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DISSERTATION ABSTRACT 

The burden of tuberculosis (TB) is high globally and in sub-Saharan Africa (SSA). Although TB 

treatment regimens are now widely available, and with high success rates in most parts of 

the world, TB can lead to long-term health consequences. Evidence has shown that 

completion of TB treatment can mark the beginning of chronic lung damage and other 

sequelae. There is a need for early identification of individuals at risk of post-tuberculosis 

lung damage (PTLD) to necessitate its appropriate management. This study evaluated the 

significance of radiological features from computed tomography (CT) scan in describing 

PTLD patterns at treatment completion and predicting PTLD outcomes at 12 months post 

treatment, as a possible tool to detect risk of PTLD at an early stage. 

This thesis comprises three parts. Part A is the study protocol, which outlines the purpose, 

methods and ethical considerations of the proposed study. Part B is the literature review, 

which summarizes the existing literature on PTLD, the risk factors for PTLD, and the 

relationship between imaging data and PTLD. The objective of the literature review was to 

identify gaps in literature which would provide context for further research. Part C is the 

journal-ready manuscript, which provides the results of the conducted study and a 

discussion on the implication of these results.  

The results of the study showed that CT imaging features were important in determining 

concurrent abnormal spirometry at baseline in post-TB individuals. These features were not 

useful in predicting spirometry outcomes at 12 months after treatment completion. 

However, there is need for further validation of these results in other settings and the 

consideration of other lung damage outcomes. 
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PURPOSE OF THE STUDY 

Aim: The aim of this study is to describe the relationship between post-tuberculosis (TB) 

treatment lung imaging measures and an a-priori definition of post-TB lung damage (PTLD), 

and to develop models for prediction of clinical outcomes at 12 months post-TB treatment 

completion based on early imaging data and other characteristics. 

  

● Objective 1: Describe the characteristics and lung disease outcomes in a cohort of 

post-TB treatment adults from an urban setting in Malawi. 

  

● Objective 2:   Carry out variable reduction/variable selection methods on lung 

imaging features measured on computed tomography (CT) to identify the features 

most useful for discrimination between clinical outcomes. 

  

● Objective 3: Estimate the predictive performance of variables identified in Aim 2 

with pre-labelled groups of individuals. 

 

 

BACKGROUND 

Tuberculosis (TB), an infectious disease usually affecting the lungs, is one of the leading 

causes of death worldwide.1,2 In 2017 alone, 10.0 million incident cases were reported with 

more than 1.6 million deaths in both human immunodeficiency virus (HIV)-infected and 
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uninfected people.2 This burden of TB is spread unequally across the world regions. The 

World Health Organization (WHO) ranks the African region second in the number of incident 

cases per year after the South-East Asia region, but leading in terms of TB and HIV co-

infection.2 

TB infection is usually accompanied by acute complications such as acute respiratory 

symptoms which are often the focus of treatment and care.3 However, TB disease and its 

treatment can also cause chronic complications which are rarely considered in many low-

resource health-care settings.3 These chronic complications include persistent respiratory 

symptoms, impaired pulmonary functions4,5 and abnormal radiological findings.5 A number 

of studies have provided evidence that these complications are usually associated with poor 

clinical outcomes such as fibrosis or lung scarring,5 chronic obstructive pulmonary disease 

(COPD) which is defined as “persistent respiratory symptoms and airflow limitation”6,7 and 

bronchiectasis, which is the “permanent dilatation and distortion of the airways”.5,7 These 

complications and outcomes have been grouped together as “post-tuberculosis lung 

damage” (PTLD). 

Fibrotic changes in TB patients are present after treatment completion and signify 

treatment effectiveness.8,9 A study in India, one of the countries with high TB incidence 

rates, looked at abnormal radiological findings in post-TB patients, finding that the majority 

of individuals (86.0%, 170/198) had abnormal radiological findings 14-18 years after long 

duration treatment for TB.10 One of the most common abnormal radiological findings was 

fibrosis, which was present in 36.0% of those with abnormal radiological findings. Fibrosis 

was also reported in another study in India as the common (38.7%) pulmonary lesion in 120 

cases of pulmonary TB (PTB).11  
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COPD is also common among individuals with a history of TB.5,7  A systematic review by 

Byrne et al.,7 which included studies that investigated the relationship between a history of 

TB and COPD, found an association between previous TB and spirometry confirmed COPD in 

adults of all ages. The association was higher for countries with higher TB incidence rates.7 It 

is to be noted, however, that most of the studies in the review were cross-sectional studies 

which cannot fully assess temporality. Obstructive ventilatory defects were observed in 26 

of 47 individuals (55.3%) previously treated for PTB in a case series study in Pakistan.12 

Similarly, an evaluation of the prevalence of chronic respiratory symptoms and pulmonary 

dysfunction in Brazil found 41.0% of the patients had pulmonary dysfunction with a majority 

of these being obstructive disorders.4 

Furthermore, previous TB has been reported to be a common aetiology of bronchiectasis.1 

Qi et al.13 studied the aetiology and clinical characteristics of bronchiectasis in a Chinese 

population (another country with high TB incidence rates). In this study, previous TB was the 

second most common risk factor of bronchiectasis in the study population.13   Individuals 

with a history of TB had a statistically significant higher frequency of both left and right 

upper lobe involvement compared to those without a history of TB.13  Byrne et al.7 also 

reported a statistically significant association between bronchiectasis and a history of TB. 

One of the factors that differentiates the risk of such outcomes in post-TB individuals is the 

severity of disease as seen on radiological imaging of TB patients before treatment.14,15 

Chung et al.15 also reported that less improvement in this radiological damage after TB 

treatment was suggestive of even more poor clinical outcomes.  A further exploration of this 

relationship has been done in a few studies mostly in Korea and India.16,17 It has been 



5 | P r o t o c o l  
 

observed that severe radiological damage after TB treatment is significantly associated or 

moderately correlated with other PTLD clinical outcomes.17-19 

It is clear that radiological findings are useful in describing severity of lung function 

impairment as well as various clinical outcomes. These can be used as a possible tool for 

early detection of PTLD outcomes. However, as can be seen from the evidence above, this 

association has been studied mainly in the Asian world region using a majority of cross-

sectional and retrospective studies. Furthermore, the statistical methods used to derive the 

suggested associations have been mainly tests of association or correlation coefficients. This 

proposed study aims to look at the relationship between lung imaging findings and PTLD 

with the use of computed tomography (CT) measures that have been derived by robust 

data-driven variable selection methods. Using prospective data from sub-Saharan Africa 

(SSA), results from this study might be beneficial to management of PTLD in similar settings. 

 

METHODS 

STUDY DESIGN 

The proposed work will use secondary data from “The Life After Pulmonary TB” study, which 

is a prospective cohort study carried out in urban Blantyre, Malawi. The parent study had a 

primary aim to look at the prevalence, nature and severity of post-TB lung damage. 

Individuals finishing pulmonary TB treatment with a “Treatment success” outcome were 

followed for 12 months after the completion of TB treatment. Study visits occurred at TB 

treatment completion, as a baseline study visit, at six months post-TB treatment and at 12 



6 | P r o t o c o l  
 

months post-TB treatment. The data used in the study were gathered from a non-

probability sample of 405 individuals. 

 

STUDY POPULATION 

A total of 405 individuals were included in the parent study. These individuals were between 

the ages of 15 and 84. During recruitment, individuals who were residents of urban Blantyre 

and on TB treatment were eligible for the study. The inclusion criteria for the baseline visit 

was individuals with TB “Treatment success” (“Cured” or “Treatment completed”). Both 

HIV-infected and uninfected individuals were included. 

  

RECRUITMENT AND ENROLMENT 

TB patients visiting hospitals/clinics in the vicinity of urban Blantyre for their TB treatment 

were approached. Those meeting eligibility criteria for recruitment were asked for and 

provided written informed consent for participation in the study, and were able to withdraw 

at any point during the study. 

Inclusion and Exclusion Criteria 

Recruitment 

The inclusion criteria for recruitment covered individuals who were ≥ 15 years of age, who 

had PTB as defined by the National TB program, with the first episode of TB treatment and 

within two months of TB treatment success. All individuals with WHO danger signs or with 

positive TB smear or culture were not eligible for recruitment. 
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Baseline Visit 

Individuals who were alive, with “Treatment success” (“Cured” or “Treatment completed”) 

at TB treatment completion and healthy enough to participate in the study were eligible for 

the baseline visit. Those who failed TB treatment, died, were acutely unwell, relocated from 

Blantyre or unable to be reached, were excluded from the baseline visit. 

Six-month visit 

At the six-month visit, all those who participated in the baseline visit were eligible for 

participation. In addition to this, individuals must have been alive and well at the time of the 

six-month visit. All individuals who had relocated, withdrew or were unable to be reached 

were excluded from participation. 

12-month visit 

Individuals who had been in the study from the baseline visit through to the six-month visit 

were eligible for the final follow-up visit at 12 months post-TB treatment. Participation in 

this visit was only possible if individuals were alive, well, still willing to continue in the study 

and still residing within the Blantyre area. 

 

RESEARCH PROCEDURES AND DATA COLLECTION METHODS 

Baseline characteristics 

At the baseline visit, detailed questionnaires were administered to the individuals for the 

purpose of getting necessary patient characteristics. These patient characteristics included 

demographic data, HIV- and TB-related information, respiratory exposures and socio-
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economic status (SES). The questionnaires were administered by trained interviewers who 

were hired by the principal investigator (PI) of the parent study. All interviews were done in 

the local language. 

Spirometry data 

All study visits included spirometry tests, using the ndd EasyOne Spirometer. Spirometry was 

done to American Thoracic Society (ATS) standards. Spirometry abnormalities were defined 

according to the NHANES III, GLI and Local reference ranges. 

Imaging data 

CT scans were done at baseline only. These scans were done at two locations in the country, 

depending on availability and functionality of the equipment. The same imaging protocol 

was used for both locations to ensure comparability. The CT images were assessed by two 

experienced radiologists and discrepancies were resolved by a third experienced reader. The 

primary CT variables included parenchymal variables, bronchiectasis variables, airway 

variables, cavity variables, other lobar variables and whole lung variables. 

  

DATA SAFETY AND MONITORING 

Data with no patient-identifying information were stored on a central server at the 

Liverpool School of Tropical Medicine with regular back-ups. The data were password-

protected and only approved personnel had access. Electronic devices used to collect the 

data were erased regularly. Any physical copies of patient information were stored in locked 

cupboards. 
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Data given by the participants were verified by examining patient health books and the TB 

National Treatment Program register. The PI of the parent study performed regular weekly 

reviews and queries of the questionnaire data collected to ensure completeness and quality. 

Quality control of the spirometry data was done on a daily basis by the PI and included 

retraining of the study team where necessary. Further quality assurance on the spirometry 

data was sourced externally. CT imaging data were reviewed by the PI as well, and in some 

instances, it was done together with collaborating radiologists. 

  

DATA ANALYSIS 

Descriptive Statistics 

Descriptive statistics for patient characteristics, spirometry and CT variables will be used for 

exploratory analysis of the data. These will include frequency distributions (%) for 

categorical variables and mean (standard deviation)/median (inter-quartile range) for 

continuous variables. 

Variable selection 

Data-driven variable selection methods such as Principal Component Analysis (PCA), 

penalized regression and random forest will be used to develop reduced variable sets. These 

methods have been selected because of their capabilities in handling many predictor 

variables and collinearity. Results will be presented via variable importance scores. 

Predictive models 

The most important variables from above will be used for predictive modelling using 

principal components regression, penalized regression and random forest. Several PTLD 
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outcomes will be used as outcome variables. Other covariates to be included in the 

prediction models are age, gender, body mass index (BMI), HIV status, smoking status and 

SES status. The full data set will be randomly split into a training data set and a testing data 

set. The training data set will be used for the initial formation of the regression models using 

cross-validation and the testing data set will be used for validation of these models. 

Receiver operating characteristic (ROC) curves will be used to assess the prediction 

performance of the models. Other results will be reported with 95% confidence intervals.  

Software 

All analyses will be performed using R software version 3.4.3. 

  

ETHICAL CONSIDERATIONS 

ETHICS APPROVAL 

The parent study was carried out under ethics approval from the Malawi College of 

Medicine Research and Ethics Committee (P.10/15/1813, Appendix B). For the proposed 

study, ethics approval from the Human Research Ethics Committee (HREC) of the Faculty of 

Health Sciences at the University of Cape Town will be sought. 

RISKS AND BENEFITS 

This will be an analysis of secondary data, so there are no direct risks or benefits to the 

individuals. 
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INFORMED CONSENT PROCESS 

Informed consent was sought from all individuals prior to study enrolment. Participants 

between the ages of 15 and 18 provided assent and informed consent was given by their 

guardians. The informed consent included information on the purpose of the study and the 

potential risks and benefits of the study. This information was given in the local language. 

Individuals were informed that their participation was voluntary and that they had the right 

to withdraw at any point of the study if they decided to do so. 

PRIVACY AND CONFIDENTIALITY 

This will be an analysis of secondary data that has already had identifiers removed. No 

patient identifying information would be available to the study investigators. Study data will 

be kept on a password-protected computer and only non-identifying summary measures 

will be reported and published. 
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INTRODUCTION 

Tuberculosis (TB) remains one of the leading causes of mortality and morbidity in the world, 

with 1.6 million deaths and 10.0 million new infections in 2017 alone.1 In Africa, which is the 

region with the highest TB incidence rates after South-East Asia, there were 0.6 million TB 

associated deaths and 2.4 million new TB infections in that same year.1 These new 

infections in Africa represented 25.0% of the global TB incident cases.1 

Amid this epidemic, effective TB treatment has been widely available with coverage rates of 

up to 52.0% in Africa.1 Consequently, high treatment success rates have been reported (up 

to 82.0%).1 This has seen many people successfully treated for TB and regarded as cured. 

Nevertheless, when TB patients have successfully completed their treatment, most TB 

health services do not provide for their life after treatment. In addition, the WHO ‘end TB’ 

strategy, which is a strategic plan for achieving a world free of TB, focuses only on mortality, 

morbidity and suffering associated with TB infection.2,3  

Empirical evidence has shown that TB infection is usually associated with lung damage, 

acute or chronic, after completion of treatment.3-5 Despite this, there has been insufficient 

focus on the management of post-tuberculosis lung damage (PTLD). One form of PTLD 

management that has been suggested in the literature is pulmonary rehabilitation for TB 

patients after successful treatment.6 This involves exercise training, relaxation, breathing 

retraining,6 resistance training7 and education on TB,6,7 chronic respiratory diseases (CRD) 

and their management.7 This is done with the aim of improving pulmonary function, 

physical function and quality of life in post-TB individuals.6,7 Although management of PTLD 

may be possible, there is a need for identification of individuals likely to develop PTLD at an 

early stage to facilitate appropriate and timely care. 
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The proposed research, aims to investigate the detection of PTLD by using imaging data to 

describe and predict patient outcomes after completion of TB treatment. The current 

literature review aims to inform the proposed research by evaluating previous work done on 

the relationship between lung imaging features and PTLD. The review will specifically 

address the following objectives: 

• To describe PTLD characteristics and outcomes 

• To synthesize the evidence on risk factors for PTLD 

• To synthesize the evidence on the significance of imaging features in post-TB 

individuals. 

The above objectives, once met, will guide the focus of the proposed study. 

 

SEARCH STRATEGY 

An electronic search of the PubMed, Google Scholar, Scopus and EBSCO host (Africa-Wide 

Information, CINAHL, Health Source-Nursing/Academic information) databases was done to 

find the relevant literature. The search was restricted to English language articles published 

in the last 10 years. No restrictions were placed on the geographic region of study. The 

search terms used were “post-tuberculosis OR post-TB”, “radiology OR radiography”, 

“computed tomography OR CT” and “lung damage”.  These were combined with the 

Boolean operator “AND”, where appropriate and adapted for each database. Titles and 

abstracts were reviewed from the initial search results to obtain relevant literature. 

Furthermore, reference lists of the identified relevant literature were also reviewed to 
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obtain additional articles. The detailed inclusion and exclusion criteria have been presented 

in Table B1 and a summary of the included studies is presented in Table B2. 

Table B1: Inclusion and exclusion criteria of the selected relevant articles. 

Category Inclusion Exclusion 

Study population • Adults with a history of 

pulmonary TB 

• Adults with a history of other 

forms of TB 

• Adults without a history of TB 

• Children with or without a history 

of pulmonary TB 

Study design • Review (systematic or non-

systematic) 

• Comparative studies (controlled 

trials, cohort and case-control) 

• Case series 

• Case study or report 

Study setting • All world regions  

Outcome measures • Lung damage or other related 

outcomes after TB treatment 

 

Language • English   

Publication dates • 2008 - 2018  

Text availability • Full text  

 

OUTLINE OF THE REVIEW 

The review will summarize the literature by first focusing on the description of PTLD 

characteristics and outcomes. A synthesis of the suggested risk factors for these PTLD 

characteristics and outcomes will follow. Subsequently, there will be a section on imaging 
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features and lung damage, and then a conclusion on what has been discussed thus far. 

Finally, the review will end with a section on the gaps identified in the literature. 

 

SUMMARY OF THE LITERATURE 

PTLD CHARACTERISTICS AND OUTCOMES 

Lung damage after the completion of TB treatment is evident in most patients,3-5 and often 

leads to poor quality of life.8,9 Patients who have completed treatment for pulmonary 

tuberculosis (PTB) usually move from the burden of an infectious disease (TB) to a new 

burden of non-communicable diseases (NCDs) that relate to long-term lung damage.4 An 

example of such NCDs is chronic respiratory diseases (CRDs), for which PTB has been shown 

to be a risk factor.3,4,10 CRDs are defined by the WHO as “chronic diseases affecting the 

airways and other structures of the lung”.11 CRDs in post-TB individuals are manifested 

through several lung damage characteristics and outcomes.   

PTLD characteristics 

Lung damage characteristics, which are symptoms of compromised lung function, in post-TB 

individuals include persistent respiratory symptoms, abnormal spirometry patterns and 

abnormal radiological findings. 

Respiratory symptoms  

Persistent respiratory symptoms are common in post-TB individuals. These include 

haemoptysis,12,13 cough,6,14,15 sputum,14 chronic bronchitis, asthma,16 dyspnoea,14-16 

wheeze14,16 and expectoration.15 These symptoms have been reported with high prevalence 
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(45.0-62.1%) in countries such as South Korea, Cameroon,6 South Africa,16 Brazil14 and 

India,15 most of which are high TB burden areas. However, the majority of studies with these 

observations were cross-sectional studies, which make it difficult to determine direction of 

causation.  

The most observed of these respiratory symptoms vary among post-TB populations. Santra 

et al.15 reported dyspnoea as the most common respiratory symptom (95.7%), followed by 

cough (89.9%). This was in an Indian population of 138 patients (53.6% with respiratory 

symptoms) with a history of PTB (> 6 years prior) and symptoms of obstructive airway 

disease.15 On the other hand, Nihues et al.14 observed cough as the most common symptom 

(28%) and dyspnoea as the least observed symptom (8%) in 121 Brazilian adults who had 

been successfully cured of TB. In a review of epidemiological studies done in South Africa, 

chronic bronchitis was commonly reported (in five out of seven studies).16  

Spirometry symptoms 

Lung damage due to TB disease causes poor lung function in patients, as seen by spirometry 

tests (pulmonary function tests). This usually persists after treatment completion into 

spirometry patterns of obstruction, restriction or mixed, signifying affected lung function.6,16 

The dominance of these patterns also varies among post-TB populations. Allwood et al.5 

reported a prevalence of obstructive spirometry pattern ranging from 15.0-68.0% among 

the adults with previous TB in a systematic review. These individuals were either studied 

soon after TB treatment completion, or followed prospectively for 15 years and 

retrospectively for 5.6 years.5 In contrast to the high prevalence of obstructive spirometry 

patterns, mixed spirometry patterns were observed in 9.3-34.0% of these individuals.5 These 

results were from countries such as Pakistan, United States of America (USA), South Africa, 
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Serbia, Brazil and Taiwan. In most of these studies, however, it was unclear whether airflow 

obstruction pre-dated TB treatment commencement. In their review, Munoz-Torrico et al.6 

also reported dominant obstructive spirometry patterns of 68.0%, 62.9%, 62.5% and 55.3% 

among study participants from the USA, Cameroon, India and Pakistan respectively, as 

compared to other spirometry patterns. 

In other post-TB populations, mixed spirometry patterns have been reported to be 

dominant compared to the obstructive and restrictive spirometry patterns. In a study by 

Meyyappan et al.,9 mixed spirometry patterns were the most reported (39.5%) in an Indian 

population with previous PTB. This was a population of 200 patients, of which 81% had 

spirometry abnormalities.9 Obstructive spirometry pattern was the second most reported 

abnormality (23.5%) and 18% had restrictive spirometry abnormalities.9 Santra et al.15 also 

reported dominant mixed spirometry patterns (72.5%) in post-TB patients.  

Restrictive spirometry patterns have not been reported as commonly as the other two 

spirometry patterns. Nevertheless, Nair et al.8 reported restrictive abnormality as the most 

common spirometry abnormality in a cross-sectional study of 443 patients who had 

successfully completed TB treatment. The majority of these patients (65.7%) had abnormal 

spirometry patterns, of which 35.0%, 20.3% and 10.4% had restrictive, mixed and 

obstructive patterns respectively.8 

Abnormal radiological findings 

Abnormal radiological findings, suggestive of different lung pathologies, are another 

characteristic of PTLD. These have been observed in post-TB individuals on either chest X-

rays (CXR) or computed tomography (CT) scan. Meghji et al.,17 in a systematic review on the 

nature of post-TB lung disease, reported a prevalence of post-TB radiological features such 
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as cavitation, fibrosis, pleural thickening, nodules, emphysema, consolidation and 

mosaicism. These features were observed with differing prevalence, depending on whether 

they were observed on CXR or CT scan. Pleural thickening, nodules, consolidation and 

mosaicism features were only observed on the CT scan.17 In a retrospective study of 66 

newly diagnosed PTB adults (>20 years) in Korea, 50.0% had possible active parenchymal 

lesions on CT after treatment while a further 8.0% had equivocal parenchymal lesions on CT 

after treatment.18 However, none of these lesions persisted after a mean follow-up period 

of 15 months.18 In another retrospective study of 441 new cases of pulmonary, pleural and 

mediastinal TB in New Delhi, India, 40.4% had residual CXR lesions after treatment.19 Of 

these residual lesions, 67.4% were pulmonary, 23.6% were pleural and 9.0% were 

mediastinal in nature.19 The pulmonary lesions consisted of fibrosis (38.7%), cavity (21.4%), 

and calcification (3.0%), among others.19  

  

PTLD outcomes  

The PTLD characteristics of persistent respiratory symptoms, abnormal spirometry patterns 

and radiological findings are usually associated with two main lung damage outcomes: 

bronchiectasis, and chronic obstructive pulmonary disease (COPD). 

Bronchiectasis 

Bronchiectasis, a “permanent dilatation and distortion of the airways”20 characterised by a 

constant cough, is as a respiratory sequelae of PTB.4,17,20 Meghji et al.17 reported a 

prevalence of bronchiectasis ranging between 4.3-86.0%, depending on whether it was 

observed using CXR or CT scan. Higher prevalence of bronchiectasis was observed on CT 
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imaging.17 The results were found in mainly prospective studies done in Thailand, India, 

Brazil, Martinique, Canada and Taiwan.17 In addition, two studies from China and Korea, 

included in a systematic review by Bryne et al.,4 showed a significant positive association 

between previous TB and bronchiectasis in adults older than 18 years of age. Odds ratios 

(OR) of 3.1 and 4.6, respectively, were reported for this association.4 However, these results 

were from large population-based cross-sectional studies with inadequate information, non-

representative sampling methods, less than 50% participation rates, and assessment of 

exposure and outcome done in different samples.4 More evidence of the relationship 

between bronchiectasis and a history of TB was presented in a systematic review by Gao et 

al.,21 who looked at the aetiology of bronchiectasis in adults. In their review, TB was the 

widely reported post-infectious aetiology of bronchiectasis.21 Studies that reported post-TB 

bronchiectasis were mainly from Europe and Asia, with only one from Africa.   

Chronic obstructive pulmonary disease 

Chronic obstructive pulmonary disease (COPD), “characterised by persistent respiratory 

symptoms and airflow limitation”,22 is strongly associated with a history of TB especially in 

areas with high TB incidence rates.4-6,15,16,23 Bryne et al.4 estimated ORs between 1.8 and 6.3 

for the association between a history of TB and COPD.  Study participants were adults (>15 

years) from South Africa, Colombia, Korea, Philippines, Taiwan and other countries from 

Burden of Obstructive Lung Disease (BOLD) studies.24 These results were adjusted for 

smoking and age, which are known risk factors of COPD.4 Furthermore, Sarkar et al.23 

reported ORs ranging from 1.4 to 4.0 for the association between a history of TB and COPD 

after adjusting for sex, age, smoking, ethnicity and exposure to dust, and smoke. 
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From the description of the prevalence of respiratory diseases above, it is evident that 

chronic lung damage is common among post-TB individuals. The question that arises from 

this evidence, however, is whether there are factors that differentiate the risk of PTLD in 

post-TB individuals.  

 

RISK FACTORS FOR PTLD 

The risk of PTLD for patients who complete TB treatment is associated to a number of 

factors. Identified factors include: smear-positive disease,25,26 delay in TB diagnosis and 

treatment,27-29 longer treatment duration, regimen change,25 human immunodeficiency 

virus (HIV) infection,28 baseline radiological damage25,26,28 and decreased improvement in 

radiological damage after treatment.25 However, some studies have not found an 

association between PTLD and delay in TB diagnosis and treatment or HIV infection. In a 

prospective study done in Texas in patients treated for PTB, pulmonary impairment after 

treatment was not associated with delay in TB diagnosis and treatment.10 While HIV 

infection was reported to be associated with PTLD by Ralph et al.,28 this association was only 

stronger in univariate analysis but weakened in a multivariate analysis. In addition, Ross et 

al.26 did not find any association between HIV infection and loss of lung function in a 

retrospective study of South African gold miners treated for PTB.    

One of the commonly reported risk factors for PTLD is the extent of radiological damage 

before TB treatment. Radiological scores of TB patients before treatment could provide 

important information in understanding the nature of PTLD. In addition, smaller 

improvement in these scores after treatment characterises PTLD and is also suggestive of 

future abnormal lung function.17,25 Establishing a relationship between imaging features and 
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other PTLD characteristics and outcomes could then provide a method of early detection 

and proper management of PTLD. 

 

IMAGING FEATURES AND LUNG DAMAGE 

Radiological features are of clinical significance in TB patients as they provide information 

on disease activity as well as treatment response.30,31 Lee et al.30 looked at high resolution 

CT (HRCT) findings in 52 PTB patients before and after treatment to evaluate the usefulness 

of HRCT in assessing disease activity. In this study done in Taiwan, they concluded that HRCT 

findings were capable of aiding in diagnosis of TB and early initiation of TB treatment. 

Specifically, they reported that micronodules and tree-in-bud HRCT features, which cannot 

be seen on CXR, were important signs of disease activity and could thus be used as 

diagnostic signs.30 In addition, the presence of fibrosis, the absence of pleural effusion and 

the disappearance of tree-in-bud features were reported to be signs of TB treatment 

effectiveness.30 Similar findings were reported in a study by Majmudar et al.31 in India. They 

conducted a retrospective study on 50 patients with suspected PTB to assess patterns of 

HRCT findings in active and inactive disease as well as to determine if HRCT findings can 

predict TB disease activity. More than half (28/50) of the patients  had inactive disease  and 

22 patients had active disease.31 Tree-in-bud appearance, ill-defined nodules and 

consolidation features were predictive of disease activity and these were observed in 77.0%, 

72.0% and 68.0% of those with active disease, respectively.31 Features predictive of inactive 

disease were traction bronchiectasis, scar formation and calcified granulomas. These 

findings were observed in 64.0%, 50.0% and 21.4% patients with inactive disease, 

respectively.31 However, the details of their predictive analyses were not explicitly stated. 
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Besides relating radiological findings to TB disease activity, the significance of such findings 

has been further explored in relation to persistent disease activity or lung damage after TB 

treatment. Seon et al.18 studied the significance of radiological lesions observed on a HRCT 

scan after TB treatment in a retrospective study in Korea. Residual active lesions after TB 

treatment were observed in half of the patients.18 The active lesions were defined as either 

residual parenchymal lesions >30% on the initial lesions before treatment, or tree-in-bud or 

cavitation appearance, or internal fluid bronchogram, or non-reduced low attenuation area 

in pneumonic consolidation.18 After a follow-up period of 15 months, these residual lesions 

did not predict any persistent disease activity or relapse of PTB.18 Only three of the patients 

with active lesions after TB treatment had new or aggravating lesions after the follow-up 

period.18  

On the other hand, several studies have evaluated the association between radiological 

findings and lung damage post-TB. Santra et al.15 looked at the radiologic and spirometric 

profile of an Indian population with a history of PTB and with symptoms of obstructive 

airway disease. Based on CXR results of these patients, the extent of radiological lesions 

which included pulmonary fibrosis, cavitation, calcification and bronchiectasis was grouped 

into three severity groups. From the severity groups, more severe radiological damage was 

associated with severe airflow limitation,15 This was characterised by severe involvement of 

radiological lesions in more than three zones of the lung, with or without cavitation.15 This 

relationship was statistically significant using a Chi-square test of association.15 According to 

Nair et al.,8 a similar characterisation of severity of CXR radiological damage was associated 

with poor quality of life scores in post-TB patients.  
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Using radiological findings from a CT scan, Panda et al.32 evaluated the correlation between 

such scores, dyspnoea and pulmonary function tests (PFT). They included CT measurements 

of fibrosis, cavitation, bronchiectasis, consolidation, nodule and aspergilloma. This was done 

in a sample of 101 individuals with a history of PTB, where 57.4% had dyspnoea and 77.2% 

had abnormal PFTs.32 Significant differences in fibrosis, bronchiectasis and nodule scores 

were observed between patients with dyspnoea and patients without dyspnoea.32 Negative 

correlation between PFTs (predicted FEV1 and FVC) and CT scores was observed, but this 

result was not statistically significant.32 Bak et al.33 also used CT findings to determine which 

features were associated with the severity of bronchiectasis in 127 Korean patients (40 post-

TB patients) with moderate-to-severe COPD. They used quantitative assessments of 

emphysema, air trapping and bronchial wall thickening. Moderate-to-severe bronchiectasis, 

which was associated with a history of TB, was also associated with severe air trapping.33  

This association was determined using analysis of variance (ANOVA). The other quantitative 

measurements of CT features did not have a statistically significant relationship with 

severity of bronchiectasis.33 

Meyyappan et al.9 used radiological features observed on a chest skiagram and reported a 

significant moderate correlation (r = 0.3) between pulmonary function and radiological 

features in post-TB individuals. A moderate correlation (0.4) was also seen between 

radiological features and quality of life of these individuals.9  

From the above evidence, radiological features are of significance in providing information 

on lung damage in both TB and post-TB patients. However, radiological features from a CT 

scan are of vital importance because of their high sensitivity to lung damage compared to 

other radiological features such as from CXR17,30,31 
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CONCLUSION 

Despite successful treatment completion for many TB patients, most of these patients will 

suffer from long-term associated illness. There is evidence of a high prevalence of PTLD in 

TB patients after treatment completion. PTLD is characterised by persistent respiratory 

symptoms such as haemoptysis, coughing, chronic bronchitis, asthma, dyspnoea and 

wheeze.6,12-16 In addition, lung function abnormalities are also characteristics of PTLD. These 

can be either obstructive, restrictive or mixed patterns.5,6,8,9,15 Abnormal radiological 

findings on CXR or CT scan such as fibrosis, emphysema, cavitation and pleural thickening, 

among others, are also common in post-TB individuals.17-19 These PTLD characteristics are 

associated with outcomes of bronchiectasis and COPD.4,17,21,23 PTLD is likely in those patients 

with smear-positive disease, HIV infection, poor baseline radiological scores, decreased 

improvement in radiological scores after treatment, longer TB treatment duration and 

delayed TB diagnosis and treatment.25-29 However, some studies have not found a 

relationship between PTLD and HIV status or delayed TB diagnosis and treatment.10,26 The 

relationship between radiological scores and PTLD has further been explored to establish 

the significance of radiological findings in determining other PTLD characteristics and 

outcomes. Significant associations have been reported, but there is a need for further 

research.8,9,15,32,33 

 

AREAS FOR FURTHER RESEARCH  

This review has highlighted the large body of evidence present for PTLD, even though most 

the studies included were lacking control populations. Despite covering a variety of world 



15 | L i t e r a t u r e  R e v i e w  
 

regions, very few studies were done in Africa, especially sub-Saharan Africa (SSA) where the 

TB burden is high. This calls for further research in such a region, which could help identify 

different patterns of PTLD, if any exist. This information could help in informing targeted 

management of PTLD.  The significance of radiological findings in post-TB individuals has 

been suggested as a method of determining who will experience PTLD. The review has 

revealed the methodological gap that is present in the suggested associations. As such, 

further research is required to investigate the significance of radiological findings, using 

robust methods, as a way of early detecting and managing PTLD. 

With the revealed gaps in knowledge, the proposed research seeks to evaluate the 

relationship between early CT imaging data and other PLTD clinical outcomes and to 

develop a PTLD prediction model using these imaging data. The knowledge from this will 

potentially provide an option for early detection and proper management of PTLD.  
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Table B2: Summary of the literature included in the review. 

Author, Year Country Study design Population Outcomes Key Findings 

Munoz-Torrico, 
2016 

Global Non-systematic 
review 

Adults treated 
for pulmonary 
tuberculosis 
(PTB) 

TB sequelae  
 

TB is responsible for functional sequelae, primarily 
obstruction spirometry pattern.  
 
There is a rationale for pulmonary rehabilitation 
after TB treatment 

Meghji, 2016 Global Systematic review Adults post 
pleural, miliary 
or PTB 

Post-TB lung disease High prevalence of residual structural pathology and 
residual abnormalities on imaging following PTB 
treatment 

Byrne, 2014 Global Systematic review General 
population 

Chronic obstructive 
pulmonary disease (COPD) 
and bronchiectasis  

TB associated with COPD and bronchiectasis 
especially in TB endemic areas 

Santra, 2017 India Cross-sectional 138 adults (≥18 
years) with a 
history of PTB  

Post-TB obstructive airway 
disease (OAD) 

Most patients with post-TB OAD have associated 
restrictive component.  
 
Pulmonary function among such patients was nor 
different by smoking status. 

Chakaya, 2016 Global Review Post-PTB adults Long-term complications 
following PTB treatment. 

Evidence of long-term complications after PTB 
treatment 

Niheus, 2015 Brazil Cross-sectional  120 adults (18-
65 years) with a 
history of TB 

Chronic symptoms 
 
Pulmonary dysfunction 
 

High prevalence of chronic respiratory symptoms 
and pulmonary dysfunction in post-TB patients 

Vecino, 2011 USA 
(Texas) 

Prospective cohort 123 adults 
treated for 
culture-
confirmed PTB 

Pulmonary impairment after 
TB (PIAT) 

PIAT was not related to duration of delay in 
tuberculosis diagnosis or treatment. 
 
No significant change in PIAT during follow-up period 

Menon, 2015 India Retrospective 
observational  

446 adults 
diagnosed and 
treated for 
pulmonary, 
pleural and 
mediastinal TB 

Radiological lesions Residual radiological opacities are widely seen in TB 
treated patients.  
 
Pulmonary lesions show more residual lesions.  

Pefura-Yone, 2014 Cameroon Cross-sectional 177 post-PTB Chronic respiratory signs  Forced expiratory flow 25-75%<65% is useful for the 
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study adults assessment and diagnosis of post-TB distal airflow 
obstruction. 

Seon, 2013 Korea Retrospective  66 post-PTB 
adults (>20 
years) 

Residual lesions in 
computed tomography (CT) 

Residual lesions did not predict persistent activity or 
relapse of PTB after 15-month follow-up 

Allwood, 2013 Global Systematic Review Post-PTB adults 
(>19 years) 

Chronic airflow obstruction 
(CAO) 

Evidence of positive association between PTB and 
CAO 

Chung, 2011 Taiwan Retrospective 115 post-PTB 
adults 

Pulmonary function Risk factors for pulmonary function deterioration 
include smear-positive disease, extensive pulmonary 
involvement prior to anti-TB treatment, prolonged 
anti-TB treatment, and reduced radiographic 
improvement after TB  

Lee, 2007 Taiwan Prospective cohort 52 adults with 
active PTB 

High resolution CT (HRCT) 
findings 

HRCT may be helpful in the diagnosis of PTB and 
assessment of the efficacy of anti-TB treatment 

Kumar, 2016 India Prospective 
observational 

168 adults with 
haemoptysis 

Causes of haemoptysis 
 
Imaging modalities 

TB the main cause of haemoptysis 
 
HRCT and Multidetector CT useful in identification of 
bleeding causes 

Nair, 2018 India Cross-sectional 443 post-TB 
adults (18-60 
years) 

Lung function 
 
Health related quality of life 
(HRQoL) 

PTB associated with poor quality of life 

Meyyappan, 2018 India Observational  200 adults (>18 
years) with PTB 
sequelae 

Respiratory and cardiac 
impairment  
 
HRQoL 

Significant functional impairment and poor quality of 
life associated with PTB sequelae 
 
Severe radiological scores correlated with respiratory 
and cardiac impairment, and HRQoL) 
 
 

Majmudar, 2017 India  Retrospective co-
relational  

50 adults with 
suspected PTB 

HRCT findings in active and 
inactive PTB patients 

HRCT findings can be important in diagnosis and 
management of PTB 

Gao, 2016 Global Systematic review Adults with 
bronchiectasis  

Aetiologies of bronchiectasis Most common aetiologies of bronchiectasis were 
idiopathic and post-infective. 

Sarkar, 2017 Global Review TB and COPD 
patients 

Epidemiology, 
characteristics, mechanisms 
and treatment of TB 

History of TB a risk factor of COPD 



18 | L i t e r a t u r e  R e v i e w  
 

associated COPD 

Shankar, 2018 India  Retrospective 
observational 

254 adults with 
haemoptysis 

Aetiology, pathogenesis, 
radiological profile and 
outcomes 
 

Active TB, TB sequelae, malignancy and 
bronchiectasis were common aetiologies of 
haemoptysis 

Bak, 2018 Korea Cohort  127 COPD 
patients 

Quantitative CT features 
and clinical values 
determining extent of 
bronchiectasis 

PTB history associated with moderate-to-severe 
bronchiectasis 
 
Air trapping associated with extent of bronchiectasis 

Ehrlich, 2011 South 
Africa 

Review Adults and 
adolescents 
with or without 
TB history 

Chronic symptoms 
 
Lung function loss 

PTB associated with airflow obstruction and 
restriction 

Ralph, 2013 Indonesia Case-control 200 PTB adults 
(≥15 years) 
 
40 healthy 
adult 
volunteers (≥18 
years) 

Morbidity during TB 
treatment 
 
Predictors of residual 
disability 

High 6-month residual pulmonary disability 
 
Advanced disease at baseline and HIV infection 
predicted residual disability 

Lee, 2012 Taiwan Cohort 3176 TB adults 
 
15880 non-TB 
adults 

Risk factors of COPD PTB and delay in TB treatment were risk factors of 
COPD 

Ross, 2010 South 
Africa 

Retrospective 
cohort 

185 PTB gold 
miners 
 
185 non-TB 
gold miners 

Lung function loss 
 
Predictors of excess lung 
function decline 

PTB associated with mean FEV1 loss of 40.3 ml/year 
(95% CI: 25.4 – 55.1) and mean FVC loss of 42.7 
ml/year (95% CI: 27.0 – 58.5) 
 
Severe clinical presentation of TB associated with 
greater lung function loss 

Panda, 2016 India  Prospective cross-
sectional 

101 post-TB 
adults (18-65 
years) with 
respiratory 
symptoms 

Correlation coefficients 
between dyspnoea, 
radiological findings and 
pulmonary function tests 
(PFT) 

Moderate correlation between radiological findings 
(fibrosis and bronchiectasis) and dyspnoea and not 
PFT 
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ABSTRACT 1 

Setting: Tuberculosis (TB) burden is high in sub-Saharan Africa (SSA). Although TB treatment 2 

is widely available, and with high success rates, empirical evidence demonstrates that 3 

completion of treatment can mark the beginning of chronic post-TB lung damage (PTLD).  4 

Objectives: To carry out feature selection and to evaluate the significance of computed 5 

tomography (CT) scan features in describing PTLD patterns at treatment completion and 6 

predicting PTLD outcomes at 12 months post-treatment.  7 

Design: Data from a longitudinal study carried out in urban Malawi, on life post-TB 8 

treatment, was used. Machine learning techniques for cluster analysis and variable selection 9 

of important CT features were applied. The predictive performance of these features was 10 

evaluated in models using baseline abnormal spirometry and 12-month spirometry as 11 

outcomes. 12 

Results: Among 346 adults, 24% had evidence of baseline abnormal spirometry. CT features 13 

were associated with baseline abnormal spirometry but not 12-month spirometry. For 14 

baseline abnormal spirometry groups, area under the curve ranged from 0.71 to 0.82 for 15 

three predictive models that were applied. The root mean squared error for 12-month 16 

spirometry ranged from 0.20 to 0.26. 17 

Conclusion: The methods demonstrate promise in use of early imaging data to identify 18 

individuals at risk of PTLD. 19 

  20 
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INTRODUCTION 21 

The disease Tuberculosis (TB) remains one of the major public health problems in the world. 22 

Recent statistics from the World Health Organization (WHO) show that nearly 10.0 million 23 

new TB infections and 1.6 million TB deaths were observed in 2017.1 Strides towards 24 

treatment availability for the drug susceptible form of TB infection have been made over the 25 

years, with very high (82.0%) treatment success rates.1 Unfortunately, patient clinical 26 

outcomes after treatment completion are rarely investigated, with much focus being only 27 

on the successful treatment completion.2,3 Evidence has shown that TB treatment 28 

completion may mark the onset of chronic post-tuberculosis lung damage (PTLD) for many 29 

patients.3-6 30 

Lung damage after TB treatment completion is manifested through various clinical 31 

characteristics and outcomes. Studies from South Korea, Cameroon, South Africa, India and 32 

Brazil have reported high prevalence (45.0 – 62.1%) of persistent respiratory symptoms such 33 

as coughing, bronchitis, asthma, dyspnoea, wheeze and expectoration in patients with a 34 

history of pulmonary TB (PTB) compared to patients without PTB.7-10 In addition, 35 

obstructive, restrictive and mixed spirometry patterns suggesting compromised lung 36 

function have also been observed in these individuals in countries such as India, South 37 

Africa, Pakistan and the United States of America (USA).4,8,10-12 Prevalence for such patterns 38 

of abnormal lung function are between 35.0-68.0% suggesting between a third to two-thirds 39 

of successfully treated TB patients suffer from long-term sequelae.4,8,10-12 PTLD has also 40 

been characterised by parenchymal, airways and pleural lesions in lung-imaging features 41 

obtained from both chest X-rays (CXR) and computed tomography (CT).6,13,14 These PTLD 42 

characteristics are associated with lung damage outcomes of chronic obstructive pulmonary 43 
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disease (COPD) and bronchiectasis. These have been widely reported, with odds ratios (OR) 44 

as high as 6.3 and 4.6 for the association between a history of PTB and COPD, and 45 

bronchiectasis respectively.5  46 

Post-TB individuals are at different risks of developing PTLD. One of the commonly reported 47 

risk factors of abnormal lung function after TB treatment is severe radiological damage, 48 

before or after TB treatment.15-17 This suggests the importance that radiological features 49 

might have in evaluating lung damage and has been explored by several studies. Santra et 50 

al.10 reported that the extent of radiological damage on CXR after TB treatment was 51 

associated with severe lung damage after TB treatment. A similar characterisation of 52 

radiological damage was seen to be associated with poor quality of life in post-TB 53 

individuals.12 Furthermore, positive correlations and associations have been reported 54 

between CT radiological features and dyspnoea, pulmonary function, quality of life and 55 

bronchiectasis in post-TB individuals.11,18,19 56 

The above associations were observed using correlation coefficients,11,19 Chi-square tests of 57 

association10,12 and Analysis of Variance (ANOVA).12,18 Using prospectively collected data, we 58 

investigate the significance of radiological features from CT scan in describing PTLD patterns 59 

at treatment completion and predicting PTLD outcomes at 12 months post treatment, as a 60 

possible tool to detect risk of PTLD at an early stage. We used data-driven machine learning 61 

methods for variable reduction, selection and prediction. Radiological features on a CT scan 62 

were used because they provide more detail on lung damage compared to features on 63 

CXR.6,12,20,21 64 

  65 
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METHODS 66 

STUDY SETTING AND PARTICIPANTS 67 

This study is part of “The Life After Pulmonary TB” (LAT) study. The LAT study is a 68 

prospective cohort study of adults successfully completing TB treatment in urban Blantyre, 69 

Malawi. Individuals (≥15 years of age) with pulmonary TB, with a first episode of TB 70 

treatment and within two months of TB treatment success were eligible for recruitment 71 

from surrounding hospitals and clinics. Exclusions included no WHO danger signs or smear- 72 

or culture-positive TB. A total of 405 individuals were enrolled in the LAT study with all 73 

individuals followed for 12 months. 74 

Informed consent was given by all participants prior to enrolment. Ethics approval for the 75 

LAT study was granted by the Malawi College of Medicine Research and Ethics committee 76 

(P.10/15/1813, Appendix B). This analysis received ethics approval from the Human 77 

Research Ethics Committee (HREC) of the Faculty of Health Sciences at the University of 78 

Cape Town (HREC REF: 177/2018, Appendix C). 79 

 80 

STUDY MEASUREMENTS 81 

Data for the LAT study were collected at three-time points; baseline, six and 12 months 82 

post-baseline. This analysis used a subset of the variables including baseline demographic 83 

characteristics, clinical outcomes, CT imaging features and spirometry data at baseline and 84 

12 months. 85 

Detailed questionnaires were administered by trained interviewers for demographic data. 86 

Spirometry was carried out using the ndd EasyOne spirometer and was done according to 87 
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the American Thoracic Society (ATS) standards. Abnormal spirometry at baseline was 88 

defined by airway obstruction (FEV/FVC ratio< lower limit of normal (LLN) & FEV<LLN) or 89 

low FVC pattern (FVC<LLN but FEV1//FVC ratio>LLN). CT scans were carried out at baseline 90 

in two locations, with quality checked equipment. CT scans were read by qualified readers 91 

using a standardized form. CT variables were measured in percentages for parenchymal 92 

pathology, on a scoring of 0-18 for airways pathology and in frequencies for other 93 

pathology. 94 

STATISTICAL ANALYSIS 95 

Data processing 96 

Observations with missing data in the characteristics of interest were dropped from all 97 

analyses. Data were missing mainly because other observations had no CT scans and no 98 

spirometry done. For variable reduction analyses, categorical CT imaging features were 99 

converted to numerical variables. Furthermore, all CT imaging features were cube root 100 

transformed to normality in these analyses. A cube root transformation was used because 101 

of the nature of the data, which had zeroes and negative values. For both variable reduction 102 

and predictive modelling analyses, data was centred and/or scaled where appropriate. 103 

Patient characteristics 104 

Descriptive statistics for the variables included in the analysis were computed as either 105 

mean and standard deviation (SD) or median and interquartile range (IQR) for continuous 106 

variables and as frequencies and percent for discrete variables.  107 

Cluster analysis 108 
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Unsupervised clustering was used to find subgroups of individuals in the data. K-means and 109 

hierarchical clustering techniques were used.  110 

K-means clustering works by first randomly choosing “K” user-defined observations which 111 

are used as initial cluster means.22,23 Different K’s (2, 3 and 4) were initially specified. Each 112 

observation in the data is then assigned to their closest mean based on the distance 113 

between the observation and the mean.22,23 The Euclidean distance was used for measuring 114 

this distance. New cluster mean values are then calculated and the clusters are updated by 115 

iteratively assigning observations to their closest cluster mean to minimize within-cluster 116 

variation.22,23 117 

Agglomerative clustering was applied for hierarchical clustering.24 With this method, each 118 

observation is initially treated as a cluster. Then two clusters that are close to each other are 119 

combined into a larger cluster.24 This process is repeated until all observations form one 120 

cluster.24 The Ward’s minimum variance was used as the criterion to select the clusters to 121 

combine at each stage. This  minimizes within-cluster variation.22 122 

For both techniques, the Elbow method22 was applied to choose the optimal number of 123 

clusters. 124 

Variable reduction and selection 125 

Principal component analysis (PCA) was used for variable reduction. PCA is an unsupervised 126 

dimensionality reduction technique that creates components which are each a linear 127 

combination of the initial variables.25,26 The principal components (PCs) produced, account 128 

for as much variation in the dataset as possible and are not correlated to each other.26 The 129 
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first PC accounts for the largest variation, the second PC accounts for the next largest 130 

remaining variation, and so on.25,26  131 

Penalized regression (PR) and random forest (RF) were used for variable selection. These are 132 

both supervised learning techniques. PR uses penalties to regularize or control a model and 133 

improve the fit to the data.26 This method works as a way of controlling for many predictors 134 

and collinearity among the predictors. The least absolute shrinkage and selection operator 135 

model (LASSO) was used. This has the advantage of achieving both regularization and 136 

variable selection.26  137 

RF works by constructing several decision trees based on a random set of training data. The 138 

final prediction decision is made based on the decision of the majority of the trees.27 RF has 139 

the advantage of improved predictive accuracy, variable selection and reduces correlation 140 

among predictors.26 141 

Predictive modelling 142 

Predictive models for baseline abnormal spirometry groups and spirometry at 12 months 143 

post-treatment were developed.  The reduced variable set obtained from PCA was used in 144 

logistic and linear regression models. PR and RF models were also used as predictive 145 

models. The data sets used for predictive modelling were split into training (75%) and 146 

testing (25%) sets. A 10-fold cross validation method was used on the training data. Other 147 

covariates included in the prediction models were age, gender, body mass index (BMI), 148 

human immunodeficiency virus (HIV) status, smoking status and socioeconomic status (SES), 149 

to account for potential confounding. Predictive performance of classification models was 150 

assessed using receiver operating characteristic (ROC) curves and estimated area under the 151 

curve (AUC). For regression models, the predictive performance was assessed using the root 152 
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mean squared error (RMSE). The level of statistical significance was set at α = 0.05. All 153 

analyses were performed using R software version 3.4.3. 154 

RESULTS 155 

PATIENT CHARACTERISTICS 156 

Among the 405 individuals enrolled, 59 (14.6%) were excluded due to missing or incomplete 157 

CT data in the unsupervised learning analyses. Fifty-three (13.1%) more patients were 158 

excluded in the supervised learning analyses, for outcomes at baseline, due to missing data 159 

for demographic and clinical characteristics. For the outcomes at 12-month visit, the data 160 

set was further reduced because of missing outcome data. Overall, data from 346 (85.4%), 161 

293 (72.3%) and 264 (65.2%) patients were used in the unsupervised, supervised learning 162 

for baseline outcomes and 12-month outcomes respectively. The patient characteristics of 163 

these reduced analysis sets were not different from the distribution of the patient 164 

characteristics in the total data set (Table D1 and D2). 165 

Of the individuals enrolled, 313 (77.3%) had microbiologically confirmed TB (mTB) and 92 166 

(22.7%) had clinically confirmed TB (cTB). The median age of the mTB group was 34.0 (IQR: 167 

28.0, 39.0) compared to a median age of 38.0 (IQR: 32.6, 43.0) in the cTB group (Table D1). 168 

For both groups, there were more males than females. The majority of individuals in both 169 

groups had never smoked. A higher percentage (77.2%) of cTB individuals were HIV-infected 170 

compared to 55.3% for the mTB group.  171 

SPIROMETRY CHARACTERISTICS 172 

Spirometry characteristics at baseline, for both pre- and post-bronchodilator, were similar 173 

between the individual groups (Table D3). The mean pre- and post-bronchodilator forced 174 



9 | M a n u s c r i p t  
 

expiratory volume in one second (FEV1) across all groups was 2.6 litres (SD: 0.7) and the 175 

mean forced vital capacity (FVC) was 3.2 litres (SD: 0.8). The overall mean FEV1/FVC ratio at 176 

baseline was above the LLN cut-off of 70%. Among all the individuals, 26.7% had abnormal 177 

spirometry at treatment completion. 178 

CT IMAGING FEATURES 179 

The majority of the individuals (385, 95.1%) had CT results available with a median time to 180 

scan after TB treatment completion of 4.1 weeks (IQR: 2.1, 7.0) (Table C1). 181 

Abnormal parenchyma was common among the individuals (372, 96.6%), with a median 182 

percentage of abnormal parenchyma of 22.9 (IQR: 9.2, 39.2) (Table C1). In individuals with 183 

mTB, median percentage of abnormal parenchyma was higher (25.8 (IQR: 11.3, 40.2) versus 184 

12.1 (IQR: 4.3, 34.0)). Atelectasis/banding was the most observed parenchymal pathology 185 

(12.1 (IQR: 5.0, 25.0)), followed by mosaicism (5.4 (IQR: 0.8, 14.2)).  186 

The highest median airways pathology scores were observed for the tree-in-bud pathology 187 

(Table C1). The median tree-in-bud severity score was 3.5 (IQR: 1.5, 6.0), higher in the mTB 188 

group (4.0 (IQR: 1.5, 6.3)) than in the cTB patients (2.3, IQR: 0.6, 4.5). Cystic bronchiectasis 189 

was present in 12.7% of the total patients. In the microbiological and clinical diagnosis 190 

groups, 14.1% and 8.1% of the patients had cystic bronchiectasis respectively. 191 

Few individuals (1.0%) had a miliary pattern at TB treatment completion (Table C1). Pleural 192 

pathology was present in 8.1% of the total individuals who had a CT scan. 193 

 194 
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VARIABLE REDUCTION 195 

Variable reduction analyses used data from 346 individuals, who had a CT scan at TB 196 

treatment completion, and had complete CT imaging data.  197 

PCA 198 

Five PCs which had eigenvalues >1 were chosen from PCA results. These PCs explained 199 

64.2% of the variance in the CT imaging data. The first PC was positively correlated (loadings 200 

> 0.3) with parenchymal variables (atelectasis/banding, abnormal parenchyma and 201 

abnormal parenchyma excluding mosaicism) and bronchiectasis (Table D4). The second PC 202 

was positively correlated with emphysema and pleural pathology and negatively correlated 203 

with mosaicism. As for the third PC, it was positively correlated with number of lobes with 204 

≥90% destroyed parenchyma, pleural pathology and cystic bronchiectasis and negatively 205 

correlated with emphysema and miliary pattern. The fourth PC was positively correlated 206 

with time to CT scan after TB treatment completion and ground glass opacification. The fifth 207 

PC was positively correlated with ground glass opacification and negatively correlated with 208 

miliary pattern. 209 

 210 

CLUSTER ANALYSIS  211 

Three clusters by CT imaging features were identified for both clustering methods used. A 212 

cross-tabulation of the clusters by the two methods is presented in Table D7. 213 

Hierarchical clustering 214 

The clusters obtained from hierarchical clustering were plotted over the first two PCs (Figure 215 

C1-left). The patient and CT characteristics for each of these clusters have been presented in 216 
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Table C2. The cluster with the largest number of individuals was cluster 1 (175, 50.6%), 217 

followed by cluster 3 (102, 29.5%). Cluster 2 (69, 19.9%), had the highest median percentage 218 

of abnormal parenchyma (45.4 (IQR: 30.0, 64.2)), highest scores of airways pathology and 219 

other pathologies compared to the other two clusters. This group also had the lowest 220 

median BMI of 19.0 (IQR: 18.0, 21.1), a high percentage of males (88.4%) and a higher 221 

proportion of those who had ever smoked. 222 

Cluster 1 was the group with fewer pathologies compared to the other two clusters. 223 

Patients in this cluster had the lowest median percentage of abnormal parenchyma (8.3, 224 

IQR: 3.8, 15.6) and lowest scores relating to airways pathology. These patients also had the 225 

highest median BMI of 20.9 (IQR: 19.2, 22.8) and a larger proportion of those who had never 226 

smoked. 227 

Cluster 3 had characteristics that were between the other two clusters. Parenchymal 228 

pathology and airways pathology scores were less than those of cluster 2 but more than 229 

those of cluster 1. Patients in this cluster did not have other pathologies.  230 

K-means clustering 231 

Figure C1 (right) shows a plot of the clusters from K-means clustering over the first two PCs. 232 

Cluster 1 had 112 (32.4%) individuals, cluster 2 had 60 (17.3%) individuals and cluster 3 had 233 

173 (50.3%) individuals (Table D6). Cluster 1 was the group with fewer pathologies, having 234 

the lowest median percentage of abnormal parenchyma (4.8 (IQR: 1.7, 8.9)) and lowest 235 

scores of airways pathology. Individuals in this group had a higher median BMI (21.1 (IQR: 236 

19.4, 23.2)), a larger proportion of those who never smoked and those who were HIV-237 

infected compared to the other clusters.  238 
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Cluster 2 was the group with more pathology. This group of patients had the highest median 239 

percentage of abnormal parenchyma (51.9 (IQR: 37.4, 67.7)) compared to the other two 240 

clusters. These individuals also had the highest scores of airways pathology and other 241 

pathologies except miliary pattern. They also had the lowest median BMI (18.9 (IQR: 18.0, 242 

21.1)) and the largest proportion of males compared to the other two clusters  243 

Cluster 3 had pathology scores that were between the other two groups, except for pleural 244 

pathology.  245 

 246 

PREDICTIVE MODELS 247 

A classification model was fit for the baseline abnormal spirometry outcome, and a 248 

regression model was fit for the 12-month spirometry outcomes. The models included other 249 

covariates, namely age, BMI, education, gender, SES, smoking status and HIV status.  250 

Principal components regression 251 

The five PCs obtained from PCA were used in principal components regression (PCR).  252 

Coefficients and odds ratios (OR) for the PCR models are presented in Table D5. The CT 253 

feature with the most important score in determining baseline abnormal spirometry was 254 

the first PC (Table C3). The third and fifth PCs also had higher scores. The other covariates 255 

which were important in the model were HIV-infected status and relative wealth. 256 

Performance was higher in the testing set compared to the training set (Figure C2-A). The 257 

AUC on the training set was 0.712 and the testing set had an AUC of 0.742.  258 

The PCs were not important in the prediction of FEV1 at 12 months (Table C3). Post-259 

bronchodilator baseline FEV1 was the most important variable, followed by HIV status. 260 
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RMSE associated with the model on the training set was 0.21 and the r-squared (R2) was 261 

0.89. The performance on the testing set was lower (RMSE = 0.25, R2 = 0.87) than on the 262 

training set. In predicting 12-month FVC post-bronchodilator spirometry, the PCs were also 263 

of low importance. The most important variable was post-bronchodilator baseline FVC 264 

(Table C3). The RMSE on the training and testing set were 0.21 (R2 = 0.92) and 0.22 (R2 = 265 

0.91) respectively. 266 

PR and RF 267 

For PR, the most important CT imaging features in determining baseline abnormal 268 

spirometry were pleural pathology and number of lobes with ≥90% destroyed parenchyma 269 

(Table C4). The other covariates that were important in classifying baseline abnormal 270 

spirometry were if an individual was HIV-infected, male or had ever smoked. The PR model 271 

on the training data had an AUC of 0.774 and an AUC of 0.809 on the testing data (Figure 272 

C2-B). Using RF, the most important CT imaging features in determining baseline abnormal 273 

spirometry were abnormal parenchyma (with or without mosaicism), mosaicism, 274 

atelectasis/banding, bronchiectasis, airway plugging, tree-in-bud, the time to CT scan and 275 

cavities (Table C5). The other important covariates were BMI, age and education years. The 276 

predictive performance of the RF model was 0.768 and 0.816 for the training and testing 277 

data respectively (Figure C2-C). 278 

CT imaging features were not important in the prediction of 12-month post-bronchodilator 279 

FEV1 for both PR and RF models. The most important variable for both methods was 280 

baseline post-bronchodilator FEV1 (Table C4 and C5). The RMSEs from the PR model were 281 

0.21 (R2 = 0.91) and 0.26 (R2 = 0.87) for the training and testing sets respectively. For the RF 282 

model, the RMSE was 0.23 (R2 = 0.88) and 0.29 (R2 = 0.83) for the training and testing set 283 
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respectively. Baseline FVC was the most important variable in predicting 12-month FVC 284 

using both PR and RF. When using the PR model, the RMSE was 0.20 (R2 = 0.93) for the 285 

training set and 0.26 (R2 = 0.89) for the testing set. For the RF model, baseline FEV1 was the 286 

second most important variable in predicting FVC (Table C5). CT imaging features had low 287 

importance scores for prediction of 12-month FVC in both models. The RMSE for the 288 

training and testing set was 0.24 (R2 = 0.90) and 0.26 (R2 = 0.89). 289 

 290 

DISCUSSION 291 

Radiological features, before and after TB treatment, have been shown to correlate with the 292 

severity of lung function abnormality after TB treatment.10,15-17,19 This study used CT lung 293 

imaging features to describe patterns of PTLD at treatment completion and used those 294 

features to predict outcomes at 12 months post treatment. Three CT feature subgroups 295 

were identified, which on average demarcated patients with severe, moderate and low 296 

pathologies. Parenchymal pathology and bronchiectasis explained the largest variation in 297 

the data set and these were also important in predicting concurrent abnormal spirometry at 298 

TB treatment completion from.   CT lung imaging features did not demonstrate utility in 299 

predicting spirometry at 12 months.  300 

Cluster analysis has been recently used in epidemiological studies to identify important 301 

subgroups in a data driven approach.28-32 To our knowledge, this study was the first to use 302 

cluster analysis on CT features to investigate post-TB lung function. Clusters with severe 303 

pathologies were associated with low BMI, male gender and low SES. The identified clusters 304 
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could be distinguishing the characteristics of lung damage. On the other hand, these clusters 305 

could also be highlighting the internal biases of the CT reporters.  306 

Guan et al.32 used factor analysis for variable reduction and selection in a population of 148 307 

patients with bronchiectasis for identification of bronchiectasis phenotypes. This method is 308 

similar to PCA. The initial variables included radiology, lung function and demographic 309 

characteristics, to mention just a few.32 The first factor, which accounted for the greatest 310 

variation (63.9%) in the data, was associated with radiological and lung function 311 

characteristics.32 From our results, a minimum of  five PCs were required to reach that level 312 

of variance explanation, suggesting that there are other important variables that account for 313 

the variation in the data besides CT features.  314 

All prediction models on abnormal spirometry at baseline performed better on testing data 315 

sets. Our results could mean that our models on abnormal spirometry at baseline are 316 

generalisable. However, because our testing data sets were small, these results could also 317 

suggest that our models were overfitting on the testing data sets. Nevertheless, overfitting 318 

is unlikely for the RF model because it combines multiple decision trees which help to create 319 

more accurate predictions.27,33 For the outcomes at 12 months post treatment, the 320 

predictive performances of the models dropped on the testing data sets, as expected.  321 

Overall the predictive performances of the models were high, though the lack of a clear 322 

association between spirometry and patient outcomes limits the clinical utility of these 323 

results.  324 

The relationship between imaging findings and spirometry outcomes after treatment is not 325 

clear. Studies that have looked at the relationship between radiological findings (CXR or CT) 326 

and PTLD have only identified correlations and associations.10-12,18,19 Santra et al.10 reported 327 
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a significant association between CXR features of fibrosis, cavitation, calcification and 328 

bronchiectasis, and severe airflow limitation in a post-TB population with symptoms of 329 

airway obstruction disease. In a study by Panda et al.,19 CT measurements of fibrosis, 330 

cavitation, bronchiectasis, consolidation, nodule and aspergilloma were negatively 331 

correlated with FEV1 and FVC parameters. However, this correlation was not statistically 332 

significant. On the other hand, Meyyappan et al.11 reported a significant correlation 333 

between skiagram radiological features and pulmonary function. In our study, 334 

bronchiectasis was an important CT feature in determining abnormal spirometry at baseline 335 

from PCR and RF models. In addition, parenchyma pathology variables were also important 336 

in determining abnormal spirometry at baseline from the same models. However, the 337 

important parenchymal variables in the present study were different from those as 338 

observed from the other studies. Pleural pathology was also observed as an important 339 

variable in determining abnormal spirometry at baseline from our PR model.  340 

The significance of CT lung imaging findings in predicting long-term outcomes after TB 341 

treatment is also not well established. From our results, spirometry outcomes at 12 months 342 

post treatment were closely related with spirometry outcomes at baseline and not CT 343 

variables. This is not surprising because as time progresses after TB treatment completion, 344 

an individual’s lung function status changes as well, either to recovery or more lung 345 

damage. This then would suggest that lung imaging findings soon after TB treatment 346 

completion would be of little or no use to explaining long-term lung function outcomes 347 

unless compared to long-term imaging findings. 348 

The important CT variable sets for determining abnormal spirometry at baseline differed for 349 

each of the methods used.  The differences observed could mean that there are different 350 
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channels in the data of explaining the outcome of interest. In addition, the differences in the 351 

important variable sets could also be highlighting the inherent differences of the methods 352 

used. Firstly, compared to PR and RF, PCR used variables that were achieved using 353 

unsupervised learning. Secondly, even though PR and RF are both supervised learning 354 

techniques, they are different methods.  355 

To our knowledge, this study is the first to investigate the significance of CT lung imaging 356 

features in predicting long-term PTLD outcomes. This kind of study is essential at a time 357 

when there is call for research on options for early detection and management of PTLD 358 

based on the overwhelming evidence of PTLD.3 Furthermore, this study uses machine 359 

learning techniques that are data-driven and more applicable to high dimensional data. We 360 

also acknowledge that our study has some limitations. The sample size was reduced greatly 361 

due to missing data, which might affect some of our results. Some of the observations 362 

dropped were patients with missing data for bronchial wall thickening. These are probably 363 

those with the most severely damaged lung in whom the walls of the airways were not 364 

visible due to surrounding pathology. This then might have an impact on our results.  365 

However, a comparison of the other patient characteristics between those retained in the 366 

analysis and those dropped from the analysis did not show significant differences. The other 367 

limitation of our study is the availability of CT imaging data only at baseline. This did not 368 

allow us to evaluate how radiological lesions change over time.  369 

Considering the high burden of TB in SSA, large numbers of individuals are at an increased 370 

risk of developing chronic lung damage even if successfully treated for TB. Early detection of 371 

PTLD may help in understanding the burden. Radiological features are a potential tool that 372 

can be used for this as they are associated with PTLD outcomes. In our findings, CT lung 373 
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imaging features were able to determine abnormal spirometry soon after TB treatment but 374 

failed to predict spirometry outcomes at 12 months post treatment. These models might 375 

still be useful in early detection of PTLD, but further validation of the models and use of 376 

other PTLD outcomes is required. 377 

 378 

CONCLUSION 379 

There is need for early detection of PTLD in post-TB individuals to necessitate its appropriate 380 

management. We investigated the use of early imaging data to achieve this and our findings 381 

demonstrated this data could be very useful in identification of PTLD outcomes soon after 382 

TB treatment. More research is needed to investigate this same relationship in other 383 

settings as well as to focus on other PTLD outcomes. 384 

  385 
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TABLES 482 

Table C1: Computed tomography imaging features at baseline by subsets of data used for 483 

analyses. 484 

 Median (IQR) 

 Total 
N = 385 

Clinically 
confirmed TB 

N = 86 

Microbiologicall
y confirmed TB 

N = 299 

Unsupervised 
learning 
N = 346 

Supervised 
learning 
N = 293 

Time to CT scan (weeks) 4.1 (2.1, 7.0) 4.1 (2.1, 7.3) 4.3 (2.1, 7.0) 4.2 (2.0, 7.3) 4.3 (2.1, 7.0) 

Parenchymal pathology      

Atelectasis or banding (%)  7.5 (2.9, 14.2) 4.2 (1.7, 9.0) 8.3 (3.5, 15.0) 6.7 (2.6, 11.7) 7.1 (2.9, 11.3) 

Consolidation (%) 0.8 (0.0, 2.1) 0.4 (0.0, 1.7) 0.8 (0.0, 2.5) 0.8 (0.0, 1.7) 0.8 (0, 1.7) 
Ground glass opacification (%) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 

Mosaicism (%) 5.4 (0.8, 14.2) 1.5 (0.0, 9.4) 6.3 (1.3, 15.6) 5.0 (0.8, 12.5) 5.0 (0.8, 13.8) 

Emphysema (%) 0.0 (0.0, 0.8) 0.0 (0.0, 0.4) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 0.0 (0.0, 0.8) 

Emphysematoid destruction 
(%) 

0.0 (0.0, 0.4) 0.0 (0.0, 0.0) 0.0 (0.0, 0.4) 0.0 (0.0, 0.4) 0.0 (0.0, 0.4) 

Cavities (%) 0.0 (0.0, 1.7) 0.0 (0.0, 0.4) 0.4 (0.0, 2.1) 0.0 (0.0, 1.7) 0.0 (0.0, 1.7) 

Abnormal parenchyma (%) 22.9 (9.2, 39.2) 12.1 (4.3, 34.0) 25.8 (11.3, 40.2) 20.8 (8.3, 36.2) 21.7 (8.3, 36.3) 

Abnormal parenchyma 
excluding mosaicism (%) 

12.1 (5.0, 25.0) 8.8 (2.9, 19.9) 12.9 (6.0, 26.0) 10.4 (4.3, 21.7) 10.8 (5.0, 20.4) 

Lobes with ≥90% destroyed 
parenchyma~  

0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 

Airways pathology      

Total airway plugging 
severity* 

1.0 (0.0, 2.0) 0.5 (0.0, 1.5) 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 

Total tree-in-bud severity* 3.5 (1.5, 6.0) 2.3 (0.6, 4.5) 4.0 (1.5, 6.3) 3.5 (1.0, 6.0) 3.5 (1.5, 6.0) 

Total lung bronchiectasis 
dilatation severity* 

2.5 (0.5, 5.0) 1.0 (0.0, 3.0) 2.5 (1.0, 5.0) 2.0 (0.5, 4.5) 2.0 (0.5, 4.5) 

 N (%) 

Any cystic bronchiectasis 
    Absent 
    Present 

 
336 (87.3) 
49 (12.7) 

 
79 (91.9) 

7 (8.1) 

 
257 (86.0) 
42 (14.1) 

 
307 (88.7) 
39 (11.3) 

 
261 (89.1) 
32 (10.9) 

Any bronchial wall thickening 
    Absent 
    Present 
    Missing  

 
252 (65.5) 
94 (24.4) 
39 (10.1) 

 
61 (70.9) 
17 (19.8) 

8 (9.3) 

 
191 (63.9) 
77 (25.8) 
31 (10.4) 

 
252 (72.8) 
94 (27.2) 

0 (0.0) 

 
215 (73.4) 
78 (26.6) 

0 (0.0) 

Other pathologies      

Any miliary pattern 
    Absent 
    Present 

 
381 (99.0) 

4 (1.0) 

 
84 (97.7) 

2 (2.3) 

 
297 (99.3) 

2 (0.7) 

 
342 (98.8) 

4 (1.2) 

 
290 (99.0) 

3 (1.0) 

Any pleural pathology  
    Absent 
    Present 

 
354 (92.0) 

31 (8.1) 

 
80 (93.0) 

6 (7.0) 

 
274 (91.6) 

25 (8.4) 

 
319 (92.2) 

27 (7.8) 

 
272 (92.8) 

21 (7.2) 

~due to cavities/atelectasis/banding, *severity score 0-18, N: Number of observations, IQR: Interquartile 485 
range, CT: Computed tomography 486 

 487 

 488 
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Table C2: Computed tomography imaging features and patient characteristics for the 489 

clusters obtained using hierarchical clustering. 490 

 Median (IQR) 

 Cluster 1 
N = 175 

Cluster 2 
N = 69 

Cluster 3 
N = 102 

Time to CT scan (weeks) 4.3 (1.9, 8.4) 4.3 (2.1, 7.6) 4.0 (2.1, 6.5) 

Atelectasis or banding (%)  2.9 (1.3, 6.5) 15.0 (10.4, 26.3) 8.8 (6.3, 13.3) 

Consolidation (%) 0.0 (0.0, 0.4) 2.5 (0.8, 5.0) 1.3 (0.8, 2.8) 

Ground glass opacification (%) 0.0 (0.0, 0.8) 0.4 (0.0, 1.7) 0.0 (0.0, 0.3) 

Mosaicism (%) 1.3 (0.0, 7.1) 4.6 (0.8, 14.6) 11.3 (5.6, 21.7) 

Emphysema (%) 0.0 (0.0, 0.4) 0.0 (0.0, 5.0) 0.0 (0.0, 0.4) 

Emphysematoid destruction (%) 0.0 (0.0, 0.0) 1.7 (0.0, 6.3) 0.0 (0.0, 0.4) 

Cavities (%) 0.0 (0.0, 0.0) 3.3 (1.7, 8.3) 0.8 (0.0, 1.7) 

Abnormal parenchyma (%) 8.3 (3.8, 15.6) 45.4 (30.0, 64.2) 29.2 (19.9, 37.0) 

Abnormal parenchyma excluding 
mosaicism (%) 

4.6 (2.1, 9.4) 36.7 (23.3, 49.2) 15.0 (9.6, 19.9) 

Lobes with ≥90% destroyed 
parenchyma~  

0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 

Total airway plugging severity* 0.0 (0.0, 0.5) 2.0 (1.0, 3.0) 2.0 (1.0, 3.5) 

Total tree-in-bud severity* 1.5 (0.5, 3.0) 6.0 (3.5, 9.0) 5.0 (4.0, 6.5) 

Total lung bronchiectasis 
dilatation severity* 

0.5 (0.0, 2.0) 5.5 (3.5, 8.0) 3.5 (2.0, 5.4) 

Age (years) 35.0 (28.5, 41.0) 35.0 (30.0, 41.0) 35.0 (27.3, 40.8) 

Body mass index (kg/m2) 20.9 (19.2, 22.8) 19.0 (18.0, 21.1) 20.4 (19.5, 22.3) 

Education (years) 10.0 (8.0, 12.0) 10.0 (6.0, 12.0) 10.0 (7.0, 12.0) 

 N (%) 

Any cystic bronchiectasis 
    Absent 
    Present 

 
175 (100.0) 

0 (0.0) 

 
30 (43.5) 
39 (56.5) 

 
102 (100.0) 

0 (0.0) 

Any bronchial wall thickening 
    Absent 
    Present 

 
164 (93.7) 

11 (6.3) 

 
27 (39.1) 
42 (60.9) 

 
61 (59.8) 
41 (40.2) 

Any miliary pattern 
    Absent 
    Present 

 
175 (100.0) 

0 (0.0) 

 
65 (94.2) 

4 (5.8) 

 
102 (100.0) 

0 (0.0) 

Any pleural pathology  
    Absent 
    Present 

 
160 (91.4) 

15 (8.6) 

 
57 (82.6) 
12 (17.4) 

 
102 (100.0) 

0 (0.0) 

Gender  
    Male 
    Female 

 
118 (67.4) 
57 (32.6) 

 
61 (88.4) 
8 (11.6) 

 
58 (56.9) 
44 (43.1) 

Socio-economic status 
    Poorest quintile 
    2nd Poorest Quintile 
    Middle Quintile 
    2nd richest Quintile 
    Richest Quintile 
    Missing 

 
7 (4.0) 

30 (17.1) 
40 (22.9) 
57 (32.6) 
30 (17.1) 
11 (6.3) 

 
5 (7.2) 

20 (29.0) 
17 (24.6) 
16 (23.2) 
7 (10.1) 
4 (5.8) 

 
6 (5.9) 

26 (25.5) 
25 (24.5) 
28 (27.5) 
12 (11.8) 

5 (4.9) 

Smoking status 
    Never 
    Ever 
    Current 

 
138 (78.9) 
35 (20.0) 

2 (1.1) 

 
37 (53.6) 
30 (43.5) 

2 (2.9) 

 
73 (71.6) 
28 (27.5) 

1 (1.0) 

HIV status 
    Non-infected 
    Infected  
    Missing 

 
52 (29.7) 

122 (69.7) 
1 (0.6) 

 
33 (47.8) 
36 (52.2) 

0 (0.0) 

 
43 (42.2) 
59 (57.8) 

0 (0.0) 
N: Number of observations, IQR: Interquartile range, CT: Computed tomography 491 
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Table C3: Variable importance scores obtained by principal components regression for 492 

abnormal baseline spirometry, 12-month FEV1 and FVC outcomes. 493 

 Abnormal baseline 
spirometry 

12-month FEV1 12-month FVC 

Principal component 1 100.0 13.1 17.4 

HIV status 
    Infected  

 
85.8 

 
21.3 

 
23.7 

Socio-economic status 
    2nd Richest quintile 
    Richest quintile 

 
64.6 
63.8 

 
0.5 
3.1 

 
2.1 
2.2 

Principal component 3 35.7 2.1 1.7 

Principal component 5 34.7 0.0 8.3 

Age 29.4 10.5 8.8 

Principal component 4 25.2 4.8 0.0 

Principal component 2 21.1 12.7 1.5 

Gender  
    Male 

 
19.6 

 
19.5 

 
20.4 

Socio-economic status     
    Middle quintile 

 
18.2 

 
1.7 

 
2.6 

Education years 17.7 8.8 8.5 

Smoking status 
    Ever 
    Never 

 
13.0 
7.7 

 
7.8 
9.3 

 
3.7 
5.9 

Body mass index 3.9 0.5 6.2 

Socio-economic status 
    Poorest quintile 

 
0.0 

 
8.2 

 
10.7 

Post-bronchodilator 
baseline spirometry 
    FEV1 
    FVC 

 
 
- 
- 

 
 

100.0 
5.0 

 
 

14.8 
100.0 

 494 

 495 

 496 

497 
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Table C4: Variable importance scores obtained by penalized regression for abnormal 498 

baseline spirometry, 12-month FEV1 and FVC outcomes. 499 

 Abnormal baseline 
spirometry 

12-month FEV1 12-month FVC 

Any pleural pathology 
    Present 

 
100.0 

 
8.8 

 
15.2 

HIV status 
    Infected  

 
79.2 

 
8.4 

 
12.9 

Lobes with ≥90% destroyed 
parenchyma 

64.1 1.4 9.2 

Gender 
    Male 

 
45.3 

 
12.6 

 
11.6 

Smoking status 
    Ever 

 
27.0 

 
0.0 

 
0.0 

Socio-economic status    
    Richest quintile 24.9 0.9 1.1 

Any cystic bronchiectasis 
    Present 

 
14.3 

 
6.2 

 
0.0 

Socio-economic status    
 2nd richest quintile 

 
11.1 

 
0.8 

 
0.0 

Smoking status 
    Never 

 
10.5 

 
1.3 

 
1.9 

Socio-economic status 
    Poorest quintile 

 
8.6 

 
6.5 

 
4.2 

Emphysematoid destruction (%) 4.5 0.0 1.0 

Total lung bronchiectasis 
dilatation severity 

3.7 0.0 0.4 

Education years 3.7 0.4 0.6 

Cavities (%) 3.4 0.0 0.7 

Emphysema (%) 3.3 0.1 0.0 

Any bronchial wall thickening 
    Present 

 
3.1 

 
0.0 

 
0.0 

Atelectasis or banding (%)  2.5 0.0 0.0 

Body mass index 1.9 0.3 0.7 

Total airway plugging severity 1.6 0.3 0.0 

Mosaicism (%) 1.4 0.1 0.4 

Abnormal parenchyma (%) 0.9 0.0 0.1 

Abnormal parenchyma excluding 
mosaicism (%) 

0.5 0.0 0.0 

Total tree-in-bud severity 0.5 0.5 0.9 

Consolidation (%) 0.5 0.0 0.0 

Time to CT scan (weeks) 0.4 0.2 0.1 

Ground glass opacification (%) 0.3 0.4 0.1 

Age 0.1 0.3 0.2 

Socio-economic status 
    Middle quintile 

 
0.0 

 
0.0 

 
3.5 

Any miliary pattern 
    Present  

 
0.0 

 
0.0 

 
17.5 

Post-bronchodilator baseline 
spirometry 
    FEV1 
    FVC 

 
 
- 
- 

 
 

100.0 
0.0 

 
 

16.6 
100.0 

CT: Computed tomography 500 
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Table C5: Variable importance scores obtained by random forest for abnormal baseline 501 

spirometry, 12-month FEV1 and FVC outcomes. 502 

 Abnormal baseline 
spirometry 

12-month FEV1 12-month FVC 

Abnormal parenchyma (%) 100.0 8.7 13.9 

Mosaicism (%) 70.1 11.1 10.0 

Abnormal parenchyma excluding 
mosaicism (%) 

69.3 8.8 9.0 

Atelectasis or banding (%) 64.6 7.0 10.4 

Total lung bronchiectasis 
dilatation severity 

52.5 10.6 10.9 

Body mass index 47.8 6.5 9.1 

Total airway plugging severity 46.1 10.4 7.5 

Total tree-in-bud severity 45.5 4.4 11.4 

Time to CT scan (weeks) 44.7 3.2 0.0 

Education years 44.3 13.2 8.2 

Age 44.3 7.6 5.1 

Cavities (%) 40.5 2.5 6.6 

Consolidation (%) 39.9 6.5 7.1 

Ground glass opacification 25.8 3.9 0.7 

HIV status 
    Infected  

 
21.9 

 
5.5 

 
13.5 

Emphysematoid destruction (%) 20.0 2.9 4.7 

Emphysema (%) 19.5 0.0 8.7 

Any bronchial wall thickening 
    Present 

 
18.3 

 
4.3 

 
6.0 

Socio-economic status 
    Richest quintile 
    Middle quintile 
    2nd Richest quintile 

 
15.5 
14.7 
12.3 

 
3.1 
5.3 
2.1 

 
5.8 
8.1 
1.7 

Gender 
    Male 

 
10.8 

 
13.8 

 
20.8 

Any cystic bronchiectasis 
    Present 

 
10.6 

 
1.6 

 
6.4 

Any pleural pathology 
    Present 

 
10.1 

 
4.6 

 
14.9 

Smoking status 
    Ever 
    Never 

 
10.0 
6.8 

 
7.0 
7.4 

 
7.7 

11.0 

Lobes with ≥90% destroyed 
parenchyma 

3.2 3.1 5.8 

Socio-economic status 
    Poorest quintile 

 
3.1 

 
5.2 

 
8.2 

Any miliary pattern 
    Present 

 
0.0 

 
4.2 

 
7.7 

Post-bronchodilator baseline 
spirometry 
    FEV1 
    FVC 

 
- 
- 

 
100.0 
12.5 

 
35.2 

100.0 

CT: Computed tomography 503 

  504 



27 | M a n u s c r i p t  
 

FIGURES 505 

 506 

 507 

 508 

Figure C1: Cluster plots for K-means and hierarchical clustering on the first two principal 509 

components. 510 

 511 

  512 

513 
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 514 

Figure C2: ROC curves for A) principal components regression, B) penalized regression and 515 

C) random forest on abnormal baseline spirometry. 516 

  517 
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APPENDIX A: SUPPLEMENTARY TABLES 

  

Table D1: Patient characteristics at baseline by TB diagnosis and subsets of data used for 
analyses. 

 Median (IQR) 

 Total 
N = 405 

Clinically confirmed 
TB 

N = 92 

Microbiologically 
confirmed TB 

N = 313 

Unsupervised 
learning 
N = 346 

Supervised 
learning 
N = 293 

Age (years) 35.0 (28.0, 41.0) 38.0 (32.6, 43) 34.0 (28.0, 39.0) 35.0 (29.0, 41.0) 35.0 (29.0, 41.0) 

Body mass index 
(kg/m2) 

20.5 (19.0, 22.3) 20.9 (18.9, 22.7) 20.4 (19.0, 22.1) 20.5 (19.0, 22.3) 20.4 (19.0, 22.3) 

Education (years) 10.0 (7.0, 12.0) 10.0 (8.0, 12.0) 10.0 (7.0, 12.0) 10.0 (7.3, 12.0) 10.0 (7.0, 12.0) 

 N (%) 

Gender  
    Males 
    Females 

 
275 (67.9) 
130 (32.1) 

 
59 (64.1) 
33 (35.9) 

 
216 (69.0) 
97 (31.0) 

 
237 (68.5) 
109 (31.5) 

 
204 (69.6) 
89 (30.4) 

Socio-economic status 
    Poorest Quintile 
    2nd Poorest Quintile 
    Middle Quintile 
    2nd richest Quintile 
    Richest Quintile 
    Missing 

 
22 (5.4) 

85 (21.0) 
95 (23.5) 

114 (28.1) 
56 (13.8) 
33 (8.1) 

 
2 (2.2) 

14 (15.2) 
15 (16.3) 
35 (38.0) 
19 (20.6) 

7 (7.6) 

 
20 (6.4) 

71 (22.7) 
80 (25.6) 
79 (25.2) 
37 (11.8) 
26 (8.3) 

 
18 (5.2) 

76 (22.0) 
82 (23.7) 

101 (29.2) 
49 (14.2) 
20 (5.8) 

 
15 (5.1) 

69 (23.5) 
77 (26.3) 
89 (30.4) 
43 (14.7) 

0 (0.0) 

Smoking status 
    Never 
    Ever 
    Current 

 
285 (70.4) 
113 (27.9) 

7 (1.7) 

 
77 (83.7) 
14 (15.2) 

1 (1.1) 

 
208 (66.5) 
99 (31.6) 

6 (1.9) 

 
248 (71.7) 
93 (26.9) 

5 (1.4) 

 
209 (71.3) 
79 (27.0) 

5 (1.7) 

HIV status 
    Non-infected 
    Infected 
    Missing 

 
159 (39.3) 
244 (60.2) 

2 (0.5) 

 
20 (21.7) 
71 (77.2) 

1 (1.1) 

 
139 (44.4) 
173 (55.3) 

1 (0.3) 

 
128 (37.0) 
217 (62.7) 

1 (0.3) 

 
105 (35.8) 
188 (64.2) 

0 (0.0) 

Spirometry done 
    No 
    Yes 

 
40 (9.9) 

365 (90.1) 

 
10 (10.9) 
82 (89.1) 

 
30 (9.6) 

283 (90.4) 

 
35 (10.1) 

311 (89.9) 

 
0 (0.0) 

293 (100.0) 

CT done 
    No 
    Yes 

 
20 (4.9) 

385 (95.1) 

 
6 (6.5) 

86 (93.5) 

 
14 (4.5) 
296 (95.5) 

 
0 (0.0) 
346 (100.0) 

 
0 (0.0) 

293 (100.0) 

Baseline abnormal 
spirometry 
    No 
    Yes 
    Missing 

 
 

257 (63.5) 
108 (26.7) 

40 (9.9) 

 
 

63 (68.5) 
19 (20.7) 
10 (10.9) 

 
 

194 (62.0) 
89 (28.4) 
30 (9.6) 

 
 

229 (66.2) 
82 (23.7) 
35 (10.1) 

 
 

218 (74.4) 
75 (25.6) 
0.0 (0.0) 

N: Number of observations, IQR: Interquartile range, CT: Computed tomography 
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Table D2: Patient characteristics at 12 months post-treatment. 

 Median (IQR) 

 Total 
N = 405 

12-month analyses set 
N = 264 

Age (years) 35.0 (28.0, 41.0) 35.0 (29.0, 42.0) 

Body mass index (kg/m2) 20.5 (19.0, 22.3) 20.4 (19.0, 22.3) 

Education (years) 10.0 (7.0, 12.0) 10.0 (7.0, 12.0) 

 N (%) 

Gender  
    Males 
    Females 

 
275 (67.9) 
130 (32.1) 

 
188 (71.2) 
76 (28.8) 

Socio-economic status 
    Poorest Quintile 
    2nd Poorest Quintile 
    Middle Quintile 
    Richest Quintile 
    2nd Richest Quintile 
    Missing 

 
22 (5.4) 

85 (21.0) 
95 (23.5) 
56 (13.8) 

114 (28.1) 
33 (8.1) 

 
14 (15.3) 
56 (21.2) 
72 (27.3) 
4 (15.2) 

82 (31.1) 
0 (0.0) 

Smoking status 
    Never 
    Ever 
    Current 

 
285 (70.4) 
113 (27.9) 

7 (1.7) 

 
186 (70.5) 
73 (27.6) 

5 (1.9) 

HIV status 
    Non-infected 
    Infected 
    Missing 

 
159 (39.3) 
244 (60.2) 

2 (0.5) 

 
93 (35.2) 

171 (64.8) 
0 (0.0) 

Spirometry done 
    No 
    Yes 

 
40 (9.9) 

365 (90.1) 

 
0 (0.0) 

264 (100.0) 

CT done 
    No 
    Yes 

 
20 (4.9) 

385 (95.1) 

 
0 (0.0) 

264 (100.0) 
N: Number of observations, IQR: Interquartile range, CT: Computed tomography 
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Table D3: Spirometry characteristics at baseline by subsets of data used for analyses. 

 Mean (SD) 

 Total 
N = 405 

Clinically 
confirmed TB 

N = 92 

Microbiologically 
confirmed TB 

N = 313 

Unsupervised 
learning 
N = 346 

Supervised 
learning 
N = 293 

Pre-bronchodilator          

FEV1 (litres) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 
FVC (litres) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 
FEV1/FVC (%)  80.3 (9.2) 80.6 (8.3) 80.2 (9.4) 80.4 (9.3) 80.4 (9.3) 
Missing / N (%) 46 (11.4) 8 (8.8) 36 (11.5) 41 (11.8) 6 (2.0) 

Post-bronchodilator          

FEV1 (litres) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 2.6 (0.7) 
FVC (litres) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 3.2 (0.8) 
FEV1/FVC (%) 80.9 (8.9) 81.0 (8.2) 80.9 (9.1) 81.0 (9.1) 81.0 (9.1) 
Missing / N (%) 40 (9.9) 10 (10.9) 30 (9.6) 35 (10.1) 0 (0.0) 
N: Number of observations, SD: Standard deviation 
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Table D4: Principal component loadings for the first five principal components. 

 Principal 
component 1 

Principal 
component 2 

Principal 
component 3 

Principal 
component 4 

Principal 
component 5 

Time to CT scan 
(weeks) 

0.0058 -0.2305 -0.0246 0.6708 -0.2040 

Atelectasis or 
banding (%) 

0.3355 0.0297 -0.0064 -0.0484 0.1310 

Consolidation (%) 0.2802 0.0660 -0.2273 -0.1655 -0.0588 

Ground glass 
opacification 

0.1070 0.1156 -0.1361 0.6334 0.3555 

Mosaicism (%) 0.1906 -0.5061 -0.0249 -0.1098 -0.0703 

Emphysema (%) 0.0714 0.4566 -0.3823 -0.0387 -0.0939 

Emphysematoid 
destruction (%) 

0.2261 0.2765 -0.0479 0.0070 0.1925 

Cavities (%) 0.2878 0.0689 0.2911 -0.0576 -0.1409 

Abnormal 
parenchyma (%) 

0.3596 -0.0440 -0.1371 0.0205 0.1026 

Abnormal 
parenchyma 
excluding mosaicism 
(%) 

0.3563 0.2079 -0.1172 0.0841 0.1352 

Lobes with ≥90% 
destroyed 
parenchyma 

0.1436 0.0402 0.4523 0.2660 -0.2856 

Total lung 
bronchiectasis 
dilatation severity 

0.3296 -0.1179 0.0052 -0.0134 0.0788 

Any cystic 
bronchiectasis 

0.1923 0.1805 0.3944 -0.0162 -0.2066 

Total airway plugging 
severity 

0.2577 -0.2582 -0.0624 -0.0979 -0.0559 

Total tree-in-bud 
severity 

0.2698 -0.2732 -0.1767 -0.0473 -0.1313 

Any miliary pattern -0.0036 0.1902 -0.3678 0.0834 -0.7379 

Any pleural 
pathology 

0.0777 0.3342 0.3495 -0.0652 -0.0044 

Any bronchial wall 
thickening 

0.2329 -0.0125 0.1006 0.0213 -0.1287 

CT: Computed tomography 
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Table D5: Odds ratios, coefficients and 95% confidence intervals using principal 
components regression for abnormal baseline spirometry, 12-month FEV1 and FVC 
outcomes. 

 Abnormal baseline spirometry 
OR (95% CI) 

12-month FEV1  

COEF (95% CI) 
12-month FVC 
COEF (95% CI) 

Intercept  26.44 (0.13, 8992.66) 0.32 (-0.04, 0.69) 0.49 (0.15, 0.83) 

Principal component 1 1.45 (1.14, 1.91) 0.01 (-0.00, 0.03) 0.02 (0.01, 0.04) 

Principal component 2 0.86 (0.53, 1.38) -0.03 (-0.05, 0.00) -0.00 (-0.03, 0.02) 

Principal component 3 1.36 (0.77, 2.51) -0.00 (-0.03, 0.02) 0.01 (-0.02, 0.03) 

Principal component 4 0.85 (0.55, 1.31) 0.01 (-0.02, 0.04) -0.00 (-0.03, 0.03) 

Principal component 5 1.58 (0.67, 3.99) -0.00 (-0.04, 0.04) -0.02 (-0.05, 0.01) 

Age (years) 0.98 (0.93, 1.03) -0.00 (-0.01, 0.00) -0.00 (-0.01, 0.00) 

Body mass index 
(kg/m2) 

0.99 (0.82, 1.20) -0.00 (-0.01, 0.01) -0.01 (-0.02, 0.01) 

Education (years) 0.96 (0.82, 1.12) 0.01 (-0.00, 0.02) -0.01 (-0.02, 0.00) 

Gender  
    Female 
    Male 

 
Ref 

0.71 (0.21, 2.30) 

 
 

0.14 (0.04, 0.23) 

 
 

0.15 (0.06, 0.25) 

Socio-economic status 
    2nd poorest quintile 
    Poorest quintile 
    Middle quintile 
    2nd richest quintile 
    Richest quintile 

 
Ref  
NA 

0.68 (0.16, 2.80) 
0.28 (0.07, 1.03) 
0.19 (0.03, 1.04) 

 
 

-0.08 (-0.22, 0.05) 
0.01 (-0.07, 0.10) 
0.00 (-0.09, 0.09) 
-0.03 (-0.14, 0.09) 

 
 

-0.12 (-0.26, 0.02) 
0.02 (-0.07, 0.11) 
-0.02 (-0.11, 0.07) 
-0.03 (-0.14, 0.09) 

Smoking status 
    Current  
    Never 
    Ever 

 
Ref  

0.71 (0.02, 11.84) 
0.55 (0.02, 10.18) 

 
 

-0.17 (-0.41, 0.07) 
-0.14 (-0.39, 0.10) 

 
 

-0.10 (-0.29, 0.09) 
-0.07 (-0.26, 0.13) 

HIV status 
    Non-infected 
    Infected  

 
Ref  

0.27 (0.09, 0.74) 

 
 

0.10 (0.04, 0.17) 

 
 

0.12 (0.06, 0.19) 

Post-bronchodilator 
baseline spirometry 
    FEV1 
    FVC 

 
 
- 
- 

 
 

0.96 (0.83, 1.10) 
-0.04 (-0.15, 0.07) 

 
 

0.15 (0.02, 0.27) 
0.83 (0.72, 0.94) 

OR: Odds ratio, COEF: Coefficient, CI: Confidence interval 
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Table D6: CT imaging features and patient characteristics for the clusters obtained using K-
means clustering. 

 Median (IQR) 

 Cluster 1 
N = 112 

Cluster 2 
N = 60 

Cluster 3 
N = 174 

Time to CT scan (weeks) 4.1 (1.6, 6.6) 4.3 (1.9, 7.7) 4.3 (2.5, 9.1) 

Atelectasis or banding (%)  2.1 (0.7, 3.3) 17.5 (11.2, 27.1) 7.9 (5.4, 11.3) 

Consolidation (%) 1.7 (0.8, 3.5) 3.1 (1.6, 5.0) 0.8 (0.4, 1.7) 

Ground glass opacification (%) 0.0 (0.0, 0.4) 0.4 (0.0, 1.7) 0.0 (0.0, 0.8) 

Mosaicism (%) 0.4 (0.0, 2.1) 5.8 (1.2, 15.7) 9.6 (3.8, 19.9) 

Emphysema (%) 0.0 (0.0, 0.8) 0.0 (0.0, 2.4) 0.0 (0.0, 0.4) 

Emphysematoid destruction 
(%) 

0.0 (0.0, 0.0) 3.3 (0.8, 6.7) 0.0 (0.0, 0.0) 

Cavities (%) 0.0 (0.0, 0.0) 5.0 (2.5, 9.2) 0.4 (0.0, 1.3) 

Abnormal parenchyma (%) 4.8 (1.7, 8.9) 51.9 (37.4, 67.7) 25.8 (16.3, 35.31) 

Abnormal parenchyma 
excluding mosaicism (%) 

2.9 (1.3, 5.1) 39.6 (28.7, 52) 12.5 (8.3, 17.5) 

Lobes with ≥90% destruction 
parenchyma~  

0.0 (0.0, 0.0) 
 

0.0 (0.0, 0.3) 0.0 (0.0, 0.0) 

Total airway plugging severity* 0.0 (0.0, 0.1) 2.0 (1.0, 3.6) 1.5 (0.5, 2.0) 

Total tree-in-bud severity* 1.0 (0.0, 1.5) 6.0 (3.0, 8.5) 4.5 (3.0, 6.5) 

Total lung bronchiectasis 
dilatation severity* 

0.0 (0.0, 0.6) 6.5 (4.5, 8.5) 2.5 (2.0, 4.0) 

Age 34.0 (29.8, 40.3) 36.5 (30.0, 41.3) 35.0 (28.0, 40.8) 

Body mass index 21.1 (19.4, 23.2) 18.9 (18.0, 21.1) 20.4 (19.3, 22.2) 

Education years 10.0 (8.0, 12.0) 9.5 (5.0, 12.0) 10.0 (7.0, 12.0) 

 N (%) 

Any cystic bronchiectasis 
    Absent 
    Present 

 
112 (100.0) 

0 (0.0) 

 
26 (43.3) 
34 (56.7) 

 
169 (97.1) 

5 (2.9) 

Any bronchial wall thickening 
    Absent 
    Present 

 
109 (97.3) 

3 (2.7) 

 
16 (26.7) 
44 (73.3) 

 
127 (73.0) 
47 (27.0) 

Any miliary pattern 
    Absent 
    Present 

 
110 (98.2) 

2 (1.8) 

 
60 (100.0) 

0 (0.0) 

 
172 (98.9) 

2 (1.1) 

Any pleural pathology  
    Absent 
    Present 

 
104 (92.9) 

8 (7.1) 

 
48 (80.0) 
12 (20.0) 

 
167 (96.0) 

7 (4.0) 

Gender  
    Male 
    Female 

 
72 (64.3) 
40 (35.7) 

 
52 (86.7) 
8 (13.3) 

 
113 (64.9) 
61 (35.1) 

Socio-economic status 
    Poorest quintile 
    2nd Poorest Quintile 
    Middle Quintile 
    2nd richest Quintile 
    Richest Quintile 
    Missing 

 
4 (3.6) 

15 (13.4) 
22 (19.6) 
39 (34.8) 
23 (20.5) 

9 (8.0) 

 
5 (8.3) 

16 (26.7) 
15 (25.0) 
14 (23.3) 

5 (8.3) 
5 (8.3) 

 
9 (5.2) 

45 (25.9) 
45 (25.9) 
48 (27.6) 
21 (12.1) 

6 (3.4) 

Smoking status 
    Never 
    Ever 
    Current 

 
92 (82.1) 
20 (17.9) 

0 (0.0) 

 
32 (53.3) 
26 (43.3) 

2 (3.3) 

 
124 (71.3) 
47 (27.0) 

3 (1.7) 

HIV status 
    Negative 
    Positive 
    Missing  

 
25 (22.3) 
86 (76.8) 

1 (0.9) 

 
30 (50.0) 
30 (50.0) 

0 (0.0) 

 
73 (42) 

101 (58.0) 
0 (0.0) 

N: Number of observations, IQR: Interquartile range, CT: Computed tomography  
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Table D7: Cross-tabulation of the clusters identified by K-means and hierarchical clustering 
methods. 

  Hierarchical clustering  

  Cluster 1 Cluster 2 Cluster 3 Total 

 Cluster 1 109 2 1 112 

K-means clustering Cluster 2 0 56 4 60 

 Cluster 3 66 11 97 174 

 Total 175 69 102 346 
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