSZ and PiMZ patients.
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Table 4.6: Bronchiectasis is associated with mMRC scores of 2 or higher on multivariate multinomial regression analysis in PiZZ 
AATD patients. 
 

AATD: Alpha-1 Antitrypsin Deficiency; COPD: Chronic Obstructive Pulmonary Disease; mMRC: Modified Medical Research Council 

breathlessness score 0-4, Odds ratios are relative to mMRC 0; Multivariate analysis accounts for age, sex, ever smoker status, and 

serum Alpha-1 Antitrypsin – estimates for co-variates not displayed for ease of presentation. 

  PiZZ PiSZ PiMZ 

Variables 

mMRC Odds 

Ratios 

CI p 

Odds 

Ratios 

CI p 

Odds 

Ratios 

CI p 

   B
ro

n
c
h

ie
c
ta

s
is

 

1 1.72 0.99 – 2.98 0.054 4.13 1.01 – 16.86 0.048 1.93 0.14 – 

26.15 

0.614 

2 1.97 1.20 – 3.25 0.008 4.52 1.10 – 18.57 0.036 NA NA 0.940 

3 2.58 1.59 – 4.19 <0.001 NA NA NA 2.25 0.16 – 

31.08 

0.537 

4 2.2 1.23 – 3.92 0.008 2.11 0.21 – 21.40 0.525 13.54 0.55 – 

333.18 

0.108 

Observations 991   161   56   
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4.2 Microbiology results 

N.B: methodology for the section is presented in Chapter 3 section 3. 

4.2.1 New samples 

69 patients with bronchiectasis were approached for sputum samples. Of these, 23 

patients sent in samples. 33 control patients with AATD and without bronchiectasis 

were identified from other ongoing work in the department. A total of 148 stable state 

samples were obtained across both groups. Figure 4.4 shows the number of sputum 

samples sent in per patient. 

Figure 4.2: Number of sputum samples sent in per AATD patient contacted by 
telephone, stratified by bronchiectasis diagnosis. 
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4.2.2 Availability of historic data 

Historic data was available from 368 patients from the registry: 106 (28.8%) of these 

had bronchiectasis and 262 (71.2%) did not. This data was merged with the new 

sputum samples to yield results from 396 patients (124 [31.3%] with bronchiectasis, 

284 [68.7%] without). Number of samples sent in for these patients is shown in Figure 

4.5. 

Figure 4.3: Number of sputum sample results available per patient 

 

4.2.3 Demographics 

Demographics of the patients with available sputum samples are shown in Table 4.7. 

Table 4.7: Demographics of patients with available sputum data 

 Bronchiectasis 

 
Yes No 

N (%) 130 (32.8) 266 (67.8) 
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 Bronchiectasis 

 
Yes No 

Age (years)  55.55 (9.11) 51.56 (10.44) 

Sex (Male) (%) 73 (56.2) 184 (69.2) 

Genotype (%) 
  

Severe 116 (89.2) 228 (85.7) 

Non-severe 14 (10.8) 38 (14.3) 

Ever smoker (%) 80 (61.5) 217 (81.6) 

COPD (%) 111 (86.7) 245 (92.5) 

 

4.2.4 Sputum colour 

312 patients had sputum colour data available. The most common sputum colour was 

3 in those with bronchiectasis and those without (Figure 4.6). In both groups, colour 

grades 3 or higher were more common than other grades (Figure 4.6). Across all 

severe AATD patients, sputum colour was not associated with baseline FEV1pp (n = 

307, estimate -1.45, 95% CI -3.92 to -1.03, p = 0.251), FEV1pp annual decline (n = 

229, estimate 0.13, 95% CI -0.07 to 0.33, p = 0.190), KCOpp annual decline (n = 199, 

estimate -0.11 95% CI -0.37 to 0.14, p = 0.386), exacerbations (n = 312, zero-inflated 

IRR 0.92, 95% CI 0.60 to 1.41, p = 0.709; count IRR 0.93, 95% CI 0.80 to 1.10, p = 

0.408) or mean SGRQ score (n = 51, estimate -0.91, 95% CI -6.43 to 4.61, p = 0.743). 

No relationship between colour and mMRC score was seen (Appendix section 2.1). 
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Only 39 patients with sputum colour had mortality data available, so this was not 

assessed. 

When limited the analyses to those with bronchiectasis only, findings were similar. 

There was no correlation between sputum colour and baseline FEV1pp (n = 79, est. -

1.57, 95% CI -7.01 to 3.87, p = 0.568), FEV1pp annual decline (n = 55, est. 0.10, 95% 

CI -0.30 to 0.49, p = 0.621), KCOpp annual decline (n = 49, -0.42, 95% CI -0.96 to 

0.12, p = 0.125), exacerbation rate (n = 84, zero-inflated IRR 1.80, 95% CI 0.51 to 

6.38, p = 0.364; count IRR 1.10, 95% CI 0.77 to 1.59, p – 0.598), mean SGRQ score 

(n = 18, est. -4.82, 95% CI -14.45 to 4.80, p = 0.297) or mMRC score (Appendix section 

2.1). 

Figure 4.4: Histogram of sputum colour  
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Figure 4.6.1: Bronkotest® sputum colour chart 

 

4.2.5 Bacterial load 

Bacterial load data was available from 374 patients. A histogram showing logarithmic 

values of mean bacterial load is shown in Figure 4.7. Due to this distribution, all 

statistical analyses were conducted on the logarithmic expression of the original 

bacterial load data.  

Figure 4.5: Distribution of mean bacterial load in AATD patients with bacterial load 
data available, both historic and new. N = 374. 
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Across all severe AATD patients, bacterial load was not associated with baseline 

FEV1pp (n = 279, log estimate -0.69, 95% CI -1.61 to 0.24, p = 0.144), FEV1pp decline 

(n = 223, log estimate 0.04, 95% CI -0.02 to 0.11, p=0.244), KCOpp decline (n = 194, 

log est. -0.05, 95% CI -0.15 to 0.05, p = 0.319), or with mMRC score (Appendix section 

2.2). 

However, across all severe AATD patients, bacterial load was associated with 

exacerbation rate in those with 1 or more exacerbations per year (n = 287, log zero-

inflated IRR 1.32, 95% CI 0.97 to 1.79, p = 0.074; log count log IRR 1.07, 95% CI 1.02 

to 1.13 p = 0.006), with transformation of log estimates revealing a doubling of bacterial 

load associated with a 102% increase in exacerbation rate. This finding persisted 

when limiting the analysis to those with bronchiectasis, with a doubling of bacterial 

load associated with a 121% increase in exacerbation rate (n = 90, log count IRR 3.18, 

95% CI 2.82 to 3.63, p = 0.009). 

Correlation with mean SGRQ also crossed statistical significance when analysing all 

severe AATD patients, with a doubling of bacterial load being associated with 1.30 

reduction in SGRQ score (n = 53, log est. -1.88, 95% CI -3.72 to -0.04) p = 0.046). 

This finding did not persist when limited to those with bronchiectasis (n = 20, log est. 

-2.13, 95% CI -5.69 to 1.43, p = 0.220). 

4.2.6 Species 

Species data is presented both as “growth”, referring to 1 or more positive sputum 

cultures for a particular species, and “colonisation”, referring to 2 or more positive 

sputum cultures for a particular species, separated by 3 months or more. Species data 

was available for 352 patients (Table 4.8). 141 (40.1%) of these had never grown a 

pathogenic species, and were recorded as mixed normal flora only. Species frequency 
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for the remaining 211 (59.9%) is shown in Figure 4.8. Haemophilus influenzae was the 

most common species isolated, followed by Pseudomonas spp. No patients had grown 

a non-tuberculous mycobacteria. 

All pathogens other than Pseudomonas were grouped together as “other pathogens”, 

in accordance with Chalmers et al188. 192 patients (54.5%) grew one or more of these 

pathogens at some point. 

Table 4.8: Species frequency for AATD patients who produce sputum, stratified by 
bronchiectasis diagnosis. P = χ2 test 
 

 

 Bronchiectasis  

 
Yes No p 

n 112 240  

Mixed Normal Flora only 39 (34.8) 102 (42.5) 0.21 

Pseudomonas spp. (%) 29 (25.9) 35 (14.6) 0.016 

Other pathogens (%) 61 (54.5) 131 (54.6) 1 

Moraxella catarrhalis (%) 22 (19.6) 31 (12.9) 0.138 

H. influenzae (%) 29 (25.9) 76 (31.7) 0.328 

S. aureus (%) 12 (10.7) 6 (2.5) 0.002 

S. pneumoniae (%) 8 (7.1) 26 (10.8) 0.369 

Aspergillus (%) 3 (2.7) 9 (3.8) 0.841 
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Figure 4.6: Sputum pathogen prevalence in patients with AATD who have grown a 
pathogen in sputum. N = 192. 

 

4.2.6.1 Colonisation 

Of the 282 patients who had data from more than one sample available, 69 (24.4%) 

had at some point been colonised (growth of the same organism in 2 or more samples) 

with one or more organisms. Frequency of colonisation with each pathogen is shown 

in Figure 4.9. 
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Figure 4.7: Sputum pathogen colonisation in patients with AATD who have 
demonstrated sputum bacterial colonisation. N = 69. 

 

4.2.6.2 Correlation of Pseudomonas spp. with clinical outcomes 

Among the 304 patients with severe AATD, 53 (17.4%) had at some point grown a 

Pseudomonas, and 22 (7.8%) had been colonised. On χ2 testing, Pseudomonas was 

more common in those with bronchiectasis than those without (p = 0.016, Table 4.8). 

On multivariate analysis all severe AATD patients, growth of pseudomonas correlated 

with a 43% higher exacerbation rate in those who exacerbate (n = 303, count IRR 

1.43, 95% CI 1.03 to 1.97, p = 0.031, zero-inflated IRR 1.91, 95% CI 0.70 to 5.25, p = 

0.207, Table 4.9). 
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Table 4.9: Zero-inflated model estimates for the association of Pseudomonas growth 
with exacerbation rate. 

  Annualised exacerbation rate 

Associations Incidence Rate Ratios CI p 

Count Model 

Pseudomonas growth 1.43 1.03 – 1.97 0.031  

Age (years) 1.01 0.99 – 1.03 0.201  

Sex (male) 0.84 0.61 – 1.17 0.300  

COPD 0.71 0.38 – 1.33 0.285  

Ever smoker 1.78 1.13 – 2.80 0.013  

Zero-Inflated Model  

Pseudomonas growth 1.91 0.70 – 5.25 0.207  

Age (years) 1.04 0.96 – 1.13 0.320  

Sex (male) 2.09 0.41 – 10.50 0.372  

COPD 0.33 0.05 – 2.18 0.250  

Ever smoker 2.22 0.25 – 19.89 0.477  

Observations 303  

R2 / R2 adjusted 0.060 / 0.041  

 

When analysing all patients with severe AATD, Pseudomonas growth was not 

associated with baseline FEV1pp (n = 295, est. -3.30, 95% CI -9.48 to 2.87, p = 0.293), 

FEV1pp annual decline (n = 232, est. 0.04, 95% CI -0.50 to 0.58, p = 0.881), KCOpp 
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annual decline (n = 200, est. -0.29, 95% CI -0.98 to 0.39, p = 0.400), or mortality (n = 

44, HR 1.77, 95% CI 0.88 to 3.54, p = 0.108). Correlation with mean SGRQ score 

narrowly missed the statistical significance threshold, with Pseudomonas tending 

towards association with an estimated 21.22 reduction in mean SGRQ score (n = 63, 

95% CI -42.53 to 0.09, p = 0.051, Figure 4.10). Likewise, Pseudomonas appeared to 

correlate non-significantly with higher rates of mMRC score equal to 4 (n = 295, OR 

4.08, 95% CI 0.95 to 17.47, p = 0.058). 

 

When limited to patients with bronchiectasis only, an association with a further 1.07% 

KCOpp annual decline was found (n = 60, 95% CI -2.05 to -0.09, p = 0.033, Figure 

4.11), though there remained no association with baseline FEV1pp, FEV1pp annual 

decline, or mortality. The correlation with exacerbation rate in those with 1 or more 

Figure 4.8: Forest plot of a multivariate linear regression for the association of SGRQ 
score with Pseudomonas growth correlation in patients with severe AATD.  
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exacerbations per year persisted, with a 61% higher exacerbation rate in those with 

Pseudomonas growth (n = 60, IRR 1.61, 95% CI 1.03 to 2.50, p = 0.033). The 

correlation with mMRC score 4 disappeared (OR 11.3, 95% CI 0.32 to 16.89, p = 

0.394). The correlation with mean SGRQ score still did not cross statistical significance 

thresholds (n = 27, est. -23.66, 95% CI -47.48 to 0.16, p = 0.051). 

Figure 4.9: Forest plot of a multivariate linear regression for the association of 
Pseudomonas growth with annual gas transfer decline in patients with severe AATD. 
Those with Pseudomonas growth had a small (1.07%) increase in KCO %predicted 
annual decline compared to those without. N = 60. 

 

The above analyses were repeated for Pseudomonas colonisation, rather than growth, 

in all severe AATD patients, but found no associations with any of the clinical 

outcomes, even when limited to patients with bronchiectasis only (baseline FEV1pp, 
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FEV1pp or KCOpp annual decline, exacerbation rate, mean SGRQ, mode mMRC, or 

mortality). 

4.2.6.3 Correlation of other pathogens with clinical outcomes 

Among the 304 patients with severe AATD genotypes, 164 (53.9%) had ever had 

samples with growth of one of the other pathogens, and 74 (24.3%) had been 

colonised. Growth of any other pathogen did not differ between those with 

bronchiectasis and those without (p = 1, Table 4.8), but growth of Staph aureus was 

more common in those with bronchiectasis than those without (p = 0.002). Growth of 

other pathogens was not correlated with baseline FEV1pp (n = 295, estimate -2.05, 

95% CI -6.81 to 2.72, p = 0.399), KCOpp annual decline (n = 200, estimate -0.02, 95% 

CI -0.53 to 0.49, p = 0.943), mean total SGRQ (n = 63, estimate -3.40, 95% CI -14.72 

to 7.91, p = 0.549), mMRC score, exacerbation rate (n = 304, zero-inflated IRR 0.75, 

95% CI 0.32 to 1.76, p = 0.506; count IRR 0.98, 95% CI 0.74 to 1.30, p = 0.910), or 

mortality (n = 44, HR 1.03, 95% CI 0.99 to 1.08, p = 0.132) but FEV1pp annual decline 

was 0.46% better than those without growth of these pathogens (n = 232, 95% CI 0.06 

to 0.86, p = 0.026, R2 adj. 0.005, Figure 4.12). These analyses were repeated in 

patients with bronchiectasis only, and the correlation with FEV1pp decline disappeared 

(n = 68, estimate +0.53, 95% CI -0.08 to 1.14, p = 0.087); furthermore, no other 

statistically significant correlations were found with baseline FEV1, KCOpp decline, 

exacerbation rate, symptoms, or mortality. 
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Figure 4.10: Forest plot of a linear regression for the association of non-Pseudomonal 
pathogen growth correlation with FEV1 yearly change in patients with severe AATD. 
Those with non-Pseudomonal pathogen growth had a small (0.46%) positive 
difference in annual FEV1 yearly change compared to those without. N = 232. 

 

Colonisation with non-pseudomonal pathogens did not correlate with baseline 

FEV1pp, FEV1pp or KCOpp decline, exacerbation rate, or mMRC score, but did appear 

to correlate with mortality (n = 44, HR 1.04, 95% CI 0.99 to 1.09, p = 0.031; 10-year 

survival 35.7% vs 60.0%, Figure 4.13). This effect persisted when limiting the analysis 

to those with bronchiectasis only (n = 41, HR 2.03, 95% 1.01 – 4.08, p = 0.043; 10-

year survival 35.7 vs 59.2 %, Figure 4.14). Such colonisation also associated with a 

19.1-point lower SGRQ score (n = 63, 95% CI -34.2 to -4.07, p = 0.014) in all 304 

patients, though the effect did not persist when limited to the 100 bronchiectasis 

patients (n = 27, estimate -14.41, 95% CI -37.16 to 8.34, p = 0.202). 
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Figure 4.11: Kaplan-Meier curve stratified by non-Pseudomonas pathogen 
colonisation in patients with severe AATDnon-Pseudomonas pathogen colonisation 
had higher mortality risk over 10 years 
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4.2.6.3.1 Correlation of H. influenzae with clinical outcomes 

As the most frequently isolated non-Pseudomonas pathogen, H. influenzae growth 

and colonisation was also assessed for association with clinical outcomes. 90 (29.6%) 

of the 304 patients with severe-AATD had ever grown H. influenzae in their sputum 

(23 of the 100 patients with bronchiectasis), and 27 (8.9%) had been colonised with it 

(9 of the 100 with bronchiectasis). 

H. influenzae growth did not relate to baseline FEV1pp, FEV1pp yearly decline, KCOpp 

yearly decline, mMRC score, or mortality. It did relate to mean SGRQ score, with the 

total score being on average 22.3-points lower (n = 63, 95% CI -34.33 to -10.20, p = 

Figure 4.12: Kapan-Meier curve stratified by non-Pseudomonas pathogen 
colonisation in patients with severe AATD and bronchiectasis. Those with non-
Pseudomonas pathogen colonisation had higher mortality risk over 10 years. 
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0.001), and this persisted in the bronchiectasis group (n = 27, est. -28.74, 95% CI -

45.54 to -11.93, p = 0.002). Although H. influenzae did not correlate with exacerbation 

rate in the whole group of 304 patients, when limited to the 100 bronchiectasis patients, 

H. influenzae did have a negative correlation with the count estimate, even after 

controlling for Pseudomonas growth (n = 100, Count IRR 0.51, 95% CI 0.30 to 0.87, p 

= 0.013). No other statistically significant correlations were found between H. 

influenzae and the clinical outcomes in the bronchiectasis group. 

Colonisation with H. influenzae did not correlate with baseline FEV1pp, FEV1pp or 

KCOpp yearly decline, exacerbation rate, or mortality. In the whole group, H. 

influenzae associated with 25.98 lower SGRQ score (n = 63, 95% CI -44.65 to -7.30, 

p = 0.007), but this did not persist when limited to patients with bronchiectasis (n = 27, 

est. -17.71, 95% CI -43.33 to 7.90, p = 0.165). Insufficient variation was seen in the 

mMRC score among those with H. influenzae colonisation to create an adequate 

model for analysis. 

4.3 Biomarker results 

N.B. Methodology for this section is shown in Chapter 3 Section 4. 

4.3.1 Overlapping availability of biomarkers 

Many patients had some, but not all, of the above biomarkers tested. This complex 

sampling issue is shown schematically in a Euler diagram below (Figure 4.15). The 

largest available subset was FBC data, closely followed by CRP data. Almost all Z 

polymer patients had had FBC and CRP measurements. There was considerable 

overlap of the TNFα subset with the 3 other subsets. 
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Figure 4.13: Euler diagram showing overlapping availability of biomarker data in the 
Birmingham AATD cohort.  
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4.3.2 Distribution of biochemical markers 

 

Figure 4.14a-4.16g: Histograms of distribution of the various biochemical markers 
available in the Birmingham AATD cohort. 
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Distribution of the various biomarkers used, along with means and standard 

deviations, are shown in Figures 4.16a-g. Outliers were studied; their baseline 

characteristics are shown in Appendix section 4. Eosinophil outliers were mostly 

female (71.3%); platelets outliers were overwhelmingly COPD patients (91.7%). All 

CRP outliers had COPD. No other patterns were found.  

4.3.3 Stability of biochemical markers 

Z polymers, eosinophil and platelet counts, and CRP levels could be assessed for 

stability. For TNF-alpha, IL-6, and IL-8, only 1 measurement was available per patient, 

and therefore stability could not be assessed.  
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4.3.3.1 Z polymer stability 

251 patients had Z polymer measurements available. 80 patients had only one Z-

polymer measurement (Figure 4.17). Coefficient of variance (CV) was calculated for 

the remaining 171 patients, and is displayed in Figure 3. CV was high, with mean 

40.7% (SD 27.7%). Due to this high variance, a Kruskal-Wallis test was conducted to 

assess whether variance was higher in those with frequent exacerbations: this showed 

no association (χ2 2.73, p = 0.604). Furthermore, when limited to patients who do not 

exacerbate, CV remained high (mean 40.67, SD 27.67). 

 

Figure 4.15: Coefficients of variance for Z polymer measurements in patients with 
AATD, per patient. Z polymers do not appear to be stable within the same patient 
over time. N = 171. 
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4.3.3.2 Eos stability 

1079 patients had eosinophil data available. 914 of these had had more than one 

measurement. Eosinophils showed high variability over time (Figure 4.18), with mean 

coefficient of variance 49.6% (SD 48.35%). This variability was not associated with 

annualised exacerbation rate (Kruskal-Wallis χ2 7.01, p = 0.526). 

 

4.3.3.3 Platelet stability 

1079 patients had platelet count data available. 914 of these had had more than 1 

measurement. Platelet stability was good (CV mean 12.71%, Figure 4.19). 

 

 

Figure 4.16: Coefficients of eosinophil variation over time in AATD patients. 
Eosinophils are not stable within the same patient over time. 
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4.3.3.4 CRP stability 

 

Figure 4.17: Coefficients of variance for platelets in AATD 
patients, per patient. Platelets appear to be stable over 
time. 

Figure 4.18: Coefficients of variance for CRP in patients 
with AATD, per patient. CRP varies widely within individual 
patients. 



134 
 

884 patients had CRP data available. 693 of these had had more than 1 

measurement. CRP variation was high (mean CV 122.8%, SD 64.7%, Figure 4.20), 

and unrelated to annualised exacerbation rate (Kruskal-Wallis χ2 = 5.26, p = 0.628). 

4.3.4 Statistical modelling 

4.3.4.1 Correlation of Z-polymers with baseline characteristics 

When excluding the minorities with PiMZ or PiZ-null genotypes, Z-polymers were 

higher in those with PiZZ vs PiSZ genotypes (Table 4.10, p < 0.001). Z-polymer levels 

did not differ between PiZZ patients with bronchiectasis and those without (p = 0.668, 

Table 4.10). 

Table 4.10: Correlation of genotype with Z polymer levels 

  mean Z-polymer µg/l 

Associations Estimates CI p 

Bronchiectasis 1.10 -3.94 – 6.13 0.668 

PiZZ genotype (vs SZ) 12.82 6.16 – 19.49 <0.001 

Age (years) 0.06 -0.12 – 0.25 0.515 

Sex [Male] 0.78 -3.40 – 4.96 0.713 

COPD 0.02 -5.26 – 5.30 0.995 

Ever smoker -0.98 -5.46 – 3.50 0.666 

Observations 207 

R2 / R2 adjusted 0.081 / 0.054 

 

4.3.4.2 Z-polymers and clinical outcomes in AATD 

On multivariate analysis of those with severe genotypes, Z-polymer levels did not 

associate with baseline FEV1 pp values (n = 180, est. -0.04, 95% CI -0.23 to 0.16, p = 

0.712, Table 4.11), FEV1pp yearly decline (n = 164, est. 0.01, 95% CI -0.01 to 0.02, p 

= 0.469), KCOpp yearly decline (n = 121, est. 0.01, 95% CI-0.01 to 0.03, p = 0.504), 



135 
 

SGRQ score (n = 100, est. 0.13, 95% CI -0.13 to 0.39, p = 0.313), annualised 

exacerbation rate (n = 206, zero-inflated IRR 1.05, 95% CI 0.91 to 1.21, p = 0.532; 

count IRR 0.99, 95% 0.98 to 1.01, p = 0.382), or mMRC score (Appendix Section 3). 

Mortality was also unaffected (n = 9, HR 2.85, 95% CI 0.76 to 10.67, p = 0.119). 

Table 4.11: Baseline FEV1pp is not associated with Z polymer level. 
 Baseline FEV1pp 

Associations Estimates CI p 

Mean serum Z polymer µg/L -0.04 -0.23 to 0.16 0.712 

COPD -32.01 -39.81 to -24.21 <0.001 

Ever smoker -25.63 -32.08 to -19.19 <0.001 

Annualised exacerbation rate -2.84 -5.39 to -0.29 0.029 

Observations 180 

R2/R2 adjusted 0.584/0.570 

 

 

4.3.4.3 Z-polymers and clinical outcomes in AATD-bronchiectasis 

When limiting the analysis to those patients with severe genotypes and bronchiectasis, 

Z-polymer levels did not associate with baseline FEV1% predicted (n = 50, est. -0.09, 

95CI -0.7 to 0.61, p = 0.798), or yearly lung function decline as measured by FEV1% 

predicted (n = 44, est. 0.00, 95% CI -0.03 to 0.02, p =0.660), KCOpp (n = 34, est. 0.02, 

95% CI -0.01 to 0.05, p = 0.192) or TLCOpp (n = 40, est. 0.01, 95% CI -0.05 to 0.03, 

p = 0.622). Z-polymer levels also did not associate with exacerbation rate (n = 50, 

zero-inflated model IRR 0.97, 95% CI 0.88 to 1.07, p = 0.524; count model IRR 0.99, 

95% CCI 0.97 to 1.02, p = 0.647), SGRQ score (n = 32, estimate -0.14, 95% CI -0.79 

to 0.52, p = 0.675), or mortality (n = 4, HR 1.01 per µg/L, 95% CI 0.95 to 1.07, p = 

0.851). 
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4.3.4.4 Eosinophil, platelet, and CRP correlation with bronchiectasis 

On multivariate linear regression analysis of all those with severe AATD, eosinophils 

were estimated to be 0.03x109/L higher in those with bronchiectasis than in those 

without (n = 784, 95% CI 0.01 to 0.05, p = 0.001, Table 4.12). Of note, neither COPD 

nor asthma were associated with a difference in eosinophil count.  

Table 4.12: Eosinophils are 0.034x109/L higher in those with bronchiectasis. 

  Eosinophil count x109/L 

Associations Estimates CI P 

Bronchiectasis 0.034 0.014 – 0.053 0.001 

COPD 0.004 -0.018 – 0.026 0.695 

Ever smoker 0.004 -0.015 – 0.022 0.709 

Age [years] 0.000 -0.000 – 0.001 0.294 

Sex [Male] -0.002 -0.019 – 0.014 0.762 

Asthma -0.012 -0.036 – 0.011 0.300 

Observations 784 

R2 / R2 adjusted 0.021 / 0.013 

 

Platelets did not associate with bronchiectasis (n = 779, est. 6.37, 95% CI -4.54 to 

17.28, p = 0.252); nor did CRP (n = 696, est. 1.93, 95% CI -1.13 to 5.00, p = 0.216). 

CRP data was very heavily skewed (Figure 4.16d), and therefore models were 

adjusted to use a Yeo-Johnson transformation and a Tobit model, which adjusts for 

censored results such as the result of “<5 mg/dl” in clinical laboratories reporting of 

CRP. In this model, CRP did not associate with bronchiectasis (n = 696, estimate 0.09, 

95% CI -0.21 to 0.40 [back transformed estimate 0.094], p = 0.551). 
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4.3.4.5 Eosinophils, platelets, and clinical outcomes in AATD 

Since eosinophils and platelets were obtained from the same full blood count data, 

they were analysed in the same models. 

Baseline FEV1pp was estimated to be 0.07% lower for each platelet x109/L (i.e. 7% 

lower per 100 platelets x109/L), though was not associated with eosinophil count 

(Table 4.13). 

Table 4.13: Platelets are associated with lower baseline FEV1. 
 Baseline FEV1% predicted 

Associations Estimates CI p 

Mean Eosinophil count x109/L 2.25 -11.00 – 15.51 0.739 

Mean Platelet count x109/L  -0.07 -0.09 – -0.05 <0.001 

Age (years) -0.05 -0.19 – 0.09 0.491 

Sex (Male) -8.40 -11.59 – -5.20 <0.001 

Ever smoker -21.05 -24.54 – -17.56 <0.001 

COPD -34.59 -38.88 – -30.29 <0.001 

Asthma 3.85 -0.73 – 8.43 0.099 

Observations 745 

R2/R2 adjusted 0.521 / 0.516 

 

Eosinophil count was associated with higher exacerbation rates in those who 

exacerbate, (n = 171, count IRR 2.09, 95% CI 1.04 to 4.21, p = 0.038; zero-inflated 

IRR 0.5, 95% CI 0.04 to 6.01, p = 0.588), though platelets did not (n = 171, IRR 1, p = 

0.118). 

FEV1 decline, KCO decline, mMRC and mean SGRQ score did not significantly 

associate with either eosinophils or platelets. Mortality was also unaffected by 

eosinophils on Cox proportional hazard modelling (HR 0.80 per eosinophilx1010/L, 
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95% CI 0.59 to 1.09, p = 0.158, but was affected by platelets (HR 2.60 per platelet 

x107/L, 95% CI 1.59 to 4.26, p = <0.001, Figure 4.21). 

 

Figure 4.19: Cox proportional hazards model for full blood count data and mortality in 
patients with severe AATD. Platelet values are stored as 3 digits nx109, and have 
therefore been transformed to nx107 to allow for better comparison with the other 
variables. 

 

4.3.4.6 Eosinophils, platelets, and clinical outcomes in AATD-bronchiectasis 

When limiting the cohort to those with bronchiectasis, platelets did not correlate with 

lower baseline FEV1pp values (Table 4.14). 
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Table 4.14: No correlation of eosinophils or platelets with baseline FEV1 in AATD-
bronchiectasis 
 Baseline FEV1pp 
Associations Estimates CI p 

Eosinophils (mean, 
x109) 

12.07 -11.17 – 35.31 0.307 

Platelets (mean, 
x109) 

-0.05 -0.10 – 0.01 0.089 

Age (years) 0.06 -0.25 – 0.36 0.708 
Sex (Male) -10.74 -17.50 – -3.98 0.002 
Ever smoker -25.18 -32.27 – -18.08 <0.001 
COPD -30.26 -39.74 – -20.77 <0.001 
Asthma -4.70 -15.96 – 6.55 0.410 

Observations 143 
R2 / R2 adjusted 0.518 / 0.497 

 

Eosinophils again appeared to associate with higher exacerbation rates in those who 

exacerbate, with rate increasing by a factor of 1.18 (after transformation of IRR, i.e. 

5.540.1) for each 0.1 rise in eosinophils, this time with a higher degree of statistical 

significance, and a 10 units change in platelet count x109 being associated both with 

a 32% lower chance of being an exacerbator, and a 4% lower exacerbation rate in 

those who exacerbate (Table 4.15). 

The negative correlation with platelets was unexpected, so 2 further models were 

constructed, whereby exacerbation rates of those with low (<150 x109/L) and high 

(>300 x109/L) platelets were compared against those with platelets in the normal 

range. In the first model, low platelets were associated with a 143% increase in annual 

exacerbation rate in those with a rate ≥1 (Table 4.16). High platelets were not 

associated with any difference in exacerbation rate (n = 171, zero-inflated IRR 0.20, 

95% CI 0.01 to 2.95, p = 0.243; count IRR 0.73, 95% CI 0.42 to 1.26, p = 0.257; COPD 

not included as a covariate due to high collinearity between COPD and high platelets). 
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 Table 4.15: Associations of full blood count data with exacerbation rate in AATD-
bronchiectasis 

  Annualised exacerbation rate 

Associations Incidence Rate Ratios CI p 

Count Model 

Eosinophils (mean, x109) 5.54 1.20 – 25.51 0.028  

Platelets (mean, x108) 0.96 0.93 – 0.99 0.011  

Age (years) 0.98 0.96 – 1.00 0.103  

Sex (Male) 0.37 0.25 – 0.56 <0.001  

Ever smoker 0.69 0.45 – 1.08 0.108  

COPD 2.72 1.41 – 5.26 0.003  

Asthma 1.22 0.66 – 2.25 0.524  

Zero-Inflated Model  

Eosinophils (mean, x109) 0.30 0.00 – 43.83 0.637  

Platelets (mean, x108) 0.68 0.51 – 0.91 0.010  

Age (years) 0.88 0.79 – 0.99 0.034  

Sex (Male) 0.00 0.00 – 0.27 0.010  

Ever smoker 0.01 0.00 – 0.25 0.007  

COPD 1538.30 6.56 – 360546.77 0.008  

Asthma 0.40 0.01 – 29.21 0.675  

Observations 171  

R2 / R2 adjusted 0.099 / 0.055  
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Table 4.16: Association of low platelets with exacerbation rate in AATD-
bronchiectasis 

  Annualised Exacerbation Rate 

Associations Incidence Rate Ratios CI p 

Count Model 

Low platelets (<150 x109/L) 2.43 1.22 – 4.82 0.011  

Age (years) 0.98 0.96 – 1.00 0.092  

Sex (Male) 0.42 0.28 – 0.61 <0.001  

Ever smoker 0.67 0.45 – 1.02 0.060  

COPD 2.98 1.70 – 5.24 <0.001  

Zero-Inflated Model  

Low platelets (<150 x109/L) 23.13 0.48 – 1121.65 0.113  

Age (years) 0.92 0.85 – 1.00 0.058  

Sex (Male) 0.04 0.00 – 1.09 0.057  

Ever smoker 0.05 0.01 – 0.41 0.005  

COPD 155.14 2.74 – 8793.27 0.014  

Observations 171  

R2 / R2 adjusted 0.077 / 0.046  

 

Platelets did not associate with mMRC score, and there was insufficient variation in 

mMRC score to construct an adequate multinomial model for the association of 

eosinophils with mMRC score. Again, no association was seen for either eosinophils 

or platelets in the case of FEV1 decline, KCO decline, or mean SGRQ. Platelets were 

not associated with mortality in this subset on Cox proportional hazards models (n = 

50, HR 1.14 per cell x107, 95% CI 0.61 to 2.12, p = 0.687). 

4.3.4.7 CRP and clinical outcomes in AATD 

In the cohort as a whole, CRP was associated with baseline FEV1pp (-0.14, 95% CI -

0.23 to -0.05, p = 0.003, Table 4.17), FEV1pp decline (estimate -0.02, 95% CI -0.03 to 
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-0.01, p = 0.001, Table 4.18) and mean SGRQ score (estimate -0.14, 95% CI -0.27 to 

-0.01, p = 0.035, Table 4.19). 

Table 4.17: Correlation of mean CRP with baseline FEV1% predicted values in 
AATD. 

 Baseline FEV1pp 

Associations Estimates CI p 

CRP (mean, mg/L) -0.14 -0.23 – -0.05 0.003 

Age (years) -0.03 -0.19 – 0.12 0.677 

Sex (male) -5.13 -8.41 – -1.86 0.002 

Ever smoker -21.00 -24.73 – -17.27 <0.001 

COPD -36.39 -41.06 – -31.71 <0.001 

Observations 663 

R2 / R2 adjusted 0.493 / 0.489 

 

Table 4.18: Correlation of CRP with annual FEV1 decline in AATD. 

 FEV1pp annual decline 

Associations Estimates CI p 

CRP (mean, mg/L) -0.02 -0.03 – -0.01 0.001 

Age (years) 0.01 -0.01 – 0.02 0.238 

Sex (male) -0.16 -0.43 – 0.10 0.228 

Ever smoker 0.28 -0.01 – 0.58 0.062 

COPD -0.30 -0.68 – 0.08 0.118 

Observations 598 

R2 / R2 adjusted 0.030 / 0.021 
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Table 4.19: Correlation of CRP with mean SGRQ score in AATD. 

  mean SGRQ score 

Associations Estimates CI p 

CRP (mean, mg/L) -0.12 -0.24 – -0.01 0.039 

Age (years) 0.33 0.08 – 0.58 0.009 

Sex (male) 6.78 1.78 – 11.78 0.008 

Ever smoker 9.01 3.11 – 14.91 0.003 

COPD -10.58 -17.78 – -3.37 0.004 

Observations 289 

R2 / R2 adjusted 0.081 / 0.065 

 

Mean CRP level was associated with an increased risk of mortality (HR 1.02, 95% CI 

1.01 to 1.04, p <0.001, Figure 4.22). 
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Figure 4.20: Cox proportional hazards model for the association of CRP with 
mortality in patients with severe AATD. CRP has a small but statistically significant 
positive effect on mortality. 

 

KCOpp decline and exacerbation rate did not associate with CRP level. CRP 

increased the odds of mMRC 4, but no other mMRC score (OR 1.04 per CRP mg/L, 

95% CI 1.01 to 1.07, p = 0.005). 

 

4.3.4.8 CRP and clinical outcomes in AATD-Bronchiectasis 

When limited to those with bronchiectasis, many of the above findings did not persist. 

CRP was not associated with baseline FEV1pp, FEV1pp decline, KCOpp decline, or 

exacerbation rate, though an association with mean SGRQ score was again seen, 

albeit with a very small effect (n = 327, est. -0.16, 95% CI -0.30 to -0.03, p = 0.021). 
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The association between CRP and mMRC score 4 disappeared (n = 698, OR 1.07, 

95% CI 0.98 to 1.16, p = 0.111). 

The relationship of CRP to mortality persisted in those with bronchiectasis (HR 1.03, 

95% CI 1.01 to 1.05, p = 0.002) on a backward-fit Cox proportional hazards model 

(Figure 4.23). 

Figure 4.21: Cox proportional hazards model for the association of CRP with 
mortality in patients with AATD and bronchiectasis. CRP has a small but statistically 
significant positive correlation with mortality. 

 

4.3.4.9 Network analysis 

Matrix analysis of biomarkers with clinical features in the whole cohort revealed 

correlations ranging from -0.38 to 0.73. The only correlation coefficients > 0.5 or < -

0.5 were for TNF alpha correlating positively with both IL-6 and IL-8. However, in matrix 
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analysis limited to bronchiectasis patients, several correlations >0.5 or < -0.5 were 

seen (Figures 24a and b, and Appendix section 5). 

 

 

 

Lines weighted by strength; R <0.5 

unweighted 

Blue = positive correlation 

Red = negative correlation 

FEV1d = FEV1pp annual decline 

FEV1b = baseline FEV1pp 

Exc = Annualised exacerbation rate 

Eos = Mean eosinophil count 

Plt = mean platelet count 

ZP = mean Z polymer level 

SGR = SGRQ 

TNF = TNFα 

 

Figure 4.22a and 24b: String network diagrams demonstrating interactions between selected 
continuous variables in patients with AATD (4.24a) and patients with AATD and bronchiectasis 
(4.24b). 

4.24a 

4.24b 
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4.3.4.10 TNFα, Interleukin-6 and -8, and clinical outcomes  

TNF-α, IL-6 and IL-8 values were available for 320 patients. TNF-α, IL-6 and IL-8 

values did not differ between those with bronchiectasis and those without (Table 4.20). 

Table 4.20: No difference in TNF-α, IL-6 and IL-8 with bronchiectasis diagnosis. p = 
T-test.  

 Bronchiectasis No Bronchiectasis p 

TNFα 1.97 +/- 2.19 1.35 +/- 1.60 0.16 

IL-6 1.13 +/- 2.36 0.51 +/- 0.41 0.15 

IL-8 3.17 +/-5.88 2.00 +/- 4.33 0.32 

 

In the cohort as a whole, relationships between TNFα, IL-6, IL-8 and clinical outcomes 

were not examined further with statistical models as no strong relationships were 

found in matrix analyses (Figure 22a). When limited to bronchiectasis only (and severe 

genotypes), the following statistical models were constructed. 

There was no relationship between annualised exacerbation rate and IL8 (n = 51, zero-

inflated IRR 0.58, p = 0.607; count IRR 0.95, p = 0.263), although the correlation of IL-

6 with exacerbation rate in those who exacerbate did cross the statistical significance 

threshold (n = 51, IL6 zero-inflated IRR 0.12, p = 0.711; count IRR 1.1, p = 0.159). 

KCOpp yearly change was associated with IL-8, with a small magnitude positive 

association (n = 89, estimate +0.12, 95% CI 0.06 to 0.18, p < 0.001, figure 24b), and 

with TNFα (n = 89, est. +0.18, 95% CI 0.01 to 0.35, p = 0.043), though the IL-8 model 

was disproportionally affected by 3 outliers (Figures 4.25). Mean SGRQ score 

associated with IL-8, with a small magnitude association, and only 27 patients could 
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be included in the model (n = 27, est. -1.79, 95% CCI -2.72 to -0.87, p < 0.001, Figure 

4.26). 

 

4.4 Discussion 

4.4.1 Prevalence of Bronchiectasis in AATD 

Prevalence of bronchiectasis in our PiZZ cohort, at 20.9%, is lower than in a recently 

published summary of the EARCO database, which found a prevalence of 36.1% 355. 

However, that study used a radiological definition of bronchiectasis, whereas the 

Figure 4.24: Correlation of IL-8 with KCOpp decline in patients with severe 
AATD 

Figure 4.23: Correlation of IL-8 with mean SGRQ score in patients with severe 
AATD 
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present work has used a clinical code, which will likely underestimate the prevalence 

of radiological bronchiectasis, as demonstrated in our incidental finding of 

bronchiectasis in 7.5% of those not previously known to have it. Notably, radiological 

bronchiectasis of any cause does not necessarily bear clinical relevance unless 

subcategorised further188, which is why we chose to look at clinical diagnosis as our 

primary means of assessment. The lack of associations between bronchiectasis and 

lung function decline or exacerbation rate in our cohort is explained by ours being a 

tertiary cohort of a much rarer disease, with a proportionally lower threshold for CT 

scanning and consequently more incidental findings of mild bronchiectasis. 

4.4.2 Evidence for an independent relationship between bronchiectasis and 

AATD 

In 2012, 211000 of an estimated 51.7 million adults in the UK had bronchiectasis, a 

prevalence of 0.4% 356,357. This would confirm that prevalence of bronchiectasis in our 

cohort is much higher than the general population, but this figure alone does not 

necessarily support an independent association of bronchiectasis with AATD: it is 

consistent with some estimates of the prevalence of bronchiectasis in usual COPD 358, 

though such estimates vary widely, from 0.03% 254 to 57.6% 255. We therefore studied 

bronchiectasis in those without a diagnosis of COPD; the prevalence of bronchiectasis 

of 18.6% in this group is also much higher than in the general population, even after 

removing those with other clear causes, which supports an independent association 

of AATD with bronchiectasis. Further analysis was therefore warranted. 

 

In our analysis of the associations of bronchiectasis diagnosis, we found that 

bronchiectasis occurs independently of COPD in our PiZZ patients, instead being 
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related to age at baseline, smoking history, and inversely related to serum AAT levels, 

which raises suspicion of a direct relationship between AATD and bronchiectasis. 

However, Low R2
 values in our models suggested these variables only explained a 

small part of the variance in the dataset. Differences in age may be explained by the 

fact that bronchiectasis has a slow onset, and therefore those presenting to clinic later 

can be expected to have more advanced disease. The difference in smoking history 

would appear counter-intuitive, but the analysis of EARCO found a similar pattern355, 

and there is a well-established poorer prognosis of smokers in those with AATD47,158. 

4.4.3 Relationship of unclassified bronchiectasis and clinical outcomes 

Bronchiectasis in AATD patients was not definitively proven to be related to lung 

function decline or exacerbation rate in this analysis. To our knowledge, no other 

studies have examined the effect of bronchiectasis on exacerbations in AATD cohorts. 

Like our study, the recent analysis of bronchiectasis in the EARCO database found no 

link with lung function, although these were static baseline measurements rather than 

the temporal changes assessed in the present study 355. A Portuguese team recently 

studied temporal lung function decline and also found no association with 

bronchiectasis diagnosis, although their study was limited to 43 patients 359. However, 

they found their patients with bronchiectasis to have more severe breathlessness as 

measured by mMRC score, findings replicated in our study. More severe symptoms, 

along with the non-association of bronchiectasis with COPD in our cohort, suggest the 

diagnosis of bronchiectasis in AATD may represent a clinically relevant phenotype, 

and warrants specific assessment. Whilst the finding of exacerbation rate being no 

higher in bronchiectasis patients was unexpected, there are several possible reasons 

this may have occurred, including mild disease, recall bias when reporting events at 

annual reviews, and different triggers to exacerbation. Consistent with the latter 
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interpretation, preliminary microbiology data from the cohort shows that exacerbation 

events are not associated with expansion of prior colonising organisms360. Further 

research into characteristics of AATD exacerbations was therefore warranted. 

4.4.4 Limitations of the analyses 

One limitation of this study is its use of a historic database. Whilst a significant 

proportion of COPD and bronchiectasis diagnoses have been assessed for accuracy, 

with low levels of errors, not all patients had spirometry and CT scans available for 

direct analysis. Ongoing data collection for our database now ensures spirometry is 

recorded, and CT scans are transferred from secondary care centres in digital format. 

Milder disease is unlikely to have an impact on disease progression unless measured 

over very long time periods or with larger sample sizes, since in other causes of 

bronchiectasis only more severe dilatation, morphology or more widespread disease 

have been observed to impact disease progression 180,187,188. In smaller sample sizes 

or shorter durations of follow-up, this will therefore reduce statistical power. Both these 

limitations are often present in research in AATD, due to its nature as a rare and slowly 

progressive disease.  

Our cohort is one of the largest in Europe, which increases generalisability of our 

results, but despite this it only contains 239 bronchiectasis patients, not all of whom 

met our criteria for lung function decline assessment, leading to lower statistical power 

of regression analysis. However, within those who did have longitudinal data available 

many were seen for over 5 years, as shown by the distribution of follow up times, 

suggesting we should have captured slow progression. Finally, we did not have a 

contemporaneous, PiMM database for comparison of all characteristics in our study. 

This may be the subject of future research. 
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4.4.5 Clinical implications of unclassified bronchiectasis in AATD 

Bronchiectasis is present in a significant minority of PiZZ AATD patients, 

independently of concurrent COPD diagnosis. These patients are more likely to have 

more severe shortness of breath. Appropriate management of bronchiectasis in AATD 

is therefore essential. Without subcategorisation, bronchiectasis does not predict lung 

function decline or exacerbation rate, and further study of the radiology, microbiology 

and blood biomarkers within AATD-bronchiectasis was conducted, as described in this 

and following chapters. 

4.4.6 Sputum sampling in AATD 

Obtaining new samples was a challenging process. Patients in AATD are scattered 

around the country, and aside from their annual clinic reviews, communication is reliant 

on telephone and post. Patients may not respond to these communication methods, 

or their production of sputum may not be reliable enough to send in a sample. These 

methods also introduce selection bias – producing and sending in a sample requires 

organisation and mobility, which may filter out the most unwell or socially isolated. 

Using the same registry in 2012, Stone et al could only recruit 12 patients to send in 9 

repeat samples361, and other studies of sputum in AATD have recruited similarly low 

numbers 362. The largest primary study in the evidence base for the treatment of 

chronic infection in cystic fibrosis includes 520 patients, but this is a far commoner 

genetic pulmonary disease, and the study was coordinated across 69 cystic fibrosis 

centres in the US363. Considering this, the work presented here collects a large amount 

of data. Broncho-alveolar lavage could theoretically address the limitation of 

insufficient sputum production by patients, but this comes with ethical considerations, 
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as bronchoscopy is an invasive procedure requiring sedation and (brief) hospital 

admission, which may not be appropriate for research purposes only. Nasal lavage 

has also been suggested as a substitute for sputum in other respiratory 

disorders364,365, however there is no direct evidence to support its correlation with 

sputum microbiology in bronchiectasis or COPD, and it can be uncomfortable for 

patients. 

4.4.7 Sputum colour 

Sputum colour was not associated with any clinical outcome. This contrasts with a 

study of usual bronchiectasis patients in the EMBARC registry which used a very large 

number (>13000) of patients to find a correlation with FEV1% predicted, exacerbations, 

and quality of life366. This discrepancy is unexpected, since sputum colour has been 

found to correlate with various granulocyte-secreted enzymes, among them neutrophil 

elastase, the activity of which is greatly increased by AATD367. The relationship of 

colour with clinical outcomes in COPD is less clear: although Anthonisen’s original 

study of COPD exacerbations found an enhanced treatment effect in those with 

purulent sputum, the definition of “purulent” was not standardised by colour27. Two 

more recent studies have disagreed on whether sputum colour is correlated with 

bacterial load in COPD368,369. The co-existence of COPD in the majority of patients in 

this work may therefore account for the lack of a clear relationship between clinical 

outcomes and sputum colour. The clinical implication of this finding is that sputum 

colour may not be so reliable a marker of clinical outcomes in AATD-bronchiectasis as 

it appears to be in other bronchiectasis aetiologies. 
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4.4.8 Bacterial load 

Bacterial load associated with increased exacerbation rates in those who are known 

to exacerbate, which is consistent with findings in all-cause bronchiectasis associating 

stable-state bacterial load with exacerbation rate236. It did not associate with FEV1 

decline, unlike in one study of usual-COPD370; however, the main driver of FEV1 

decline in AATD is likely to be emphysema, unlike in usual-COPD, where a greater 

proportion also have chronic bronchitis, which is likely to be more influenced by 

bacterial load than is emphysema. 

One study has also found stable bacterial load to be associated with poorer quality of 

life, and predictive of better response to inhaled antibiotics371. However, in the present 

work, the correlation with mean SGRQ score was very small, only just crossed 

statistical significance, and did not occur when limiting the analysis to those with 

bronchiectasis. In context of the multiple analyses conducted in this work, this is likely 

to be a chance finding. 

4.4.9 Species 

Species analysis has one major limitation, which is the definition of “colonisation”. 

Colonisation in bronchiectasis is usually defined as 2 or more positive sputum samples 

separated by 3 months in time. An attempt has been made here to replicate this 

criteria, but most patients approached for a new sputum sample did not supply more 

than one sample. Historical data was merged to help mitigate this difficulty, but the 

analysis would have more robust had every patient supplied more than one sample. 

Furthermore, it is entirely possible that many patients had further sputum samples with 

their primary or secondary care services, as opposed to the tertiary care database 

used here, and therefore many false negatives will be present in the database whereby 
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patients who are not recorded as having been colonised with an organism may in fact 

have been, but this information is with local services. Collection of all this historic data 

from a multitude of secondary care services throughout the country is impractical. 

Accordingly, single-sample growth was used instead of colonisation to increase 

sample sizes, but this may introduce bias from contaminants or exacerbations 

erroneously labelled as “stable”. Nonetheless, many biologically plausible results were 

found in this work. 

4.4.9.1 Pseudomonas 

Frequency of pathogen identification broadly followed findings in all-cause 

bronchiectasis 97. Pseudomonas growth was more common in those with 

bronchiectasis, and was also associated with a higher exacerbation rate and a small 

difference in KCO annual decline, although colonisation was not associated with either 

of these two outcomes, most likely due to the low numbers of Pseudomonas 

colonisation seen. Pseudomonas has long been known to be associated with 

increased exacerbation rate in both bronchiectasis and COPD188,332, so this finding is 

not unexpected. There is also a known relationship with mortality188,330 which was not 

observed here, though mortality data was only available for a minority of patients. A 

relationship between Pseudomonas growth and colonisation has also been 

suggested, but the evidence base is so far inconclusive97, and so the negative finding 

here is also not unexpected. A non-significant relationship with quality of life seen in 

this work is also consistent with (statistically significant) results in other causes of 

bronchiectasis332. 
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4.4.9.2 Other pathogens 

The association of other-pathogen growth with a marginally improved FEV1 decline 

can be dismissed as an artefact of the many statistical models conducted in this work, 

considering statistical significance was not overwhelmingly high. However, in 

bronchiectasis patients, the growth of other pathogens was associated with mortality 

in the small number who had mortality data available: this is consistent with the 

findings of the bronchiectasis severity index group188. However, Haemophilus 

influenzae growth counter-intuitively seemed to associate with a lower rate of 

exacerbations. This has no plausible aetiology, but the effect of H. influenzae on 

clinical outcomes in bronchiectasis or COPD is unclear, with some studies suggesting 

a relationship to  mild exacerbations372, and a relationship between H. influenzae and 

other inflammatory markers373, but otherwise no clear evidence that colonisation, 

rather than infection, by H. influenzae is associated with poorer clinical outcomes. 

Alternatively, this finding may reflect the fact that sputum sample testing automatically 

selects the most engaged patients, who may have fewer exacerbations due to better 

engagement with exacerbation-avoiding behaviours (vaccination, hand hygiene, etc.), 

and H. influenzae growth in fact has no effect on exacerbations. As such, the finding 

in this work is probably artefactual, and the lack of a negative association is not at 

odds with the literature.  

Since samples can only be obtained from those who produce sputum, it remains 

unknown whether the presence of respiratory pathogens in the lungs of those without 

phlegm production bears clinical relevance. As mentioned above, the use of sputum 

surrogates could mean all patients could be tested regardless of phlegm production, 

but this would only be of use if these are found to correlate with sputum. Furthermore, 

pathogens grown in traditional culture methods, such as those used here, do not fully 
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represent all organisms present within the lungs. Advances in DNA sequencing have 

allowed study of the entire microbiome, and it is known that the distribution of other 

airway microorganisms, including non-pathogens, influences the behaviour of the 

dominant pathogens, and influences bronchiectasis severity374, exacerbation rate and 

mortality171. Similar clinical relevance has been shown in COPD375, but to date no data 

on the microbiome in AATD has been published. Such study could delineate subtypes 

of AATD who may benefit from emerging treatments. 

Overall, these microbiology findings suggest, as is already known in other respiratory 

diseases, that Pseudomonas is the most clinically relevant pathogen in AATD and 

AATD-bronchiectasis. Furthermore, quantitative culture also provides useful 

information, which highlights the importance of prompt sputum sample analysis. 

Outstanding questions for future work includes whether microbiome differences 

among patients with AATD have clinical relevance, and whether surrogates for sputum 

availability may be available. 

4.4.10 Biomarkers 

The case for a specific endotype underlying AATD-bronchiectasis is not strengthened 

by this data. Although eosinophils were slightly higher in those with bronchiectasis, the 

relationship was not strong, and therefore unlikely to be clinically useful. Other 

biomarkers did not differ between the two groups. 

4.4.10.1 Z-polymers 

Z polymer measurements in this work were highly variable, and varied even among 

samples taken from the same patients. As expected, they were higher in the PiZZ 

phenotype than the PiSZ phenotype, but were not associated with any other baseline 

characteristic, unlike in Tan et al’s work, which found higher levels in COPD and male 
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patients, although these relationships were not overwhelming strong (p = 0.02 in both 

cases) and their study only took a single measurement of Z polymer from each patient. 

The high variability of Z polymer levels probably accounts for this discrepancy. 

However, like the present work, they also found no association with smoking.  

Z polymers were not higher in those with bronchiectasis than those without. A 

difference might have been expected, since bronchiectasis constitutes a distinct 

phenotype of inflammatory lung damage, i.e. airway damage rather than alveolar or 

interstitial lung disease, and Z polymers are known to be produced in bronchial 

epithelial cells (rather than alveolar)376. However, local production of Z polymers could 

simply affect both airway tissue and alveolar tissue equally. 

Z polymer variability was also found not be associated with exacerbation rate, and 

variability remained high even in those who never exacerbate. Such a relationship 

could reasonably have been expected, as Z polymers have been shown to be pro-

inflammatory in vitro101 and in murine lung tissue102. However, since Z polymers also 

form in the lungs376, serum measurements may not reflect levels in the alveoli. Thus, 

a more effective way of establishing a link between Z polymerisation and exacerbation 

rate would be to correlate an exacerbation diary with Z polymer measurement, take 

measurements during exacerbations, and to assess Z polymer levels in sputum rather 

than serum. These are promising areas for future work which may lead to clinical utility 

of Z polymer levels. 

4.4.10.2 Utility of full blood count data in AATD-bronchiectasis 

Eosinophil counts also showed considerable intra-patient variability. An association of 

mean eosinophils with higher exacerbation rates is to be expected, as has been found 

in all-cause bronchiectasis175,232. Since only a minority of the patients here had 
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bronchiectasis without COPD, patients with eosinophilia in the clinic are likely to 

already be prescribed inhaled corticosteroids, but since COPD was one of the 

covariates accounted for in the analyses, this finding still suggests eosinophils are an 

important risk factor for exacerbation rate in AATD-bronchiectasis. Inhaled steroids are 

the usual treatment strategy for eosinophilic lung diseases, however, the weight of 

evidence suggests inhaled corticosteroids do not reduce exacerbation rate in  

bronchiectasis without co-existent COPD, asthma or ABPA, and therefore this finding 

should not change clinical practice244. 

Platelets were associated with mortality in the whole cohort, a finding shown in all-

cause bronchiectasis234; but in the present work this effect disappeared when limited 

to bronchiectasis only. In usual-COPD, high platelets have been associated with 

mortality, with a suggested aetiology of increased inflammation and higher rates of 

cardiovascular comorbidity377. Cardiovascular comorbidities are present in AATD-

COPD, but are lower than in controls378. 

Higher platelets were associated with a lower baseline FEV1pp in the whole cohort, 

but not when limited to bronchiectasis, which matches consistent findings in the 

literature of higher platelets in the usual-COPD population compared to healthy 

controls379,380. 

Platelets were inversely correlated with exacerbation status and rate, which is contrary 

to findings in all-cause bronchiectasis234. Further analysis found an association of 

abnormally low platelets with higher exacerbation rates. This is consistent with findings 

of thrombocytopenia predicting poorer prognosis in acute exacerbation381,382, but not 

with one study which found a two-tailed effect of platelet count on mortality, but not 

exacerbation rate377. Platelets are known to secrete chemotaxins which increase 
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neutrophil migration383, and it may be that a pathologically low platelet count results in 

an insufficient immune response, and could therefore result in more frequent 

symptomatic infective exacerbations. Interestingly, it has been hypothesised that the 

lung may be a major centre of platelet formation384. The effect of protease activity on 

this process in AATD has not been published, and could be an area of future research. 

Alternatively, any correlation found here may be a false positive. Therefore, clinical 

management may not be changed by the above findings, but thrombocytopenia should 

not be ignored where found. 

4.4.10.3 CRP 

The CRP data used here has limitations. The excess of 0 values, related to the inability 

of clinical laboratories to report values <5 mg/dl, results in an excessive positive 

distribution. Nonetheless, the associations of CRP with poorer baseline FEV1, FEV1 

decline, mean SGRQ, and a small increase in mortality, the latter 2 of which were also 

present in the bronchiectasis-only group, fit with the knowledge that increased 

inflammation in bronchiectasis and COPD is associated with poorer outcomes385,386. 

So too does the association of IL-8 with increased symptoms. However, CRP has also 

previously been linked with increased severe exacerbations in bronchiectasis, which 

was not seen here237. The positive associations of KCO change with TNFα and IL-8 

are likely to be chance findings due to outliers. The relationship between CRP and 

mortality found here suggests that stable-state CRP could be of value in routine blood 

testing, particularly since its wide intra-patient variation means an average of several 

measurements would be more valuable than a single measurement. 

A major weakness of the network analysis is its pooling of data from different sources 

including routine clinical blood data, and biomarker panels for research purposes. 

Each of these had different inclusion criteria. Future biomarker research will be 
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improved by analysing the same biomarkers in a larger pool of patients, allowing more 

complex network analyses to be undertaken, and to confirm or refute the findings of 

the inflammatory biomarkers above. Of particular interest will be whether the CRP 

findings persist when values less than 5mg/dl are accurately reported. 

4.5 Conclusions 

Overall, this chapter has shown that bronchiectasis exists in AATD independently of 

COPD diagnosis, and that Pseudomonas and CRP may be the most clinically useful 

ways of identifying those who are likely to have more severe disease. However, since 

unclassified bronchiectasis was not associated with any changes in most clinical 

outcomes, it remains to be seen whether radiological subclassification may identify 

further groups of patients with clinical differences. This work is presented in the next 

chapter. 
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5 The radiological classification of bronchiectasis in 

alpha-1 antitrypsin deficiency 

The data in section 5.1 was published in the following papers/abstracts: 

1. J De Soyza, P Ellis, M Newnham, L Rickard, AM Turner. Bronchiectasis Occurs 

Independently of Chronic Obstructive Pulmonary Disease in Alpha-1 Antitrypsin 

Deficiency. Chronic Obstr Pulm Dis. 2024 Sep 27;11(5):507-514. doi: 

10.15326/jcopdf.2024.0526. PMID: 39213377. 

2. J De Soyza, P Ellis, M Newnham, L Rickard, AM Turner. Bronchiectasis vs 

clinical outcomes in Alpha-1 Antitrypsin Deficiency. (Oral presentation at BTS 

winter 2024) 

5.1 Visual assessment of CT bronchiectasis 

5.1.1 Summary statistics 

193 CT scans were available from the 256 patients with bronchiectasis in the 

database. 142 of these were available from digital NHS systems (PACS), and 51 were 

available from CD-ROM storage. A further 97 CT scans were obtained from those 

without a prior diagnosis of bronchiectasis. Baseline characteristics of the entire group 

are shown in Table 5.1.  
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Table 5.1: Demographic characteristics of AATD patients with CT scans assessed for 

bronchiectasis. 

Characteristic Overall 

n 290 

Baseline age (years) 53.33 (+/- 10.57) 

Sex (Male, %) 151 (52.1) 

Genotype: (%) 
 

ZZ 259 (89.3) 

SZ 21 (7.2) 

Other severe 9 (3.1) 

Other non-severe 2 (0.7) 

Serum AAT (µm) 4.88 (3.01) 

Ever smoker (%) 195 (67.5) 

Pack-year smoking history  13.73 (17.50) 

COPD (%) 234 (80.7) 

Bronchiectasis (Clinical diagnosis, %) 193 (66.6%) 

 

Summary statistics of the clinical outcomes assessed, as well as data availability, are 

shown in Table 5.2. Missing data was particularly high in KCO and TLCO yearly 

decline: whereas most patients in the clinic have yearly nurse-led spirometry, gas 

transfer assessment is performed less often, as it is not used for monitoring in most 

cases, and requires a physiologist. Therefore, much fewer patients had the minimum 

3 readings necessary to calculate a decline measurement. 
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Table 5.2: Clinical outcomes in AATD patients with CT scans assessed for 
bronchiectasis 

Clinical outcome Overall Missing data (%) 

n 290 
 

Baseline FEV1pp 58.59 (+/- 28.08) 6.6 

FEV1pp annual decline  -0.91 (+/- 1.96) 30.0 

FEV1ml yearly decline -46.65 (+/- 61.73) 30.0 

KCOpp yearly decline -1.68 (+/- 2.07) 50.3 

TLCOpp yearly decline -2.10 (+/- 2.12) 50.7 

Annualised exacerbation rate 1.01 (+/- 1.33) 0.0 

Mode mMRC score (%) 
 

1.0 

0 47 (16.4) 
 

1 69 (24.0) 
 

2 67 (23.3) 
 

3 74 (25.8) 
 

4 30 (10.5) 
 

SGRQ score (mean (SD)) 43.39 (22.63) 49.3 

 

 



165 
 

Lobar involvement, bronchial dilatation scores, bronchial wall thickening scores and 

morphology are shown in Figures 5.1, 5.2, and Table 5.3. Among the 97 patients 

without a prior clinical diagnosis of bronchiectasis, 23 had radiological evidence, 

including 7 with 3 or more lobes affected. Bronchiectasis was overall mild, and of a 

predominantly lower lobe distribution. An example image is shown in Figure 5.3. 

Figure 5.1: Lobar involvement of bronchiectasis in AATD patients with and without a 
previous clinical bronchiectasis diagnosis. The majority of both groups have less 
extensive disease. 
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Figure 5.2: Lobar distribution of radiological bronchiectasis is predominantly lower 
lobe in AATD patients with and without a prior clinical diagnosis of bronchiectasis. 
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Table 5.3: CT features of AATD patients with and without a clinical diagnosis of 
bronchiectasis 

 Clinical Bronchiectasis 

diagnosis 

No clinical 

bronchiectasis 

diagnosis 

n 193 97 

Left upper lobe (%) 48 (24.9) 3 (3.1) 

Lingula (%) 47 (24.4) 5 (5.2) 

Left lower lobe (%) 161 (83.4) 15 (15.5) 

Right upper lobe (%) 54 (28.0) 3 (3.1) 

Right middle lobe (%) 63 (32.6) 8 (8.2) 

Right lower lobe (%) 162 (83.9) 17 (17.5) 

Lobar involvement (n) 

(%): 

  

0 0 (0.0) 74 (76.3) 

1 31 (16.1) 8 (8.2) 

2 102 (52.8) 8 (8.2) 

3 10 (5.2) 4 (4.1) 

4 13 (6.7) 1 (1.0) 

5 7 (3.6) 1 (1.0) 

6 30 (15.5) 1 (1.0) 

Bronchial dilatation score 

(%): 

  

0 0 (0.0) 74 (76.3) 

1 135 (69.9) 16 (16.5) 

2 35 (18.1) 7 (7.2) 

3 23 (11.9) 0 (0.0) 
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 Clinical Bronchiectasis 

diagnosis 

No clinical 

bronchiectasis 

diagnosis 

Bronchial wall thickness 

score (%): 

  

0 5 (2.6) 71 (73.2) 

1 133 (68.9) 20 (20.6) 

2 39 (20.2) 1 (1.0) 

3 16 (8.3) 5 (5.2) 

Morphology (%): 
  

No bronchiectasis 0 (0.0) 74 (76.3) 

Cylindrical only 146 (75.6) 19 (19.6) 

Varicose or cylindrical 32 (16.6) 4 (4.1) 

Cystic 15 (7.8) 0 (0.0) 

 

 

  



169 
 

Figure 5.3: Example CT image exhibiting: 
 A: cylindrical bronchiectasis morphology  
B: varicose bronchiectasis morphology  
C: cystic bronchiectasis morphology  
D: bronchial dilatation score = 2  
E: wall thickness score = 1 
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5.1.2 Inter-rater reliability 

Inter-rater reliability was at least moderate, and strong in the cases of presence of 

varicose and cylindrical (Figure 5.4). Mean Cohen’s κ for all parameters was 0.64. 

 

5.1.3 Exclusion of patients with alternative bronchiectasis causes 

Only 22 (11.3%) patients with bronchiectasis had an acceptable documentation of 

exclusion of other bronchiectasis causes, as defined by the BTS guidelines for 

bronchiectasis investigation97. Four had documented alternative explanations for their 

bronchiectasis: one had allergic broncho-pulmonary aspergillosis, 1 had traction 

bronchiectasis secondary to interstitial lung disease, and 2 had previous pertussis 

infection. The remaining patients were included in the statistical models. These 

patients’ CT characteristics are shown in Table 5.4. 

Figure 5.4: Inter-rater reliability for CT bronchiectasis features. 
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Table 5.4: Patients with alternative causes of bronchiectasis. 
Cause Genotype n lobes BWT BDS Morphology 
ABPA ZZ 2 1 1 1 
Traction ZZ 2 1 1 1 
Pertussis 1 ZZ 6 2 2 1 
Pertussis 2 ZZ 5 1 2 2 

 

5.1.4 Lobar involvement and clinical outcomes 

More extensive lobar involvement was associated with higher baseline FEV1% 

predicted values (n = 259, 2.01, 95% CI 0.48 to 3.54, p = 0.01). Ever-smoking status 

was associated with a significantly lower baseline FEV1 % predicted value (estimate -

31.55, 95% CI -37.62 to -25.49, p < 0.001). On binary categorisation, ≥3 lobe 

involvement was associated with higher FEV1 predicted values (estimate 7.48, 95% 

CI 0.93 to 14.04, p = 0.025), as were ≥4 lobes (est. 10.99, p = 0.002), ≥5 lobes (est. 

18.42, p <0.001), and 6 lobes (est. 19.98, p < 0.001). 

However, lobar involvement was not associated with FEV1 yearly decline as measured 

by % predicted or ml values, nor KCO or TLCO percent predicted yearly decline. 

Among covariates, COPD was associated with TLCO decline, with a further 1.61% 

decline per year (n = 143, 95% CI 0.40 to 2.81, p=0.009), but no other covariates 

associated with lung function decline in these models. 

As shown in Table 5.5, lobar involvement did not associate with exacerbator status (n 

= 261, incidence rate ratio (IRR) 0.95, 95% CI 0.72 – 1.25, p = 0.719) or exacerbation 

rate (n = 261, IRR 1.01, 95% CI 0.93 – 1.09, p = 0.880) in zero-inflated models, though 

ever-smokers were much more likely to exacerbate (IRR 15.74, 95% CI 1.25 to 197.8, 

p = 0.033). Among those who had any exacerbations, those who had ever smoked 

had moderately higher exacerbation rates (IRR 1.74, 95% CI 1.21 to 2.50, p = 0.003). 

Unexpectedly, those with COPD appeared less likely to exacerbate (IRR 0.08, 95% CI 
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0.01 to 0.51, p = 0.007), though among those who did exacerbate, COPD had no effect 

on number of exacerbations (IRR 0.77, 95% 0.47 – 1.26, p = 0.295). However, this 

must be interpreted in context: as shown in Table 5.1, the majority (80.7%) of patients 

had concurrent COPD; furthermore, the covariates in the model only encompassed a 

minority of the variability seen (adjusted R2 0.035). 

Table 5.5: Number of lobes with bronchiectasis is unrelated to exacerbation rate 

  Annualised exacerbation rate 

Associations Incidence Rate Ratios CI p 

Zero-Inflated Model  

n lobes 0.95 0.72 – 1.25 0.719  

Baseline age 0.95 0.88 – 1.02 0.172  

Sex [Male] 2.06 0.67 – 6.36 0.209  

Ever smoker 15.74 1.25 – 197.80 0.033  

COPD 0.08 0.01 – 0.51 0.007  

Count Model 

n lobes 1.01 0.93 – 1.09 0.880  

Baseline age 0.98 0.97 – 1.00 0.024  

Sex [Male] 0.85 0.63 – 1.16 0.312  

Ever smoker 1.74 1.21 – 2.50 0.003  

COPD 0.77 0.47 – 1.26 0.295  

Observations 261  

R2 / R2 adjusted 0.057 / 0.035  

 

Lobar involvement also did not associate with mMRC score, although age increased 

the odds of mMRC 1 or 2, and ever-smoking status or COPD diagnosis increased the 

odds of mMRC 2, 3 or 4. R2 was higher at 0.113 (adjusted). Full details of this model 
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are given in Appendix section 6. High collinearity was demonstrated for the covariates 

of age and COPD diagnosis, possibly since COPD correlated with ever-smoker status 

(Pearson’s coefficient 0.36), but a Lasso regularised model (used in order to reduce 

the influence of collinearity) returned similarly non-significant results at each level of 

mMRC score, with the influence of lobar involvement being 0. This means collinearity, 

despite being high, was unlikely to have influenced the model output. 

No association was found between SGRQ score and lobar involvement (n = 129, 

estimate -0.65 per lobe, 95% CI -3.06 to 1.75, p=0.592), or any of the covariates. 

Lobar involvement was not associated with survival from baseline (n = 261, hazard 

ratio 1.11, 95% CI 0.97 – 1.27, p = 0.117), though ever-smoker status was associated 

with a 3-fold increase in risk of death (HR 3.28, 95% CI 1.78 to 6.04, p < 0.001, Figure 

5.5).  
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Figure 5.5: Cox proportional hazards model for the association of survival with 
number of lobes affected with bronchiectasis in severe AATD patients. Lobar extent 
does not associate with survival. 

 
 

5.1.5 Bronchial dilatation score and clinical outcomes 

Higher (i.e., more dilated) bronchial dilatation scores were associated with higher 

baseline FEV1pp values (n = 259, estimate 3.89, 95% CI 0.81 to 6.98, p = 0.014), but 

did not associate with FEV1pp/year decline (n = 187, estimate 0.07, 95% CI -0.28 to 

0.43, p = 0.674), FEV1ml/year decline (n = 187, estimate 0.42, 95% CI -10.78 to 11.62, 

p = 0.941), KCOpp/year decline (n = 133, estimate 0.09, 95% CI -0.36 to 0.54, p = 

0.696), TLCOpp/year decline (n = 133, estimate -0.12, 95% CI -0.57 to 0.34, p = 

0.619), or SGRQ score (n = 129, estimate 1.11, 95% CI -3.77 – 6.00, p = 0.652) on 

multivariate linear regression modelling.  
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No association was seen between bronchial dilatation score and exacerbation rate on 

multivariate zero-inflated regression modelling (n = 261, zero-inflated model IRR 0.83, 

95% CI 0.46 to 1.50, p = 0.539; count model IRR 1.03, 95% CI 0.88 to 1.21, p = 0.691). 

No association was seen between bronchial dilatation and mMRC score on 

multinomial regression, or a Lasso regularised model. 

Survival analysis showed a difference in mortality risk on Kaplan-Meier curve 

visualisation, but this was not significant (p = 0.24), even when all bronchial dilatation 

scores ≥1 were combined (n = 262, 10-year survival 71.7% vs 100%, p = 0.055, Figure 

5.6 and 5.7). 

 

  

Figure 5.6: Kaplan-Meier curve showing an apparent association of Bronchial Dilatation Score 
(BDS) with survival which does not reach statistical significance. 
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Figure 5.7: Kaplan-Meier curve for Bronchial Dilatation Score (BDS), scores 1-3 
combined as BD (Bronchial Dilatation), showing an apparent association of BD with 
survival which does not reach statistical significance. 

 

In a Cox proportional hazards model adjusting for age, sex, COPD diagnosis and 

smoking status, bronchial dilatation was associated with an increased risk of death (n 

= 261, HR 1.47, 95% CI 1.04 – 2.09, p = 0.03, Figure 5.8). 
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Figure 5.8: Multivariate Cox proportional hazards model showing the association of 
Bronchial Dilatation Score (bronchial_dilat) with increased mortality. 

 

5.1.6 Bronchial wall thickening and clinical outcomes 

Bronchial wall thickening was not associated with baseline FEV1pp (n = 259, estimate 

1.43, 95% CI -1.73 to 4.58, p = 0.374), FEV1pp/year decline (n = 187, estimate 0.12, 

95%CI -0.26 to 0.49, p = 0.536), FEV1ml/year decline (n = 187, estimate 2.82, 95% CI 

-9.16 to 14.8, p = 0.643), KCOpp/year decline (n = 133, estimate -0.04, 95% CI -0.54 

to 0.47, p = 0.879), TLCOpp/year decline (n = 133, estimate -0.08, 95% CI -0.60 to 

0.44, p = 0.768), or SGRQ score (n = 129, estimate -1.96, 95% CI -6.8 to 2.88, p = 

0.425). 

No association was seen between exacerbation rate and bronchial wall thickening on 

zero-inflation modelling (n = 261, zero-inflated IRR 0.97, 95% CI 0.57 – 1.66, p = 
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0.920; count model IRR 1.07, 95% CI 0.91 to 1.25, p = 0.410). No significant 

association between mMRC and bronchial wall thickening was seen, including after 

regularising via the Lasso method. 

On Kaplan-Meier curve analysis, a small difference in mortality between BWT = 0 and 

all other BWT scores was apparent visually, but this was not significant (p = 0.24), 

even when BWT scores ≥ 1 were combined (10-year survival 71.7% vs 95%, p = 0.12, 

Figures 5.9 and 5.10).  

Figure 5.9: Kaplan-Meier curve demonstrating lack of an association of Bronchial 
Wall Thickness score (BWT) with mortality in AATD patients. 
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Figure 5.10: Kaplan-Meier curve for Bronchial Wall Thickness scores 1-3 vs 0, 
showing no association with mortality. 

 

No effect of bronchial wall thickness on mortality was found on Cox proportional hazard 

modelling (HR 1.3, 95% CI 0.92 to 1.84, p = 0.133). 

5.1.7 Bronchiectasis morphology and clinical outcomes 

 A non-significant positive influence of morphology score on baseline FEV1pp was 

observed (n = 259, estimate 3.41, 95% CI -0.01 to 6.82, p = 0.051, Figure 5.11).  
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However, no association was seen between morphology and FEV1pp/year decline (n 

= 187, estimate 0.16, -0.23 to 0.54, p = 0.428), FEV1ml/year decline (n = 187, estimate 

3.23, 95% CI -9.18 to 15.63, p = 0.608), KCOpp/year decline (n = 133, estimate -0.04, 

95% CI -0.54 to 0.46, p = 0.885), TLCOpp/year decline (n = 133, estimate -0.14, 95% 

CI -0.67 to 0.38, p = 0.591), or SGRQ (n = 129, estimate -1.24, 95% CI -6.64 to 4.17, 

p = 0.652). However, when patients with cystic morphology were compared with all 

others, a small but significant effect on KCOpp/year decline was seen (n = 133, 

estimate -1.52, 95% -2.81 to -0.23, p = 0.021, Figure 5.12), though the effect on 

baseline FEV1pp became much less significant (n = 259, estimate 7.06, 95% -3.78 to 

17.91, p = 0.201). 

Figure 5.11: Boxplot of baseline FEV1 values in AATD patients by morphology score: 
0 = no bronchiectasis, 1 = cylindrical bronchiectasis only, 2 = cylindrical or varicose 
bronchiectasis, 3 = cystic bronchiectasis 
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Similarly to the other parameters, no association was seen between morphology score 

and exacerbation rate (n = 261, zero-inflated estimate 0.87, 95% CI 0.47 to 1.61, p = 

0.661; count estimate 1.09, 95% CI 0.92 to 1.28, p = 0.323). However, when 

comparing patients with cystic bronchiectasis with all other patients, although the 

model exhibited mild (21%) overdispersion of residuals, there was a positive 

association of cystic bronchiectasis with exacerbation rate among those who 

exacerbate (n = 261, count estimate IRR 1.95, 95% CI 1.31 to 2.91, p = 0.001). 

No association was seen between mMRC and morphology score or cystic 

bronchiectasis presence. 

Figure 5.12: Boxplot of KCO% predicted yearly decline by presence of cystic 
bronchiectasis in AATD patients. 
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No significant difference in mortality between morphologies was observed via Kaplan-

Meier curve analysis (10 year-survival present vs absent cystic bronchiectasis: 63.6% 

vs 74.9%, p = 0.91, Figures 5.13 and 5.14) or Cox proportional hazard modelling 

(Morphology score HR 1.15, 95% CI 0.79 – 1.66, p = 0.471; cystic bronchiectasis HR 

1.03, 95% CI 0.42 to 2.56). 

Figure 5.13: Kaplan-Meier curves for demonstrating no association of bronchiectasis 
morphology on survival. MS = Morphology Score.  
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5.2 Bronchiectasis severity index scores 

With the information from the microbiology in Chapter 4 Section 2, and radiology from 

Chapter 5 Section 1, BSI scores could be calculated for the majority of cases, with 

some limitations as detailed in chapter 3 section 5.5. Of the 290 patients with radiology 

data in section 5.1, 7 lacked backline spirometry in the database, and 2 lacked mMRC 

Figure 5.14: Kaplan-Meier curves demonstrating no association of cystic 
bronchiectasis morphology on survival. CB = cystic bronchiectasis. 
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data. The remained 281 were analysed for correspondence with mortality. 259 had 

severe genotypes, 22 did not. Median BSI score among severe genotypes was 5, with 

range 0 to 14 (Figure 5.15. Among severe genotypes, survival differed significantly 

between the 3 groups (Figure 5.16, p < 0.0001). For mild, moderate and severe 

disease, 1 year mortality was estimated at 0.9, 6.1 and 16.9% respectively, and 4-year 

mortality was estimated at 4.3, 21.5, and 27.8% respectively. A Cox proportional 

hazard ratio confirmed this difference, with the backward selection model giving a 

hazard ratio of 1.13 (95% CI 1.05 – 1.22, p = 0.001).  

 

Figure 5.15: Distribution of Bronchiectasis Severity Index scores in patients with 
severe AATD and bronchiectasis 
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Figure 5.16: Kaplan-Meier survival curves demonstrating the association of BSI 
category with reduced survival from baseline in severe AATD. 
 

 

5.3 Algorithmic analysis of CT bronchiectasis 

5.3.1 Summary Statistics 

154 scans were compatible with the YACTA software. Summary statistics are provided 

in Table 5.6. 
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Table 5.6: Summary statistics for patients with CT scans assessed by YACTA 

 Overall 

n 154 

Age (years)  52.46 (10.57) 

Sex (Male, %) 73 (47.4) 

Phenotype (%) 
 

ZZ 138 (89.6) 

SZ 11 (7.1) 

Other severe 3 (1.8) 

Other non-severe 2 (1.2) 

Ever smoker 107 (69.9) 

Visual Bronchial Dilatation Score (%)  

0 55 (35.7) 

1 75 (48.7) 

2 17 (11.0) 

3 8 (5.2) 

Visual Bronchial Wall Thickness Score (%)  

0 55 (35.7) 

1 76 (49.4) 

2 18 (11.7) 

3 5 (3.2) 

Number of lobes affected (%)  

0 55 (35.7) 

1 15 (9.7) 

2 57 (37.0) 

3 6 (3.9) 

4 6 (3.9) 
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 Overall 

5 1 (0.6) 

6 14 (9.1) 

Visual Morphology score (%)  

0: None 54 (35.1) 

1: Cylindrical only 78 (50.6) 

2: Varicose (+/- cylindrical) 19 (12.3) 

3: Cystic (+/- varicose or cylindrical) 3 (1.9) 

Bronchiectasis Index (BEI) (median (IQR)) 0.63 (0.78) 

AWPi10 (mean (SD)) 0.19 (0.08) 

PD15 (mean (SD)) -946.5 (37.03)  
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Bronchiectasis index (BEI) was not normally distributed in the population (Figure 

5.17a); accordingly, non-linear models were used for this variable in the statistical 

analysis. However, AWPi10 and PD15 did follow normal distributions (Figure 5.17b 

and 17c). 

For patients with outlying BEI values, 3-dimensional models generated by the 

algorithm were visually inspected to ensure the algorithm had appropriately identified 

the airway. This element of quality control was recommended by the original authors 

of the software. An example of such a 3-dimensional model is given in Figure 5.18. 

Figure 5.17a-c: Histograms of Bronchiectasis Index (BEI, 2a), AWPi10 (2b) and PD15 (2c) 
distribution in AATD patients with CTs analysed by automated quantitative algorithm (YACTA). 
 



189 
 

 

5.3.2 Comparison of algorithmic with visual data 

Bronchiectasis Index (BEI) of the whole lung was significantly higher in those with any 

bronchiectasis identified on visual assessment vs those without (Median BEI 0.88 vs 

0.50, Wilcoxon rank sum estimate -0.26, 95% CI -0.46 to -0.09, p = 0.002). 

5.3.2.1 Comparison with visual bronchial dilatation score 

BEI was suspected to correlate well with visual bronchial dilatation score (BD) after 

visualisation with a boxplot (Figure 5.19). This was confirmed on non-parametric 

testing (Kruskal-Wallis χ2 = 38.47, p < 0.001). 

Figure 5.18: Algorithm-generated 3-dimensional airway model exhibiting bronchiectasis 
in all 6 lobes. 
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Figure 5.19: Box plot of algorithm-derived tapering index (Bronchiectasis Index, BEI) 
by visual Bronchial Dilatation (BD) score in AATD patients. 

5.3.2.2 Comparison with visual bronchial wall thickness score 

BEI also correlated with visual bronchial wall thickness score (BWT) (Figure 5.20, χ2 = 

20.1, p < 0.001). AWPi10 did not correlate with visual bronchial wall thickness score 

(BWT) (Figure 17, χ2 = 3.88, p = 0.28). 
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Figure 5.20: Box plot of algorithm-derived tapering index (Bronchiectasis Index, BEI) 
by visual Bronchial Wall Thickness score (BWT) in AATD patients. 

 

5.3.2.3 Comparison with morphology 

BEI did not differ significantly between those with cystic morphology on visual 

assessment vs those without (median BEI 2.53 vs 0.628 respectively, p = 0.39). 

Additionally, morphology type was converted to an ordinal variable with value 0 if no 

bronchiectasis present; 1 if only cylindrical morphology present; 2 if varicose but not 

cystic morphology present, and 3 if cystic morphology present. Using this variable, BEI 

correlated with morphology, with χ2 = 21.883 (Figure 5.21, p < 0.001). 
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Figure 5.21: Box plot of algorithm-derived tapering index (Bronchiectasis Index, BEI) 
by Bronchiectasis Morphology as per Reid et al, 1950, in AATD patients. 

 

5.3.2.4 Comparison with lobar distribution 

BEI also associated with number of lobes affected (χ2 = 0.37, p = <0.001). Univariate 

linear regression analysis revealed an increase of 0.51 in BEI for each extra lobe 

affected (95% CI 0.36 – 0.66, p <0.001, R2 / R2 adjusted 0.236 / 0.231). 
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Figure 5.22: Box plot of algorithm-derived tapering index (Bronchiectasis Index, BEI) 
by number of lobes affected with bronchiectasis on visual assessment, in AATD 
patients 

 

BEI was also analysed in relation to the cumulative number of affected lobes, simplified 

into binary metrics indicating the involvement of at least 'n' lobes. For instance, BEI 

was compared to whether at least 2, 3, 4, 5, or all 6 lobes were affected. Results of 

this analysis are shown in Table 5.7. The effect size increased with each additional 

lobe involvement, with a high degree of statistical significance at all levels. 
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Table 5.7: BEI association with cumulative lobar involvement on visual assessment 
by Wilcoxon rank sum test. 

BEI 

Lobar involvement  Estimate 95% CI p 

≥ 2  0.38 0.20 - 0.58 <0.001 

≥ 3  0.82 0.48 - 1.57 <0.001 

≥ 4  1.25 0.64 – 2.49 <0.001 

≥ 5  2.14 1.02 – 3.27 <0.001 

6  2.33 1.24 – 3.54 <0.001 

 

BEI was available for individual lobes in many cases. BEI correlated with visual 

assessment of bronchiectasis presence or absence on linear regression analysis in 

the upper and middle lobes, with the largest effect size seen in the right upper lobe 

(Table 5.8). In the right middle lobe and the lingula, no relationship was observed 

between visual assessment and BEI. 

Table 5.8: BEI association with presence of bronchiectasis in individual lobes on 
visual assessment by Wilcoxon rank sum test 

Lobe Wilcoxon rank sum 
estimate 

95% CI p 

Left upper 0.90 0.36 – 4.40 <0.001 
Lingula 0.24 -0.03 – 2.57 0.08 
Left lower 0.38 0.05 – 0.80 0.02 
Right upper 1.35 0.67 – 2.30 <0.001 
Right middle 0.003 -0.36 – 0.57 0.981 
Right lower 0.75 0.31 – 1.17 <0.001 
     

 

AWPi10 did not correlate with visual bronchial wall thickness score (BWT) (Figure 

5.23, χ2 = 3.88, p = 0.28). 
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5.3.3 Thresholds for the association of algorithm-derived continuous data 

with visual assessment of bronchiectasis 

Receiver Operator Curve (ROC) analysis was performed for YACTA variables. These 

variables were selected based on whether they showed correlation with visual 

parameters in the linear regression analyses above. ROC was also performed for BEI 

as a measure of visual bronchiectasis of any kind. 

Despite not showing an association on linear regression, ROC analysis of BEI and 

visual diagnosis of bronchiectasis showed an area under the curve (AUC) of greater 

than 50% (64.3%, 95% CI 55.6% - 73%, Figure 5.24), demonstrating some ability of 

BEI to discriminate between the classes. Optimum threshold of BEI for the diagnosis 

of bronchiectasis by Youden’s J method was 0.76, with 81.03% sensitivity but only 

50% specificity (Youden’s J statistic (J) = 0.31). 

Figure 5.23: Boxplot of algorithm-derived airway wall thickness score (AWPi10) 
compared with visual Bronchial Wall Thickening score (BWT) in AATD patients. 
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Figure 5.24: ROC curve of algorithm-derived tapering index (Bronchiectasis Index, 
BEI) vs visual diagnosis of bronchiectasis of any kind in AATD patients. No adequate 
threshold of sensitivity/specificity was identified. 

 

5.3.3.1 ROC analysis of visual bronchial dilatation score 

Visual bronchial dilatation score (BD) was compared with BEI, with the strongest result 

for the BD ≥2 level (AUC 81.2%, 95% CI 68.9 – 93.5%, Figure 5.25). Optimal threshold 

for BEI association with BD ≥1 was 0.76, (sensitivity 52%, specificity 87.04%, J 0.39), 

BD ≥2 optimal threshold was 1.07 (sensitivity 80%, specificity 85.3%, J 0.65), and BD 

3 optimal threshold was 0.92 (sensitivity 87.5, specificity 71.2, J 0.58). 
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Figure 5.25: ROC curves for of algorithm-derived tapering index (Bronchiectasis 
Index, BEI) association with visual Bronchial Dilatation score (BD) in AATD patients. 
BD 1 = airway-arterial ratio (aa) 1-2; BD 2 = aa 2-3; BD 3 = aa >3. 

 

5.3.3.2 ROC analysis of lobar involvement 

For lobar involvement, ROC analysis was performed the association of BEI with 5 

binary visual measurements: respectively whether at least 2, 3, 4, 5, or all 6 lobes 

were affected with bronchiectasis. ROC curves for these 5 visual parameters are 

shown in Figure 5.26, with AUC values in Table 5.9. Optimal thresholds for each 

parameter are shown in Table 10. An acceptable level of sensitivity and specificity was 

achieved for all except the “≥2 lobes” and “≥3 lobes” parameters. A drop in optimal 

threshold was observed in the “≥5 lobes” category, which is probably anomalous and 

related to the low number of patients with only 5 lobes affected (Table 5.10). 
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Figure 5.26: ROC curves comparing algorithm-derived tapering index 
(Bronchiectasis Index, BEI) to binary measures of visual assessment of lobar 
involvement (n lobes) in AATD patients. The most sensitive and specific threshold 
was for involvement of ≥5 or 6 lobes.

 
Table 5.9: ROC AUC values for BEI association with visual assessment of 
bronchiectasis lobar involvement. 

n lobes with bronchiectasis AUC (%) 95% CI (%) 

≥2 69.8 61.5 – 78.2 

≥3 80.9 71.0 – 89.9 

≥4 84.0 74.1 – 93.9 

≥5 90.6 83.4 – 97.8 

6 91.3 83.8 – 98.8 
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Table 5.10: Optimal thresholds for the association of BEI with lobar involvement, 
expressed as 5 different binary parameters. N.B. The identical thresholds for both ≥2 
and ≥3 lobes are correct. 

Number of lobes with visually 
assessed bronchiectasis 

Optimal BEI 
threshold 

Sensitivity Specificity Youden’s J 
statistic 

≥2  0.81 54.8 87.1 0.42 
≥3  0.81 74.1 72.4 0.47 
≥4  1.07 71.4 81.2 0.53 
≥5  0.92 93.3 74.8 0.68 
6 1.10 85.71 82.86 0.69 

 

5.3.3.3 ROC analysis of morphology 

ROC analysis was also conducted on the ability of BEI to identify varicose or cystic 

morphology. These ROC curves are shown in Figures 5.27. 2 optimal thresholds were 

identified for BEI associating with varicose bronchiectasis: BEI 0.84 had 81.8% 

sensitivity and 72.7% specificity, and BEI 1.07 had 72.7% sensitivity and 81.8% 

specificity (J 54.5 for both). Youden’s J was not calculated for cystic bronchiectasis as 

ROC curve analysis was not significant (AUC 64.5%, 95% CI 1.2 - 100). 
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Figure 5.27: ROC curves for algorithm-derived tapering index (Bronchiectasis Index, 
BEI) associations with visual morphology score in AATD patients. Morphology 
grades: 1 = varicose and/or cylindrical; 3 = cystic. The most sensitive and specific 
BEI level was for grade 2. 

 

5.3.4 Comparison of algorithmic data with clinical outcomes 

5.3.4.1 Comparison with lung function 

BEI associated with baseline FEV1pp on multivariate analysis, with FEV1pp being 

2.78% higher (p = 0.003) for every one-unit change in BEI (Table 5.11). AWPi10 also 

associated with baseline FEV1pp, with each 0.1 increase in AWPi10 being associated 

with a 5.1% reduction in baseline FEV1pp (95% C -9.57 – -0.64, p = 0.025).  Smoking 
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status negatively correlated with baseline FEV1pp, but there was no association with 

emphysema as measured by PD15. 

Table 5.11: Linear regression analysis of YACTA parameter association with baseline 
FEV1 % predicted value. Age and sex are already accounted for in the GLI method 
for FEV1pp calculation and are therefore omitted. 

  Baseline FEV1pp 

Associations Estimates CI p 

BEIndexLung 2.78 0.95 – 4.61 0.003 

AWPi10 -51.09 -95.74 – -6.44 0.025 

PD15 0.01 -0.00 – 0.02 0.107 

Ever smoker [Yes] -30.69 -38.86 – -22.52 <0.001 

Observations 133 

R2 / R2 adjusted 0.444 / 0.427 

 

However, BEI was not associated with FEV1pp decline (n = 95, estimate -0.03, 95% 

CI -0.22 – 0.16, p = 0.771), KCOpp (n = 65, estimate -0.10, 95% -0.29 – 0.09, p = 

0.290) or TLCOpp (n = 65, est 0.04, 95% CI -0.17 – 0.24, p = 0.708). AWPi10 also did 

not associate with FEV1pp yearly decline (n = 95, est -4.811, 95% CI 11.15 – 1.5, p = 

0.135), KCOpp yearly decline (n = 65, est -6.544, 95% CI -14.08 - 0.99, p = 0.88) or 

TLCOpp yearly decline (n = 65, est -3.543, 95% CI -11.65 – 4.56, p = 0.386). 

 

Neither BEI and AWPi10 associated with exacerbator status or exacerbation rate 

(Table 5.12). 

  



202 
 

Table 5.12: Association of algorithm parameters with annualised exacerbation rate 

  Annualised exacerbation rate 

Predictors Incidence Rate Ratios CI p 

Count Model 

BEI 1.04 0.96 – 1.13 0.378  

AWPi10 4.65 0.37 – 58.31 0.234  

PD15 1.00 1.00 – 1.00 0.737  

Age 0.97 0.95 – 1.00 0.017  

Sex [Male] 0.83 0.53 – 1.31 0.428  

Ever smoker [Yes] 1.20 0.73 – 1.99 0.470  

Zero-Inflated Model  

BEI 1.01 0.72 – 1.41 0.976  

AWPi10 138.09 0.06 – 307201.71 0.210  

PD15 1.00 1.00 – 1.00 0.379  

Age 0.93 0.84 – 1.03 0.176  

Sex [Male] 0.99 0.21 – 4.71 0.993  

Ever smoker [Yes] 1.81 0.18 – 18.32 0.615  

Observations 140  

R2 / R2 adjusted 0.038 / -0.014  

 

On multinomial regression analysis, BEI associated with reduced odds of mMRC 

scores 1 and 2 relative to score 0, but had no relationship with the other mMRC scores 
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(Table 5.13). AWPi10 associated with increased odds of all mMRC scores greater 

than 0 on multivariate multinomial logistic regression analysis, with the highest 

magnitude of association being for scores of 2 or 3 (Table 5.13). 

 

Table 5.13: Multivariate Multinomial regression analysis for mMRC score compared 
with AWPi10 score. Covariates age, sex, smoking status and PD15 omitted for 
clarity. N.B. AWPi10 has mean 0.19 and SD 0.08. 

  mode mMRC 

Associations Odds Ratios CI p Response 

BEI 0.76 0.58 – 0.995 0.046 1 

AWPi10 604.79 576.98 – 633.95 <0.001 1 

BEI 0.34 0.15 – 0.81 0.015 2 

AWPi10 25762.15 24115.88 – 27520.79 <0.001 2 

BEI 0.82 0.62 – 1.08 0.147 3 

AWPi10 776265.45 735044.27 – 819798.30 <0.001 3 

BEI 0.52 0.20 – 1.34 0.173 4 

AWPi10 865.04 834.33 – 896.87 <0.001 4 

Observations 138 

R / R2 adjusted 0.154 / 0.149I 

 

Mean SGRQ score was not associated with BEI (n = 90, estimate 1.36, 95% CI -2.31 

– 5.02, p = 0.463) or AWPi10 (n = 90, est 9.43, 95% CI -48.67 to 67.52, p = 0.748). 

5.3.4.2 Comparison with mortality 

 

On Cox Proportional Hazard modelling, BEI was not associated with difference in 

survival from baseline (n = 139, HR 0.92, 95% CI 0.78 – 1.08, p = 0.318); neither was 

AWPi10 (n = 139, HR 62.78, 95% CI 0.04 – 107010.73, p = 0.276). 
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Kaplan-Meier Curves were constructed for the association of bronchiectasis dilatation 

with survival, given the finding in the previous chapter of an association of visual 

bronchial dilatation score with mortality. The threshold identified in the ROC curve 

analysis above was used. Results are shown in Figure 5.28: no association with 

mortality was found (10-year survival 82.8 vs 96.4%, p = 0.33). 

 

Figure 5.28: Kaplan-Meier curves demonstrating an apparent initial difference in mortality 
between those with algorithm-identified significant bronchial dilatation and those without, 
but which does not reach statistical significance over a 15-year period. BEI: algorithm-
derived tapering index (Bronchiectasis Index, BEI). Threshold of BEI high vs BEI low was 
identified on ROC analysis by comparison with visual assessment of bronchial dilatation. 
 

Figure 5.29: Presumptive Identification algorithm for Gram positive bacteria.Figure 5.30: 
Kaplan-Meier curve for survival association with BEI identification of bronchial dilatation 
 

Figure 5.31: Presumptive Identification algorithm for Gram positive bacteria.Figure 5.32: 
Kaplan-Meier curve for survival association with BEI identification of bronchial dilatation 
 

Figure 5.33: Presumptive Identification algorithm for Gram positive bacteria.Figure 5.34: 
Kaplan-Meier curve for survival association with BEI identification of bronchial dilatation 
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5.3.4.3 Comparison with bronchiectasis severity index (BSI) 

 

BEI correlated with Bronchiectasis Severity Index (BSI) on multivariate Poisson -

regression analysis (Table 11), with a small (6%) increase in BSI for each one-unit 

increase in BEI (95% CI 2 – 10%, p = 0.002). AWPi10 also associated with BSI on 

(IRR 3.1, 95% CI 1.20 – 7.71, p = 0.017), with smoking status also associating (Table 

5.14). 

Table 5.14: Multivariate Poisson regression analysis of algorithm parameters 
associations with clinical bronchiectasis severity index (BSI). Age is omitted as 
already included in BSI. 

  BSI 

Associations Incidence Rate Ratios CI p 

BEIndexLung 1.06 1.02 – 1.10 0.002 

AWPi10 3.10 1.20 – 7.71 0.017 

PD15 1.00 1.00 – 1.00 0.316 

Sex [Male] 1.13 0.97 – 1.33 0.119 

Ever smoker 1.42 1.17 – 1.73 <0.001 

Observations 138 

R2 Nagelkerke 0.212 
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5.4 Discussion 

5.4.1 Applicability of the findings to the AATD population 

A majority of bronchiectasis patients had CT imaging available. The large number of 

bronchiectasis patients assessed here is a strength of the work, and represents the 

largest collection of bronchiectasis scans studied in AATD; more than a 2007 collection 

of 74 patients 201, and slightly more than the 151 patients included in the recently 

published report of EARCO 355. Additionally, the inclusion of rare genotypes allows for 

greater validity in the AATD population as a whole. The genotypes included with PiZZ 

patients in this analysis are known to produce similarly low levels of AAT, therefore 

their inclusion does not diminish the applicability of the results to PiZZ patients. 

The exclusion of those with alternative causes of bronchiectasis from the statistical 

models improves validity of the results, although only a minority of patients had 

adequate documentation of investigation for alternative causes of bronchiectasis. 

Guidance on diagnosis and investigations of bronchiectasis has only been published 

since 2010387, and many of the patients in the cohort have a baseline visit before this 

date. Holding these historic cases to the standard of current investigations would not 

be appropriate, but clearly future cases should be screened appropriately for 

alternative bronchiectasis causes, and have this documented clearly. 

5.4.2 Radiological severity of bronchiectasis in AATD 

Bronchiectasis in AATD appears to be mild in the vast majority, involving 2 or fewer 

lobes in the majority, and only a minority having varicose or cystic morphology. Most 

also had only the lower grades of bronchial wall thickness and bronchial dilatation 

scores. Lobar distribution was predominantly lower rather than upper, which is 



207 
 

consistent with the appearance of other causes of bronchiectasis 192. However, the 

lack of severity must be interpreted in light of the fact that the cohort is essentially 

screened for bronchiectasis at a much higher rate than the general population, due to 

the fact that a large proportion of patients will have CT imaging for the purpose of 

emphysema assessment, rather than due to a suspicion of bronchiectasis. This will 

naturally lead to a large number of incidental findings of radiological bronchiectasis, 

and therefore skew results towards the milder end of the natural history of the disease. 

Caution should therefore be applied when comparing this data to that in other causes 

of bronchiectasis. 

5.4.3 Inter-rater reliability 

The inter-rater reliability assessment in this work was consistently moderate or 

higher340, though agreement in the lower end of the moderate range was seen in the 

right middle lobe assessment and assessment of bronchial dilatation. The right middle 

lobe is anatomically the smallest, and is more complex in its anatomical origin, deriving 

from a tertiary division of the airways, rather than secondary as in the upper and lower 

lobes. This may make it harder to identify for the general physician on CT examination, 

particularly in images with artefact, or which are not fully inspired. In assessment of 

bronchial dilatation, differences in experience between raters may account for the 

relative discrepancy. 

No attempt to objectively quantify radiological appearances of bronchiectasis has 

resulted in perfect inter-rater reliability180,192,194: agreement between observers has 

been found to be moderate for bronchial dilatation, poor for mucous plugging, and 

particularly poor for bronchial wall thickening assessment 339. Furthermore, all 

currently established scoring systems compare the airway diameter to arterial 



208 
 

diameter. However, the ratio between the two can be affected by other factors than 

simply dilatation of the airway. Bronchial wall thickness and mucous plugging, if 

severe, could give the appearance of a narrowed internal airway diameter. Stage of 

inspiration on CT image acquisition can also affect airway diameter, being wider during 

full inspiration388. Arterial diameter is also greater during full inspiration due to negative 

pressure within the thorax. Furthermore, prolonged pulmonary hypertension of any 

cause can be expected to dilate the pulmonary arteries, as can altitude389,390. The 

converse may happen due to the hypoxic pulmonary vasoconstriction response, 

whereby the circulation to lung parenchyma is reduced with prolonged injury, or 

smoking177,261. These factors reduce the reliability of arterial comparison in scoring 

systems; however, the alternative method of assessing “lack of tapering” is time-

consuming, requires a high degree of skill, and is difficult to assess in 2 dimensional 

images. This supports the use of automated algorithms to process these large 

volumes of data quickly and objectively, and by assessing 3D models, as we have 

described. 

5.4.4 Relationship of radiological bronchiectasis subtypes with clinical 

outcomes 

Increased lobar involvement, morphology and bronchial dilatation scores were 

associated with higher baseline FEV1pp values. Morphology score produced a similar, 

but non-significant result. This appears counter-intuitive at first glance, but must be 

interpreted in context of the high burden of COPD in AATD: FEV1pp is more useful as 

a measure of COPD severity than of bronchiectasis severity, as airflow obstruction 

only appears later in the natural history of bronchiectasis, whereas COPD is defined 

as chronic airflow obstruction and therefore is present at the point of diagnosis. Most 
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patients in the cohort have COPD, but a minority will have bronchiectasis as the major 

cause of their symptoms, and will have been investigated for the more common 

symptomatic manifestations of bronchiectasis: sputum production and exacerbations. 

These patients will have comparatively milder, or even absent, COPD when compared 

with the cohort as a whole, which has a mean baseline FEV1 in the moderate range 

for COPD88. For a more meaningful assessment of how lobar involvement affects 

baseline FEV1, referral bias must be addressed, perhaps by including matched 

patients identified by family or population screening. However, family and population 

screening for alpha-1 antitrypsin is limited at present, and lower still in the time period 

assessed here, so this approach was not achievable for the present work. A large 

family cohort is included in an Irish research group’s database, and collaborative work 

could use this dataset to establish whether this finding is seen in patients identified by 

family screening. However, adequate family screening has only been possible in 

recent years, and therefore non-index cases may not yet have developed airways 

diseases. 

Lung function decline was largely unaffected by the various visual parameters, with 

the exception of a small effect of cystic bronchiectasis on KCO decline. There was no 

effect of cystic morphology on TLCO decline, despite KCO and TLCO being 

intrinsically related. However, since KCO is corrected for alveolar volume, whereas 

TLCO is not, it is possible that an excess of mucous plugging, not assessed in this 

analysis, in combination with emphysema in these patients, leads to the discrepancy. 

Nonetheless, the estimated difference in KCO% predicted between the two groups 

was less than the minimum clinically important difference for gas transfer 391, and 

therefore is not likely to be useful clinically. 
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Most of the parameters were not associated with changes in exacerbation rate, with 

the exception of cystic bronchiectasis associating with higher exacerbation rates 

among those who have at least 1 exacerbation per year.  This is consistent with the 

association between cystic bronchiectasis and severe exacerbation rates seen in the 

derivation study for the BSI score188, which had a much larger sample size. 

Bronchial dilatation had an influence on mortality, which is undoubtedly of interest 

clinically, though the confidence interval was quite wide, and corrections for the 

multiple-comparisons problem were not made. Bronchial wall thickness score also 

produced a non-statistically significant difference. The conventional solution to this 

problem would be to increase sample size, or not to perform so many analyses on the 

same cohort of patients; however, rare diseases such as AATD are limited by the 

availability of patients. This work presents results from almost all patients with AATD 

referred to UK specialist centres until 2014, and the majority of those referred 

thereafter; therefore, larger sample sizes cannot be generated retrospectively. 

Consequently, such repeated analyses and relatively less stringent statistical 

significance thresholds must be used, but interpreted with caution. In the case of the 

mortality seen here, if interpreting it as a true finding, the clinical application is simply 

to have low thresholds for the diagnosis and treatment of bronchiectasis with existing 

treatments. These treatments are beneficial, non-invasive and relatively low risk, as 

discussed in the literature review; this favours interpreting the finding as true. 

Since survival is taken as days survived from baseline visit, the mortality data 

presented here is open to referral bias, with patients referred at different stages of their 

disease. However, correcting for age and concurrent COPD diagnosis in the hazards 

model should increase validity of this method. Measuring survival from birth was 

considered since genotype-related mortality risk should have been present from birth, 
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but no precedent was found in the literature for this technique, and it was not 

attempted. 

Interestingly, the only factors to associate with mortality in the established 

bronchiectasis severity scoring systems were number of lobes involved and cystic 

morphology, neither of which associated here 187,188. However, those studies had far 

larger sample sizes, such that my study may have been underpowered to detect the 

relationship, and were not limited to AATD bronchiectasis. It remains possible that the 

association is absent in AATD. 

5.4.5 Validation of the Bronchiectasis Severity Index score 

Confirmation that the Bronchiectasis Severity Index (BSI) score is associated with 

mortality in AATD will be useful clinically. Mortality risk in the 3 severity groups was 

broadly similar to those in the BSI derivation study, though the “moderate” group in 

this work had worse mortality than in BSI, as did the “severe” group at 1 year188. 

Although this validation has biological plausibility, some degree of caution in 

interpretation must be taken, as several parameters had to be adjusted for the cross-

sectional nature of this work, as discussed in chapter 3 section 5.5. However, since a 

large-scale prospective validation in AATD is unlikely to be feasible, this data suffices. 

Given most patients also have COPD, mortality predictions for both conditions will 

have to be interpreted, and the more severe communicated to the patient 

appropriately. For example, the BODE index could also be calculated, since it is 

already frequently used in COPD to predict 4-year survival, and therefore who may 

benefit from lung transplant392. Although several parameters of the BODE index and 

BSI overlap, it would be of great interest to clinicians in AATD, but also in any form of 

bronchiectasis-COPD overlap syndrome BCOS, to validate a mortality- and morbidity-
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predicting score such as BSI or BODE in BCOS. Future research is warranted for this 

specific aim. 

5.4.6 Influence of covariates on clinical outcomes 

The influence of the chosen covariates on clinical outcomes largely mirrored the 

associations seen for the whole cohort in the previous chapter. Ever-smoker status 

was associated with lower baseline FEV1% predicted value, exacerbation frequency, 

and mMRC score. COPD diagnosis was associated with higher mMRC scores, but 

also was associated with a lower likelihood of exacerbating once or more per year. 

The covariates in the exacerbation model only encompassed 3.5% of variability in the 

cohort, limiting the interpretation of this unexpected result. 

 

Phenotype was not reliably correlated with the various outcomes. This is unexpected, 

since the SZ phenotype has recently been shown not to increase the probability of 

lung disease 53, and therefore would have been expected to be significantly associated 

with less severe bronchiectasis and less severe clinical outcomes compared with the 

ZZ phenotype. However, the small numbers of SZ patients in this analysis are probably 

too low to demonstrate this. Furthermore, if the lack of relationship with phenotype is 

genuine, this may simply be because the non-severe phenotypes (SZ, MZ, SS) had 

other causes of bronchiectasis, which were not reliably excluded in our dataset, as we 

have seen. 

 

The lack of covariate associations in lung function decline is also unexpected, but 

average yearly change in lung function was small, meaning it may simply be that 

longer follow-up periods, or more patients, are required to demonstrate an effect. 

Unfortunately, these strategies are a challenge in rare diseases. 
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5.4.7 Algorithmic CT bronchiectasis analysis 

Although not all CT scans were able to be analysed by the YACTA software, a 

significant number were, and non-compatibility of some scans is to be expected given 

the length of time since they were performed, and the advances in CT imaging which 

have developed in the intervening years. Despite this, a good range of bronchiectasis 

morphology and severity was included. However, as in the visual assessment, only a 

small minority had cystic or widespread disease, reducing statistical power of 

modelling in some cases. A minority of scans were from rare variants: the inclusion of 

these patients in statistical analysis increases the validity of the data in application to 

such patients, who are otherwise rarely studied. 

 

5.4.7.1 Correlation of YACTA data with visual assessment of bronchiectasis 

 

The first aim of this analysis was to see how well YACTA parameters correlated with 

a physician’s assessment of bronchiectasis on CT scanning.  Bronchiectasis Index 

(BEI), the measure of lack of tapering on YACTA, correlated with visual assessment 

of bronchial dilatation, bronchial wall thickness score, morphology, and number of 

lobes affected. However, caution is required in interpreting these associations, as they 

were generally weak - the maximum R2 value for these models was 0.211, indicating 

only 21% of the variability in the dataset could be accounted for by the variables used. 

 

When subdivided by lobe, BEI correlated with visual identification of bronchiectasis in 

only 4 out of 6 lobes, showing no correlation in the right middle and right lower lobes. 

This discrepancy in the right middle lobe is consistent with the Cohen's κ analysis on 

visual assessment, indicating that the right middle lobe may be a particularly difficult 



214 
 

lobe to assess visually; however, Cohen's κ data for the right lower lobe showed the 

strongest level of agreement of any lobe, making the lack of association in this lobe 

somewhat unexpected. One possible reason is that only 10% of scans were over-read 

by a radiologist, but a far larger percentage were able to be analysed by YACTA - by 

chance this 10% may not have included scans with more complex right lower lobe 

disease. 

 

AWPi10 did not correlate with bronchial wall thickness score, which is consistent with 

the Cohen's κ analysis in the previous chapter, in which there was only a moderate 

level of agreement between physician and radiologist. Bronchial wall thickness may 

therefore be a difficult parameter for a physician to assess by eye, and certainly 

appears so from available literature 339. AWPi10 has been validated in other studies, 

and in this study showed some utility in identification of ever-smokers. 

 

5.4.7.2 Thresholds at which YACTA data correlates with visual assessment of 

bronchiectasis 

 

Secondly, several thresholds were identified at which BEI and AWPi10 were 

associated with various visual parameters. For many of these, sensitivity and 

specificity were too low to be practically useful, although a cutoff for BEI of 1.07 

seemed to identify bronchial dilatation of 2x the arterial diameter, 4 or more lobe 

involvement, and varicose/cystic bronchiectasis, suggesting 1.07 may be the most 

useful threshold to use in practice. Sensitivity of this value is more important than 

specificity, as this will identify a greater proportion of patients, and any false positives 

could be addressed by visual assessment by a radiologist. 
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Furthermore, the abilities of BEI to associate with the visual parameters of bronchial 

dilatation score of ≥2, ≥4 lobe involvement, and the presence of varicose or cystic 

bronchiectasis, achieved adequate sensitivity and specificity according to published 

principles for high-quality clinical testing 393, and at a similar standard to lung cancer 

screening in the majority of studies in that field 394. It is known that bronchiectasis 

involving multiple lobes, or of cystic morphology, is associated with hospitalisation and 

mortality 187,188. With refinement, the thresholds identified here could conceivably lead 

to efficiencies in radiology reporting, by identifying patients who are likely to have these 

most clinically relevant radiological patterns. Only a small number of our patients had 

exactly 3 lobes affected, which may have reduced the ability of the models and ROC 

analysis to identify an optimal threshold for 3 or more lobes, as Chalmers et al did 188, 

but studies of larger numbers of CT scans may be able to improve on this. Indeed, 

published validation data for YACTA shows that certain parameters may have clinical 

relevance: airway wall thickness and bronchial diameter in the intermediate airways 

was negatively correlated with FEV1pp in adults with cystic fibrosis in one small study 

199, and wall thickness has also been negatively correlated with FEV1pp in COPD 

patients  395, although wall thickness is only a non-specific sign of bronchiectasis and 

is also present in chronic bronchitis178. 

 

5.4.7.3 Correlation of YACTA data with clinical outcomes 

 

Thirdly, the relationship of YACTA parameters with clinical outcomes was assessed. 

The correlation of BEI with baseline FEV1pp was statistically significant, but is unlikely 

to be clinically relevant according to current consensus on minimum clinically 
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important differences for spirometry, where 5-10% change is the range of thresholds  

used for drug development 396, and 6% variability is seen in the majority of individuals 

391. Additionally, the direction of the association is unexpected: patients with 

bronchiectasis appear to have slightly better baseline FEV1pp. This could be explained 

by the degree of airways obstruction on referral to tertiary services: those with 

bronchiectasis, or bronchiectasis-COPD overlap, are likely to have less severe 

airways obstruction at referral. Airways obstruction only develops later in the natural 

history of bronchiectasis, and instead the core symptoms of bronchiectasis, such as 

exacerbations or phlegm production, are likely to prompt referral in these cases. 

AWPi10 correlated more strongly with baseline FEV1pp, and with a negative 

relationship. Although it did not correlate with lung function decline, it did increase the 

odds of higher mMRC scores. However, as a measure of airway thickness, AWPi10 is 

not specific as a marker of bronchiectasis, and may represent chronic bronchitis in 

many cases. As a constituent part of COPD, chronic bronchitis will have a direct 

relationship with baseline FEV1pp and mMRC in these cases. 

 

The threshold of BEI used to identify bronchial dilatation was not correlated with 

mortality; this is unexpected, since the visual parameter of bronchial dilatation was 

significantly correlated with a small increase in mortality risk. However, as described 

in chapter 3 and section 3.3 of this chapter, visual and algorithmic assessment of 

dilatation are very different: visual assessment relied on relationship to arterial 

diameter, which can be influenced by pulmonary hypertension among other things, but 

BEI is more objective by quantifying tapering through the entire airway. As the more 

objective measure found no association with mortality, the association of visual 

bronchial dilatation with mortality must be interpreted with caution. 
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BEI also correlated with BSI score, despite not correlating with mortality or 

exacerbations. This may simply be because of the relationship between BEI and 

number of lobes affected, and with morphology, both of which feature in the radiology 

section of the BSI. 

 

5.4.8 Strengths and weaknesses 

 

Weaknesses of all models in this analysis include the correlation coefficients, which 

were at best only moderate, and in some cases rather weak. This suggests variance 

within the model is due to variables which are not accounted for in the analysis, a 

common finding in clinical datasets. Random variation will account for some of the 

remaining variability, but other contributing factors may include early childhood 

exposures397, occupation and exercise habits, which are not stored reliably in the 

database. 

 

Strengths include level of detail available from YACTA, which is rare among 

radiological algorithms in being able to create a 3-dimensional model of the bronchial 

tree. Automatic algorithms are increasingly used in research of lung diseases, but their 

main validated utility has so far been the assessment of lung density rather than the 

airways 398. Perossi et al published work in 2022 demonstrating the association of 

algorithm-derived luminal area and AWPi10 with poorer spirometry, impulse 

oscillometer measurements and bronchiectasis severity index scores 351. However, 

they did not use the bronchiectasis index used here, which requires further validatory 

study. 
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A further great strength of the YACTA approach is its objective assessment of 

bronchial dilatation by analysis of bronchial tapering, which is distinct from other 

algorithms which have used airway-artery ratio, as is common in visual assessment 

179,399. As mentioned in the previous chapter, assessment of bronchiectasis relative to 

the accompanying artery is open to bias based on dilatation or constriction of the 

artery. Use of automated analysis of tapering such as YACTA means these biases are 

avoided, and the previously time-consuming tapering analysis can be performed at 

scale. 

5.5 Conclusions 

Overall, this chapter has demonstrated that bronchiectasis in alpha-1 antitrypsin 

deficiency is usually mild and of a lower lobe preponderance. However, it bears clinical 

relevance, as degree of bronchial dilatation is associated with mortality, and 

exacerbation rate is increased in those with cystic bronchiectasis who exacerbate. 

Degree of bronchial dilatation appears to be one of the more difficult visual parameters 

for observers to agree on, which supports the use of objective or automatic measures 

of airways being used for analysis.
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6 Conclusions and future directions 

6.1 Summary of the thesis 

This thesis has provided a wide-ranging exposition of bronchiectasis in Alpha-1 

Antitrypsin Deficiency, with several key findings and relevance for clinical practice. 

Firstly, in chapter 2 the pre-existing literature was confirmed to be lacking in 

subcategorisation of bronchiectasis. This strengthened the case for the rest of the 

thesis. 

Secondly, in chapter 3, bronchiectasis was found to be independently associated with 

serum alpha-1 antitrypsin, but not with COPD, thus clarifying a longstanding point of 

uncertainty. However, due to the retrospective nature of this analysis it is not 

appropriate to recommend a change in bronchiectasis screening practice, though in 

cases of bronchiectasis and emphysema the use of alpha-1 antitrypsin deficiency 

screening would be appropriate. This satisfies research objective 1 (section 1.5.1). 

Thirdly, relating to research objective 5 (section 1.5.5), microbiological findings were 

found to correlate broadly with evidence in usual bronchiectasis, thus providing 

confidence in treating pseudomonas colonised patients with AATD-bronchiectasis 

according to existing guidelines. 

Fourthly, the association of CRP with clinical outcomes supports the use of this 

biomarker in routine blood tests in AATD, and is easily integrated into clinical practice 

given the availability of the test in NHS laboratories. The correlation of eosinophils and 

platelets with clinical outcomes also suggests clinicians should pay close attention to 

these routine markers. Although a more comprehensive network analysis of 
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inflammatory biomarkers could not be completed within the timeframe of this work, 

such an analysis could reveal further associations. 

Fifthly, bronchiectasis has been assessed visually and found to be predominantly mild 

and to affect the lower lobes. Extent and morphology of bronchiectasis in AATD has 

been shown to associate with clinical outcomes including exacerbation rate and gas 

transfer, as they have in other causes of bronchiectasis. Bronchiectasis in AATD is 

usually mild, but its presence and severity are associated with an increase in mortality. 

This satisfies research objective 2 (section 1.5.2). Furthermore, the most commonly 

used predictive tool in all-cause bronchiectasis, namely BSI, has been validated in 

AATD-bronchiectasis. These findings suggest that, within an AATD population, 

bronchiectasis constitutes a distinct phenotype which may be used to select patients 

for trials of emerging drugs, or to guide day to day therapy towards those already 

recommended in bronchiectasis of other aetiologies. However, since most AATD 

patients will also have COPD, trials of new drugs for AATD-bronchiectasis specifically 

is too small a niche. 

Finally, relating to research objective 4 (section 1.5.4), an automated algorithm has 

been used to confirm a physician’s visual assessment of bronchiectasis, with 

corresponding thresholds, which may ultimately allow automated analysis of 

bronchiectasis in clinical practice and reduce clinicians’ workload. 

6.2 Clinical implications 

This work has provided evidence to support the inclusion of patients with AATD, 

bronchiectasis, but no COPD, in clinical trials of emerging drugs. As seen in chapter 

4, a minority (11.5%) of PiZZ patients with a clinical diagnosis of bronchiectasis did not 

also have COPD. Whilst this is a small number in our cohort, when extrapolating to 
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the wider populations needed for approval of a new drug, and to the increased 

numbers expected to be identified with increased awareness and testing for AATD, 

such patients form a not insignificant minority of PiZZ AATD patients, who should not 

be excluded from the research available to those with concurrent COPD. 

The validation of the BSI in patients with AATD is among the most clinically important 

findings of this thesis. As a rare disease with overlap with a very common disease 

(usual-COPD), AATD relies on extrapolation from data from usual-COPD and usual-

bronchiectasis to inform its management; however, as discussed in section 1.1.2.2, 

there are many differences between AATD and these conditions400. As such, the 

findings presented in section 5.2 provide valuable clinical confidence in giving 

prognostic information to patients with AATD and bronchiectasis. 

6.2.1 Screening for AATD in idiopathic bronchiectasis 

In section 4.1, evidence was found, discussed in section 4.4, to suggest that there may 

be an independent relationship between AATD and bronchiectasis. Several of the 

classical criteria for adequate screening tests by Wilson and Jungner401 have been 

met by this work: the natural history of the disease is now better understood; an 

accurate, cheap and non-invasive test is available (serum AAT and genotyping); there 

is a recognisable early stage (i.e. confirmed genotype before lung disease develops); 

and in many countries a treatment is available, with many more becoming available in 

the near future. However, in the UK at least, disease-specific treatment is currently not 

available, it remains difficult to determine which patients will deteriorate, and as a rare 

disease the yield from screening all cases of idiopathic bronchiectasis is low402, 

meaning it may not constitute an important health problem for a nationwide health 

service. Furthermore, since this work has used largely retrospective data, the evidence 
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threshold to support widespread screening for bronchiectasis in AATD has not been 

met. 

6.3 Endotyping bronchiectasis in AATD 

This findings of this thesis have also contributed to the concept of endotyping in 

bronchiectasis associated with alpha-1 antitrypsin deficiency. Endotyping involves 

stratifying patients into biologically distinct subgroups based on underlying 

pathophysiological mechanisms. In this cohort, the association of Pseudomonas 

growth and elevated eosinophil counts, and lack of association with other species or 

inflammatory markers, suggests an inflammatory and microbial profile which helps to 

distinguish bronchiectasis-AATD from other phenotypes of AATD. However, the 

strength of these relationships was modest, and no significant differences were 

observed in other inflammatory markers, including IL-6, IL-8, TNF-α, platelets, or CRP, 

nor in the prevalence of other bacterial species. These results imply that while certain 

features, such as eosinophilia and Pseudomonas growth, may contribute to 

bronchiectasis in AATD, this does not appear to reflect a broader inflammatory 

dysregulation or microbiome imbalance. These findings are therefore not sufficient to 

advocate for specific targeted therapies, but the identification of even subtle patterns 

in inflammatory or microbial markers may offer insights into the mechanisms driving 

bronchiectasis in AATD and thereby guide hypotheses in future research, as discussed 

in section 6.6 below. 
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6.4 Strengths of the thesis 

This work has included the largest population of patients with AATD-Bronchiectasis 

available at present; studies with larger samples would only be possible with 

international collaboration. This has increased the knowledge of this less common 

AATD manifestation. Additionally, the thesis has included rare genotypes, unlike many 

similar studies. This means that patients with such rare genotypes, and the physicians 

who treat them, can be more confident in applying the results of this work, rather than 

relying on findings in more common genotypes and assuming the results will apply to 

them. 

The use of an algorithmic software to objectively describe airway dilatation is little used 

in the literature to date, and as such provides important evidence to support ongoing 

development of a clinically useful algorithm. Finally, there is now clear evidence to 

support the use of the BSI in AATD, giving patients and their clinicians more confidence 

in giving accurate estimates of prognosis. This is of great importance, as hitherto both 

patients and their clinicians may have had doubts in applying this score, due to the 

differences in underlying aetiology between the original BSI cohort and AATD. 

6.5 Limitations 

The main limitation of this thesis is its retrospective nature. This results in multiple 

limitations, but the most important is the relatively low proportion of patients who were 

appropriately investigated for other causes of bronchiectasis. As previously discussed, 

this was unavoidable, since many patients’ baseline appointments were before the 

point at which clear guidance for bronchiectasis investigations was available. This 

limitation was mitigated by statistical adjustment for the presence of bronchiectasis, 

and by finding the prevalence of bronchiectasis in AATD to be higher compared with 
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all-cause bronchiectasis in the general population. This is still a useful finding, but 

would be a more robust conclusion if all patients had been appropriate screened for 

alternative bronchiectasis causes as per BTS guidance. Additionally, bronchiectasis 

was identified in several patients not previously given a clinical diagnosis (Table 4.3), 

which introduces an element of classification bias to the models demonstrating no 

relationship between bronchiectasis and COPD shown in Figure 4.2 and 4.3. However, 

as shown in Table 4.3, such diagnostic inaccuracy was low, meaning these models 

remain valid. 

Furthermore, radiology, microbiology and serum measurements were taken at variable 

times, and compared to lung function tests which may not have been taken at the 

same time. This limitation is a product of the geographically widespread nature of the 

cohort, with some patients sending in sputum from many miles away, or having CT 

scans remotely, whilst attending for lung function tests on different days. The 

discrepancy between the recorded lung function and the actual lung function on the 

day of the CT scan, or sputum production, may account for some of the variability not 

encompassed by the statistical models in this work. However, in a rare disease with a 

limited patient population spread over a wide geographic area, such variability is 

almost unavoidable in a retrospective study.  

New and retrospective results were pooled in order to generate the largest samples 

sizes possible; however, these results are taken from a wide timespan and laboratory 

techniques may have varied across the years. Older results may therefore be less 

accurate, although the microbiological techniques used for the new sputum samples 

sent in are well established. CT scan technique in particular has developed 

significantly since the oldest scans included here were performed, therefore the visual 

assessment of the older scans could have been less sensitive than the new ones. 
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Concordance between visual and algorithmic assessment of bronchiectasis stratified 

by age of scan was not studied here, but could be an interesting subject of future 

research to ensure conclusions of research based on older CT scan data are valid. 

Not all originally envisaged methods were available within the timeframe of this work. 

The proteomic analysis was not able to be performed, leading to reliance on historical 

data, which only gave a limited view of the inflammatory cascade. In particular, CRP 

results relied on clinical data, which, as discussed in section 4.3.4.7, meant that values 

under 5mg/L could not be accurately reported. Furthermore, the laboratory used for 

the microbiology data could not safely study Mycobacteriae, and lacked the necessary 

equipment for the study of the microbiome by PCR, both of which are known to be 

important for the study of pathogenesis and disease progression in 

bronchiectasis214,403. The study of the microbiome specifically could have provided a 

more comprehensive assessment of sputum bacterial colonisation, although without 

differentiating between living and dead organisms, meaning combination with the 

culture techniques as presented in chapter 3 would still have been necessary. 

Additionally, neither the visual nor algorithmic assessment of radiological 

bronchiectasis could analyse for mucous plugging in this work. This is discussed 

further in section 6.7.2 in the context of recommendation for future research. 

Analyses were limited by being conducted by a physician with limited microbiology 

and radiology training compared to specialists in those fields. However, these factors 

were addressed by good inter-rater reliability and concordance with an automated 

algorithm in chapter 5, and the aid of microbiology specialists in chapter 4. 
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6.6 Publications and presentations 

Citations for publications and presentation arising from this thesis are given in 

Appendix section 7. Work from chapter 1 summarising emerging treatments in AATD 

has been published in Expert Opinion on Emerging Drugs404. Work from chapter 2 was 

presented at the European Respiratory Society congress 2023405. Work from chapter 

4 section 1 has been published in Journal of COPD406, and incorporates the basic 

visual assessment data from chapter 5. Work from chapter 4 section 3 is intended to 

be combined with the delayed full biomarker panel data for publication in a more 

extensive network analysis of proteomic data and Z polymer levels, but could include 

the eosinophil and platelet data. Work from chapter 5 on clinical outcomes of the visual 

assessment parameters has been presented at the winter meeting of the British 

Thoracic Society 2024. Combining this data with the YACTA algorithm data will result 

in another manuscript intended for publication over the coming months. 

6.7 Future research 

6.7.1 Potential for prospective validation 

Since a major limitation of this thesis is much of the data’s retrospective nature, it is 

reasonable to suggest equivalent prospective work. This could build on the BSI score 

data to assess whether it may also be predictive of hospital admissions in AATD-

bronchiectasis, as the derivation study found188. The findings of this thesis could be 

compared with matched patients with other causes of bronchiectasis, to confirm 

whether or not there are any specific features to AATD-bronchiectasis. Using a single 

cohort may not result in enough events (admissions) to achieve enough statistical 
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power, so collaborative work with EARCO would be a better method to increase 

sample size. 

6.7.2 Further radiological techniques 

One component of clinically significant bronchiectasis is mucous plugging. This is 

associated with all-cause mortality in COPD407,408, and has been associated with 

poorer outcomes in some causes of bronchiectasis: poorer lung function and 

exacerbation rate in ABPA409, along with predicting progression in cystic fibrosis410. 

Furthermore, recent developments show automated analysis of mucous plugging in 

COPD to independently associate with mortality and GOLD severity411,412. 

Unfortunately, mucus plugging was not able to be assessed as part of this thesis, as 

findings on visual CT assessment are ambiguous even among trained radiologists 

(see section 5.3.3), and the algorithm used did not have the capability to assess this 

at the time of writing. However, given the importance of mucus clearance to all causes 

of bronchiectasis, it would be of great interest to assess whether the degree of mucus 

impaction on CT correlates with disease severity or progression in AATD lung disease. 

Other software is available that can assess mucus plugging, including LungQ412, but 

its use would require extra funding to cover licensing that software. 

6.7.3 Further microbiological techniques 

The microbiology work presented here relied on bacterial culture, but this has long 

been known to be inadequate in fully representing the complex ecosystem of the 

respiratory tract. Microbiomics analysis is now capable of this, using 16S ribosomal 

RNA sequencing, which is distinct to each species of microorganism due to the 

uniqueness of their genetics. This technique has already revealed new findings in 

COPD, with significance of organisms which would be dismissed as “mixed normal 
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flora” in a culture-based approach, such as Veillonella413. However, this comes with its 

own limitations, in not being able to distinguish between dead or living bacteria, and 

not being able to accurately represent bacterial load414. Fully standardised protocols 

for 16S sequencing, and ensuing computational analysis have also not yet been 

established415. Nonetheless, a full understanding of the microbiome in bronchiectasis 

may reveal as yet unknown treatable traits to guide development of novel treatments. 

Microbiome studies outside AATD have been informative416, highlighting the 

importance of reducing bacterial diversity in bronchiectasis: conducting similar studies 

in AATD may reveal equivalent endotypes of patients. Therapeutic targeting of the 

respiratory microbiome in general is understudied417, and no novel therapeutic 

strategies for the treatment of bacterial diversity have been suggested to date, but the 

concept is a frequently identified area of research priority403, and would rely on a 

detailed understanding of such endotypes. 

6.7.3.1 Difficulty in obtaining sputum samples 

All research concerned with respiratory microbiology is limited by the fact that not all 

patients will be able to produce sputum, and still fewer will be able to provide more 

than one sample. However, invasive strategies to obtain samples, such as 

bronchoscopy or induced sputum, have potentially unacceptable risks in a research 

setting, including dilutional issues or bronchospasm. It is therefore of great importance 

to establish whether a non-invasive surrogate marker of the lung microbiome could be 

clinically useful. Oropharyngeal swabs are a candidate: some evidence exists that the 

lung microbiome correlates with that of the oropharynx in healthy individuals418,419, but 

this would need validation in bronchiectasis and COPD. 
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6.7.4 Further serum biomarker techniques 

This thesis was only able to examine limited biomarkers, due to logistical delays. 

Consequently, there remains scope for more complex network analyses of 

inflammatory biomarkers, to assess whether single or clusters of biomarkers may 

associate with clinical outcomes. This gives the advantage of an unbiased, exploratory 

approach which can potentially reveal new inflammatory pathways of relevance. 

Furthermore, given the instability of these measurements over time, measures of 

longitudinal change may be appropriate, and given the number of tests this is likely to 

involve, proteomics data would be the best way of assessing this. Proteomics refers 

to the reporting of all proteins within a sample, and has already been used to correlate 

certain serum proteins or groups of proteins with FEV1 changes420, gas transfer 

decline421, mortality422, and exacerbation status423. Although sputum proteomics in 

bronchiectasis have been studied, finding an association with P. aeruginosa 

infection424, serum proteomics are less well studied. However, it is important to find 

out whether serum biomarkers correlate with clinical outcomes, and not simply rely on 

findings from sputum biomarkers, as one group have found that the two do not 

necessarily correlate425. The work scheduled within the Birmingham AATD registry will 

use SomaScan®, a platform capable of identifying over 5000 proteins, and which has 

already been shown to be of value in identifying imaging outcomes in patients with 

cystic fibrosis426. Such vast quantities of data may require the use of statistical 

methods not used here, including principal component analysis427. Such analysis has 

previously been used to identify five endotypes of the bronchiectasis-COPD overlap 

syndrome230. I plan to be involved in the statistical analysis of this project, which will 

also be submitted for publication. 
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6.7.5 Comparison with other causes of bronchiectasis 

There is also scope to compare this data to that in usual-COPD-bronchiectasis 

overlap. This would be helpful to clarify whether AATD-bronchiectasis differs from 

other causes of bronchiectasis sufficiently to require differing treatment strategies. 

However, such an endotype-based approach is not always used even in the more 

common phenotype of AATD-emphysema: evidence suggests that lung volume 

reduction surgery (LVRS) is beneficial for upper lobe emphysema, but benefits for 

lower lobe emphysema (as seen in AATD, see introduction section 1.1.2.2) are less 

clear428, yet patients with AATD-emphysema are frequently still treated with LVRS.  

Potential collaborations include with the European Multicentre Bronchiectasis Audit 

and Research Collaboration (EMBARC), which maintains a pan-European registry of 

patients with non-cystic fibrosis bronchiectasis. Requests have been sent to the team 

to collaborate using the data presented in this work. 

6.7.6 The importance of bronchiectasis in co-existing COPD 

Whilst this thesis has controlled for the presence of COPD in its statistical models, 

there remains insufficient detail in the literature base to guide clinicians faced with 

bronchiectasis-COPD overlap syndrome (BCOS). In such circumstances, experienced 

clinicians will rely on their judgement to decide whether to base prognostic estimates 

on COPD severity (as per GOLD79 etc) or bronchiectasis severity (as per BSI188 or 

FACED187). The inclusion of emphysema in the BRICS180 score can be seen as an 

acknowledgement of a demand for a severity index combining both diseases. This is 

an important area of future research, and one which should include AATD patients as 

a cohort in which the two diseases often coexist. 
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6.8 Final conclusion 

To address the final research objective (section 1.5.6), bronchiectasis in alpha-1 

antitrypsin deficiency occurs independently of COPD, but is usually mild. However, its 

presence and severity are correlated with mortality, as it is in other causes. It therefore 

constitutes an important clinical phenotype of alpha-1 antitrypsin deficiency, and may 

be used as a distinct phenotype in clinical trials of emerging therapies. However, since 

the majority of patients will also have COPD, further research in BCOS is required to 

clarify treatment strategies in this overlap. 
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8 Appendix 

8.1 Example of checking model assumptions 

Figure A1: Testing of model assumptions using “performance” package in R, for the 

association of KCO % predicted annual change with ≥3 lobe involvement, with covariates of 

age, sex, smoking status (ever vs never) and COPD diagnosis. 



261 
 

8.2 Multivariate multinomial regression models 

Multivariate multinomial regression models which did not find significant correlations with the 

variables of interest are presented here to avoid an overabundance of large complex tables in 

the main thesis. In many cases, there was insufficient variance of variables in each mMRC 

score category; this is noted in each case. 

8.2.1 Sputum colour and mMRC 

Figure A2.35: Associations of mMRC score with sputum colour, whole cohort 

  mode mMRC 

Associations Odds Ratios CI p mMRC score 

colour 1.68 0.91 – 3.12 0.099 1 

age bl 1.11 1.04 – 1.18 0.003 1 

sex [Male] 2.46 0.63 – 9.61 0.194 1 

ever smoker [Yes] 0.99 0.28 – 3.52 0.985 1 

COPD [Yes] 1.21 0.25 – 5.73 0.813 1 

colour 1.09 0.66 – 1.81 0.728 2 

age bl 1.10 1.04 – 1.17 0.001 2 

sex [Male] 0.87 0.31 – 2.45 0.787 2 

ever smoker [Yes] 2.39 0.77 – 7.37 0.130 2 

COPD [Yes] Insufficient variance Insufficient variance Insufficient variance 2 

colour 1.22 0.74 – 2.01 0.443 3 

age bl 1.11 1.05 – 1.18 <0.001 3 

sex [Male] 0.61 0.22 – 1.67 0.331 3 

ever smoker [Yes] 8.70 2.58 – 29.32 0.001 3 

COPD [Yes] 28.20 2.77 – 287.50 0.005 3 

colour 1.48 0.85 – 2.57 0.161 4 

age bl 1.02 0.96 – 1.08 0.532 4 

sex [Male] 1.28 0.42 – 3.92 0.663 4 

ever smoker [Yes] 7.06 1.59 – 31.42 0.010 4 

COPD [Yes] 9.18 0.96 – 87.27 0.054 4 

Observations 256 

R2 / R2 adjusted 0.242 / 0.239  
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Figure 36: Associations of sputum colour and mMRC score, bronchiectasis only 

  mode mMRC 

Associations Odds Ratios CI p mMRC score 

colour 1.08 0.39 – 2.96 0.885 1 

age bl 1.06 0.94 – 1.20 0.331 1 

sex [Male] 3.78 0.47 – 30.61 0.209 1 

ever smoker [Yes] 0.64 0.07 – 5.55 0.681 1 

COPD [Yes] 0.95 0.07 – 12.20 0.969 1 

colour 0.74 0.28 – 1.94 0.536 2 

age bl 1.00 0.89 – 1.13 0.956 2 

sex [Male] 3.59 0.43 – 29.96 0.233 2 

ever smoker [Yes] 0.32 0.04 – 2.84 0.301 2 

COPD [Yes] Insufficient variance Insufficient variance Insufficient variance 2 

colour 0.87 0.35 – 2.21 0.774 3 

age bl 1.02 0.91 – 1.14 0.714 3 

sex [Male] 0.81 0.12 – 5.64 0.827 3 

ever smoker [Yes] 4.11 0.51 – 33.24 0.182 3 

COPD [Yes] 12.35 0.72 – 213.19 0.083 3 

colour 1.13 0.40 – 3.23 0.817 4 

age bl 0.91 0.81 – 1.04 0.167 4 

sex [Male] 2.25 0.26 – 19.38 0.453 4 

ever smoker [Yes] 1.42 0.14 – 14.68 0.766 4 

COPD [Yes] Insufficient variance Insufficient variance Insufficient variance 4 

Observations 84 

R2 / R2 adjusted 0.295 / 0.288 
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8.2.2 Sputum bacterial load and mMRC 

Table A1.2: No association between bacterial load and mMRC score. Covariates age, sex, smoking status and 

COPD truncated for simplicity. 

  mode mMRC 

Associations Odds Ratios CI p mMRC score 

Bacterial load (organisms x10-3/ml) 1.00 1.00 – 1.00 0.375 1 

Bacterial load (organisms x10-3/ml) 1.00 1.00 – 1.00 0.617 2 

Bacterial load (organisms x10-3/ml) 1.00 1.00 – 1.00 0.531 3 

Bacterial load (organisms x10-3/ml) 1.00 1.00 – 1.00 0.660 4 

Observations 277 

R2 / R2 adjusted 0.150 / 0.148 
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8.3 Z polymer levels and mMRC 

Table A15.2: No association between mMRC score and Z polymer levels 

  mode mMRC 

Associations Odds Ratios CI p mMRC score 

mean z polymer ugl 0.98 0.95 – 1.02 0.277 1 

age bl 1.16 1.09 – 1.23 <0.001 1 

sex [Male] 1.68 0.59 – 4.79 0.333 1 

copd [Yes] 1.54 0.49 – 4.81 0.453 1 

ever smoker [Yes] 3.39 1.12 – 10.21 0.031 1 

mean z polymer ugl 0.99 0.96 – 1.02 0.575 2 

age bl 1.14 1.07 – 1.21 <0.001 2 

sex [Male] 1.74 0.59 – 5.15 0.318 2 

copd [Yes] 12.29 2.27 – 66.56 0.004 2 

ever smoker [Yes] 6.06 1.82 – 20.24 0.004 2 

mean z polymer ugl 0.97 0.93 – 1.01 0.145 3 

age bl 1.13 1.06 – 1.21 <0.001 3 

sex [Male] 1.73 0.54 – 5.55 0.356 3 

copd [Yes] 5.04 1.11 – 22.89 0.036 3 

ever smoker [Yes] 8.39 2.18 – 32.30 0.002 3 

mean z polymer ugl 0.97 0.93 – 1.02 0.221 4 

age bl 1.07 0.98 – 1.16 0.111 4 

sex [Male] 2.44 0.57 – 10.39 0.224 4 

copd [Yes] Insufficient variance Insufficient variance Insufficient variance 4 

ever smoker [Yes] Insufficient variance Insufficient variance Insufficient variance 4 

Observations 176 

R2 / R2 adjusted 0.291 / 0.288 
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8.4 Patients with outlying mean biomarker values 

Table A1.3: Selected characteristics those with statistically outlying biomarker levels. 
Mean biomarker reading Baseline age Sex Genotype Ever smoker COPD Bronchiectasis Other relevant detail 
Z polymers (µg/l)  
105.9  57 F ZZ Yes Yes No  
86.3  48 M ZZ Yes Yes No  
85.1  64 M ZZ Yes No No  
80.4  46 M ZZ Yes Yes No  
Eosinophils (x109/L) 
1.01 61 F ZZ No Yes Yes  
0.80 48 M ZZ Yes Yes No  
0.77 26 F ZZ Yes No Yes Asthma 
0.73 66 F ZZ No Yes No  
0.70 32 F ZZ No No No  
0.68 52 F SZ Yes No No  
0.66 20 F ZZ No No No  
0.60 65 F ZZ No Yes No  
0.57 27 F SZ No No No  
0.56 52 M ZZ Yes Yes Yes  
0.55 73 M ZZ Yes No No  
Platelet (x109/L) 
498 43 M ZZ Yes Yes Yes  
489 65 F ZZ Yes Yes Yes  
467 33 M ZZ Yes Yes No  
462 54 M SZ Yes Yes No  
459 41 M Z-Null Yes Yes No  
459 49 F SZ Yes Yes No  
450 54 F ZZ No Yes No  
444 58 M SZ Yes Yes Yes  
440 43 F ZZ Yes Yes No  
439 53 F ZZ Yes Yes No  
436 65 F SZ No No No  
434 44 F ZZ Yes Yes No  
CRP (mg/dl) 
76.6 56 M ZZ Yes Yes No  
60.7 49 F ZZ Yes Yes No  
53.0 43 F ZZ Yes Yes No Single reading 
45.0 46 M ZZ No Yes No Single reading 
40.2 43 M ZZ Yes Yes No  
31.8 53 F ZZ Yes Yes No  
TNFα (pg/ml) 
8.22 39 M ZZ Yes No No  
7.58 42 F ZZ Yes No No  
7.41 52 F SZ Yes No No  
IL-6 (pg/ml) 
10.45 51 M ZZ Yes Yes Yes  
6.57 40 F ZZ Yes Yes Yes  
IL-8 (pg/ml) 
25.4 20 F ZZ No No No  
25.0 57 M ZZ Yes No Yes  
24.0 64 F ZZ No No No  
20.8 79 M SZ Yes Yes Yes  
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20.5 40 F SZ Yes No No  

8.5 Heatmaps 

Figure A1.4a: Heatmap showing correlation between continuous data in biomarkers and clinical outcomes, whole 

AATD cohort 
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Figure A1.4b: Heatmap showing correlation between continuous data in biomarkers and clinical outcomes, limited 

to AATD-bronchiectasis only 
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8.6 Lobar involvement and mMRC score 

Figure A1.5a: Collinearity between age and COPD 
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Figure A1.5b: Associations of lobar involvement with mMRC score 

  mode mMRC 

Associations Odds Ratios CI p Response 

n lobes 0.88 0.71 – 1.10 0.260 1 

age bl 1.07 1.02 – 1.12 0.005 1 

sex [Male] 1.90 0.79 – 4.60 0.153 1 

ever smoker [Yes] 3.06 1.18 – 7.95 0.021 1 

copd [Yes] 0.85 0.32 – 2.28 0.747 1 

n lobes 0.87 0.69 – 1.11 0.270 2 

age bl 1.05 1.00 – 1.10 0.038 2 

sex [Male] 1.14 0.46 – 2.85 0.771 2 

ever smoker [Yes] 3.09 1.12 – 8.55 0.030 2 

copd [Yes] 12.97 2.58 – 65.11 0.002 2 

n lobes 0.89 0.70 – 1.13 0.342 3 

age bl 1.03 0.99 – 1.08 0.166 3 

sex [Male] 1.05 0.43 – 2.59 0.914 3 

ever smoker [Yes] 8.12 2.78 – 23.68 <0.001 3 

copd [Yes] 8.44 2.04 – 34.92 0.003 3 

n lobes 1.02 0.76 – 1.38 0.884 4 

age bl 1.02 0.96 – 1.08 0.503 4 



270 
 

sex [Male] 0.96 0.32 – 2.86 0.944 4 

ever smoker [Yes] 10.71 2.28 – 50.24 0.003 4 

copd [Yes] 5860861.58 968167.20 – 35479097.38 <0.001 4 

Observations 259 

R2 / R2 adjusted 0.116 / 0.113 
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