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Tuberculosis (TB) is one of the oldest infectious diseases but remains a worldwide problem. 
TB spreads easily from person-to-person by air. The only relevant reservoir of the causative 
organism of TB, Mycobacterium tuberculosis, is the human population; patients with 
pulmonary TB are the source of transmission 1. By coughing and sneezing, they excrete TB 
bacilli that become air-born in tiny droplets or aerosols. Tubercle bacilli can survive in these 
droplets that in turn can be inhaled by individuals in close contact to the index TB patient. 
Subsequent infection may either result in self-healing or latent infection, depending on 
virulence of the M. tuberculosis strain, inoculum size, and host genetic and acquired immune 
factors, such as coinfection with HIV or diabetes mellitus 2,3. By definition, latent infection 
reflects a state in which the immune system of the host controls the infection; live tubercle 
bacilli persist and survive in organelles of host immune cells 4. Macrophages activated by 
cytokines like tumor necrosis-factor alpha, interleukin-12 and gamma-interferon, prevent 
both the metabolic activity and the multiplication rate of bacilli; their numbers are very 
low during latent infection, below the threshold to detect these organisms by microbial 
diagnostic assays like culture and DNA amplification techniques. Current techniques to test 
for latent infection are based on immune recognition by the host. They are unable to make 
the distinction among individuals that were self-healed, with no viable bacilli left in their 
system, those with latent infection, carrying live intra-cellular tubercle bacilli in a quiescent, 
metabolically inactive and very slowly replicating dormant state, or those with active TB.  
However, approximately 23% of the world’s population is believed to be latently infected 
with TB bacteria, and 5-15% of them will progress at any point in time to develop the disease 
5–7. When these active TB cases are not promptly diagnosed, greater transmission happens 
in the community. The following symptoms, in decreasing order of frequency, usually occur 
in someone with active pulmonary TB disease: cough with production of sputum (with or 
without blood), fever, unintentional weight loss, night sweats, dyspnea, and chest pain 8. 

In 2017, there was a global diagnostic gap of 3.6 million between notifications of new 
cases and the estimated number of incident cases 7, indicating an underreporting and under-
diagnosis of TB cases. The top three countries accounting for almost half of this gap were: 
India (26%), Indonesia (11%), and Nigeria (9%) 7. Therefore, the World Health Organization 
(WHO) launched an initiative called: ‘Find. Treat. All’, with a target to detect and treat 40 
million people with TB in 2018-2022 7. 

Even though conceptually TB is almost always curable, it is currently the world’s single 
leading infectious killer, indicating that the treatment of TB is not yet optimal 7. Besides 
the challenge of treating drug-sensitive TB cases, the incidence of Multi Drug Resistance 
(MDR)-TB (caused by M. tuberculosis which is not sensitive to Isoniazid and Rifampicin, 
the two most powerful first line anti-TB drugs) is increasing. MDR-TB invariably results 
from spontaneous mutations in the genome of M. tuberculosis changing the structure of 
the target of TB drugs; there is no horizontal gene transfer 9 and selective drug pressure 
facilitates resistant clones to multiply. Inadvertent monotherapy is the main driver of 
drug resistance that was first identified soon after the discovery of streptomycin, the first 
TB drug that was first used as monotherapy 10. Besides this factor, a history of previous TB 
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treatment, inadequate drug exposure, either because of inadequate dosing, or because 
of the presence of conditions that change resorption or distribution of TB medications, 
e.g., diabetes mellitus11–15, are also associated with the development of MDR-TB. Indeed, 
inadequate dosing rather than violations of National TB treatment guidelines have recently 
emerged as an important driver of the MDR-TB epidemic 11,16. Initial drug resistance, acquired 
by transmission from patients with MDR-TB, has now become even more important than 
acquired resistance emerging during TB treatment in many areas around the world 7.

DIAGNOSIS OF PULMONARY TUBERCULOSIS
According to the WHO criteria, pulmonary TB (PTB) is diagnosed by clinical symptoms and 
isolation of M. tuberculosis from sputum by culture or by a newer method such as molecular 
line probe assays (LPAs), or isolation of acid-fast bacilli by sputum smear microscopy (SSM) if 
culture or LPAs is unavailable, or smear-negative PTB patients with chest radiography (CXR) 
showing abnormalities consistent with active PTB17. CXR has low specificity and expose 
patients to radiation8, while SSM lacks sensitivity because of high threshold of TB detection 
(5,000 bacilli/ml of sputum) thus it can only detect TB in patients in progressive stage 18. 
Its sensitivity is even lower in HIV-coinfected individuals, and it cannot differentiate M. 
tuberculosis from non-tuberculosis mycobacteria (NTM)19,20. 

Culture is the diagnostic modality that is currently considered the reference standard 17. 
Unlike molecular genetic tests and SSM, it is the only technique that allows identification 
of the presence of live TB bacilli. It needs only 10-100 M. tuberculosis bacilli to establish 
a diagnosis, however, it is relatively expensive and needs 2 to 8 weeks to obtain results 7.  
Immune-based tests, such as IGRAs or serological antibody assays, are not useful for 
the diagnosis of active TB because it cannot differentiate active TB from latent TB 8. Other 
sputum-dependent tests have been developed more recently, i.e. nucleic acid amplification 
techniques which enable fast identification of M. tuberculosis (such as TB LAMP (Eiken, 
Japan)), as well as rapid assessment of rifampicin susceptibility (such as GeneXpert® MTB/
RIF (Cepheid, USA) and Truenat MTB assays® (Molbio Diagnostics, Bangalore, India)), or 
rapid assessment of susceptibility to first and second line anti-TB drugs (such as LPAs (Hain 
Lifescience, Germany and Nipro, Japan)).7 However, most of these techniques are not widely 
available in many countries, and although Xpert MTB/RIF is available with a concessional 
price for low-middle income countries7, it requires cartridges which are more expensive than 
microscopy, and it is not suitable for using in peripheral health centres because it needs 
stable electricity.

With a population of over 265 million, Indonesia is the third most burdened country 
with TB around the world 9. Many patients in Indonesia live in remote rural areas with 
difficult access to health care facilities and human resources 21. The case finding efforts in 
the country were predominantly based on passive case finding and contact tracing. In line 
with the national guidelines of Indonesia, culture examinations are only conducted for 
particular cases, such as extra pulmonary TB or in patients suspected to have drug-resistant 
and MDR-TB 22. 

Sensitivity and specificity of routine diagnostic work-up for pulmonary 
tuberculosis 
For the reliability of the case definition for active pulmonary TB, it is important to assess 

the reliability of the diagnostic work-up under service conditions in the study area. There 

was no study regarding the sensitivity and specificity of routine diagnostic work-up for TB 

in lung clinics in Indonesia, while such data are crucial to inform the stakeholders regarding 

the performance of routine diagnostic work-up as well as to identify opportunities to 

improve current diagnostic practice. It has been estimated that there is an average loss 

of 1 to 3 months delay between the first day of visit to a health facility and the correct  

diagnosis 23,24. Clearly, delay to reach the correct diagnosis of TB has major implications for 

ongoing transmission, as well as the development of clinically extensive and advanced  

TB with the inherent risk of poor outcome. Meanwhile, the non-TB patients who are 

misdiagnosed as TB will suffer from unnecessary treatment with loss of resources, and 

unjustified adverse drug effects. Nontuberculous mycobacteria (NTM) lung disease and 

lung cancer may mimic TB in chest radiographic imaging, resulting in misdiagnosis of TB 
25. In Taiwan, patients who had negative sputum smear results were more likely to have an 

incorrect TB diagnosis 26. A recent study in Surakarta, a small city on Java island, Indonesia, 

showed that in 2014-2015, 28.7% lung cancer patients were misdiagnosed with pulmonary 

TB and 73.4% of those patients received anti TB drugs for more than one month 27.

Breath test to diagnose pulmonary tuberculosis
One third of TB cases had difficulty to collect an adequate and good quality sputum sample, 

especially children or people living with HIV 28. Therefore, non-sputum-based tests would be 

a tremendous asset. Currently several non-sputum based tests are in development, such as 

urinary lipoarabinomannan (LAM), paediatric stool processing prior to Xpert 29, computer-

aided detection systems7, immune-based tests (such as blood host markers), skin patches, 

and breath tests30.

A breath test has several advantages; being non-invasive, conceptually applicable 

as a point-of-care test, that is easy-to-perform, fast, and convenient for children and 

mechanically ventilated patients31. The concept of breath test is to recognize volatile organic 

compounds (VOCs) that are produced by the host metabolism due to infections, which are 

different from standard conditions 32, or VOCs that are produced by M. tuberculosis33–35. 

There are two techniques used to analyse breath in diagnosing TB, i.e. a chemical or 

a physical technique. A chemical technique is based on chemical interactions between VOCs 

and the devices, such as gas chromatography combined with mass spectrometry (GC/MS), 

electronic noses, and immunosensor and bio-optical technology36–41, while the physical 

technique measures a physical property of the molecule, such as Field Asymmetric Ion 

Mobility Spectrometry (FAIMS)42. GC/MS is used to find specific VOCs of M. tuberculosis33–35,43,44, 

but this method requires complex equipment and operation skills, and different studies 

reported different VOCs35,43–45. Meanwhile, electronic nose is an easy-to-use tool based on an 
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array of sensors that can learn and diagnose a disease from the pattern of VOCs contained in 
any biological materials, such as breath, urine, or feces. 

Electronic-noses have been used for diagnosis of various pulmonary and non-pulmonary 
diseases, for example asthma46, chronic obstructive pulmonary disease46,47, urinary tract 
infection48, or cancer49,50. More recently, electronic-nose has been investigated as a diagnostic 
tool for TB37,39–41,51. The sensor array in electronic nose comprises non-specific sensors. An 
odour stimulates the sensor array to produce a specific fingerprint. Patterns or fingerprints 
from known odours are used to build a model and train a pattern recognition system to 
classify unknown odours based on this model. A hardware part of the device collects and 
transports odours to the sensor array, while the electronic circuitry digitizes and stores 
the responses of sensor for signal processing52.

TREATMENT OF PULMONARY TUBERCULOSIS
In 1944, Schatz and Waksman reported that streptomycin was active against TB bacilli, 
although drug resistance emerged soon with monotherapy. This marked the start of 
discovery of several other TB drugs such as isoniazid, pyrazinamide, and para-amino 
salicylic acid 17, and in 1952, the concept of multi-drug treatment was established 53–55. With 
the discovery of rifampicin in 1968, and the different randomized studies conducted by 
the British Medical Research Council that followed, a standardized short-course regimen with 
first-line drugs was adopted by the WHO 56. The current recommendation is to use isoniazid, 
rifampicin, pyrazinamide and ethambutol as first line treatment during the first two months, 
called the intensive phase, and isoniazid and rifampicin for the next four months, referred 
to as the continuation phase 7. These anti-TB drugs work with the following mechanisms: 
1) bactericidal action, explained as the capability of the drugs to kill the actively growing 
and multiplying bacilli, a role that is conducted by isoniazid and rifampicin; 2) sterilising 
action, defined as the capability of the drugs to kill the semi-dormant bacilli. Rifampicin 
and pyrazinamide fall under this category; 3) prevention from bacillary resistance to 
happen, a role that is carried out most by isoniazid and rifampicin, and to a lesser extent by 
ethambutol and pyrazinamide 57. 

Treatment success rates reach between 60 to 87%, 7,58. The success of TB treatment results 
from many factors including: adherence, comorbidity, type of TB, residence, income, and 
drug exposure, measured by multiple measurements of drug concentrations over time 
in the bloodstream 59–61. Poor treatment outcome has increasingly been associated with 
low TB drug exposure. Patients with low plasma drug concentrations over time (the area 
under the plasma-concentration-time curve, or AUC) and low peak concentration of drugs 
in the blood (Cmax) of rifampicin and isoniazid may result in selection pressure facilitating 
repopulation of organisms with reduced drug susceptibility, eventually resulting in acquired 
drug resistance 61. 

In addition, recent studies showed that anti-TB drugs do not penetrate M. tuberculosis 
niches, such as the caseating granulomas, which explains poor correlation between 

pharmacokinetic-pharmacodynamics profiles and efficacy 62,63. Therefore, the efficacy of 
available treatment strategies is questionable and TB drug discovery and delivery strategies 
need innovation 64.

Pharmacokinetics of anti-tuberculosis drugs
Pharmacokinetics describes how the body processes the drugs, through absorption, 
distribution, metabolism, and excretion. The most widely used and most useful 
pharmacokinetic parameters for TB drugs are AUC and Cmax. Higher AUC values indicate 
higher drug exposure and increased efficacy, while low Cmax values are associated with 
the occurrence of drug resistance 61. 

Several factors influence the pharmacokinetic of TB drugs, which are divided in inter-
individual variability factors caused by comorbidities such as HIV and diabetes mellitus 65, or 
pharmacogenetics of N-acetyltransferase 2 (NAT2) 66, and intra-individual variability, which 
includes the auto-inducing activity of rifampicin 67, variability of MICs, and/or concomitant 
food intake along with the ingestion of TB drugs 68.

In healthy volunteers, administration of drugs with meals results in lower AUC and Cmax 
values of isoniazid 69, and lower Cmax of rifampicin and ethambutol 70,71. Meanwhile, in TB 
patients, one study that was conducted after two weeks of TB treatment showed that a high 
carbohydrate diet decreased AUC0-8h and Cmax of isoniazid 72, and another study that was 
conducted at least after four days of TB treatment found that food reduced Cmax and AUC0-10h 
of all first-line anti-TB drugs 73.

There may be distinct pharmacokinetics of first-line drugs in treatment-naïve patients 
compared to TB patients who are already on treatment because of discrepancy in severity of 
disease, malnutrition and hypoalbuminemia 74,75. Furthermore, in treatment-naïve patients, 
there is a higher number of bacilli and higher risk of acquired drug resistance when the drug 
level is insufficient 61.  

Optimal sampling strategy of blood samples to measure exposure to anti-
tuberculosis drugs
There are many factors that could influence the concentration of TB drugs in the blood, thus 
Therapeutic Drug Monitoring (TDM) may be useful, especially for patients who show slow 
clinical response to treatment 76, a poor clinical condition during treatment 76, comorbidities 
that could interfere with the TB drug exposure 14,77, or a condition that puts the patient at risk 
of adverse TB drug reactions 78.

TDM uses information of plasma drug concentrations (the area under the concentration-
time curve, or AUC) to determine the appropriate dose for the patient 76. However, at least six 
or seven samples are needed to estimate the AUC 76. Therefore, some alternative approaches 
were developed to assess drug exposure and to estimate AUC values in a particular patient.

Optimal sampling strategy (OSS) is a strategy that includes a limited number of blood 
samples from a patient to estimate AUC0-24h -the AUC over 24 h- instead of using a full 
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concentration-time curve that requires frequent sampling time points 76. Thus, burden 
for the patient, cost of examination, and time needed to approximate the AUC0-24h of 
the investigated drug could be reduced79. 

For anti-TB drugs, OSS has been done for some individual drugs such as moxifloxacin or 
rifampicin, but only one study described an OSS for multiple anti-TB drugs, while this study 
only assessed OSS of anti-TBs drugs in fasting condition 80. 

Early bactericidal activity of inhalation drugs for multi drug-resistant tuberculosis
Treatment for MDR-TB needs long duration (9-12 months for short regimen, and 18-20 
months for long regimen), and uses many drugs with many side effects 81. Therefore, 
efforts have been put to find a more effective and safer MDR-TB treatment. In developing 
treatment for MDR-TB, besides searching new anti MDR-TB drugs, exploring other routes of 
administration for existing drugs is another option. 

Since most of TB cases are pulmonary TB, a pulmonary route of drug administration 
would be an asset. This administration route may use drugs with a different mechanism 
of action against M. tuberculosis than the standard 1st or 2nd line drugs in current use. We 
were interested in the concept to use an efflux pump inhibitor that causes lesions in the cell 
wall or cell membrane of tubercle bacilli. In this manner other drugs may act more potently 
against M. tuberculosis.

Colistin sulphomethate sodium pokes holes in cell membranes, causes cell wall damage, 
deformation and bulging, and may have a synergistic effect with other anti-TB drugs 82. This 
mechanism was shown by scanning electron micrographs of cultured isolates of extremely 
drug resistant M. tuberculosis, which were treated with 12,5 mcg/mL colistin 83. Recently, Lee 
et al. showed a synergistic effect of colistin and rifampicin in A. baumannii 84. Meanwhile, Bax 
et al. and van Breda et al. indicated that colistin could potentiate the anti-TB drug activity 85,86. 

Inhalation of colistin sulphomethate sodium might therefore be an interesting candidate 
as additional drug for MDR-TB treatment. For a successful inhalation route, suitable particle 
properties and appropriate delivery device should be considered. There are several forms 
of drugs available, such as solutions, emulsions, suspensions or dry powders 64. Because of 
the higher sterility, storage stability, and easier handling, a dry powder form is preferred 64. 
Currently, the most advanced technologies developed for inhalation drugs are pressurized 
metered-dose inhalers (pMDIs) and dry powder inhalers (DPIs) 64. Colistin sulphomethate 
sodium DPI has already been tested in healthy volunteers 87, patients with cystic fibrosis 88, 
and TB patients in South Africa (unpublished data), showed that the Colistin sulphomethate 
sodium DPI was well tolerated by the subjects.

An early bactericidal activity (EBA) is defined as “The fall in counts/mL sputum/day during 
the first 2 days of treatment” 89. It is used to measure rates of sterilization of an anti-bacterial 
drug and is the best method to investigate the efficacy of a drug candidate in a pipeline 90. To 
investigate the added value of a drug in an EBA study, another drug in the current regimen 
which has low EBA should be used as it will not mask the effect of the investigated drug. 

Aminoglycosides were used as the second-line injectable agents in the MDR-TB  
regimen 81. The EBA for amikacin, one of the aminoglycosides, is low 91. Meanwhile, 
the bactericidal activity of amikacin is very similar with kanamycin 92, thus intravenous 
kanamycin could be used to investigate the added value of Colistin sulphomethate sodium 
DPI in treating TB. 

AIMS AND OUTLINE OF THE THESIS
The aim of Chapter 2 is to investigate the sensitivity and specificity of the routine diagnostic 
work-up for tuberculosis in lung clinics in Yogyakarta, Indonesia, and explore possible ways 
to improve current diagnostic standards.

In Chapter 3, we present a study evaluating the diagnostic accuracy of breath test using 
an electronic nose for PTB. We investigated the sensitivity and specificity of this diagnostic 
tool using a standard as described in Chapter 2 – the reference was based on clinical 
symptoms, culture, sputum smear examination, chest X-ray results, and clinical follow-up 
among patients presenting with complaints warranting a diagnostic work-up for PTB in 
Yogyakarta, Indonesia. 

In Chapter 4, we present a systematic review and meta-analysis of breath test in 
diagnosing TB to investigate the diagnostic accuracy of breath test with electronic-nose 
and other devices using culture or other tests for TB (sputum smear microscopy, chest 
radiography, Gene Xpert, pleural biopsy, or combination of these tests) as a reference for 
comparison.

As explained above, adequate drug exposure is critical to prevent the emergence of 
drug-resistant mutants. The objective of Chapter 5 is to quantify the influence of food on 
the pharmacokinetics of isoniazid, rifampicin, ethambutol, and pyrazinamide in treatment-
naïve TB patients. For this purpose, we carried out a prospective randomized crossover 
pharmacokinetic study in Yogyakarta, Indonesia. 

In Chapter 6, we developed an optimal sampling procedure with best-subset multiple 
linear regression to predict AUC0-24h of first-line anti-TB drugs, which were administered on 
an empty stomach, fed condition, with intravenous administration as a comparison. 

The aim of Chapter 7 is to investigate the early bactericidal activity of Colistin 
sulphomethate sodium inhalation and intravenous Kanamycin in patients with  
pulmonary TB.  

In Chapter 8, we discuss outcomes of these studies and future perspectives.
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ABSTRACT
Background: Establishing a correct diagnosis is challenging. We aimed to investigate 
the sensitivity and specificity of routine tuberculosis (TB) diagnostic work-up in lung clinics in 
Indonesia, a country with the third highest TB burden and the second highest gap between 
notifications of TB cases and the best estimate of incident cases in the world.

Methods: In the lung clinics of the Province of Yogyakarta, Indonesia, we recruited all 
consecutive patients with symptoms suggesting TB, aged ≥18 years. Routine TB examination 
consisted of clinical evaluation, sputum smear microscopy, and chest radiography. For 
research purposes, we added sputum culture, Human Immunodeficiency Virus (HIV) testing, 
and follow-up for 1.5 years or 2.5 years if culture results disagreed with the initial clinical 
diagnosis. The initial diagnosis was considered incorrect if patients did not respond to 
treatment. We calculated sensitivity and specificity of the TB routine examination using 
culture and a composite reference standard (CRS – a combination of routine examination, 
culture, and follow-up) as the reference standards. All analyses were conducted with IBM 
SPSS Statistics 25 (IBM Corp., Armonk, NY, USA).

Results: Between 2013-2015, we included 360 participants, and 21 were excluded due to 
incomplete data. Among those analyzed, 115 were initially diagnosed with smear-positive 
TB, 12 with smear-negative TB, and 212 non-TB. In 15 study participants, the diagnosis was 
changed after median 45 (range: 14-870) days; 14 participants initially not diagnosed with 
TB were later diagnosed with TB, while one subject initially diagnosed with TB actually did 
not have TB. Compared with culture and CRS, TB routine examination had sensitivity of 85% 
(95%CI: 77-91) and 90% (95%CI: 84-94), and specificity of 86.3% (95%CI: 81-91) and 99.5% 
(95%CI: 97-100), respectively.

Conclusions: A combination of clinical evaluation with sputum microscopy and chest 
radiography provided high sensitivity and specificity in diagnosing TB in lung clinics; in only 
4.4%, the diagnosis was incorrect. There is a need to improve routine TB diagnostic work by 
using clinical evaluation, sputum smear microscopy, and chest radiography all together in 
other settings, such as in primary health centers.

BACKGROUND
Indonesia is the country with the third largest TB burden in the world and has accounted for 
the second highest gap between notifications of TB cases and the best estimate of incident 
cases.1 As in many low resource settings, TB is usually diagnosed by clinical examination, 
sputum smear microscopy, and chest radiography (CXR). Among the 442,172 new and 
relapsed pulmonary TB cases, only 54% were confirmed bacteriologically by microscopy 
or less often, by culture.1 Culture examination is reserved for suspected drug resistance in 
patients failing to respond to treatment or in patients who relapse.2 Other diagnostic tools 
such as Polymerase Chain Reaction (PCR) and Gene-Xpert are still difficult to access and 
without subsidy are unaffordable for the majority of patients.

The World Health Organization (WHO) criteria for pulmonary TB diagnosis include 
clinical symptoms and a CXR suggestive of TB, isolation of Mycobacterium tuberculosis 
(MTB) by culture or acid-fast bacilli by sputum smear microscopy if culture is unavailable.3 
Clinicians might need to make a tentative diagnosis if clinical symptoms and CXR suggest 
TB while microscopy remains negative, or if the patient does not respond to the treatment 
of an alternative pulmonary diagnosis.3 Patients with a clinical response to TB treatment are 
likely to have suffered from TB, although occasionally clinical improvement may occur in 
patients with sarcoid, cryptogenic organizing pneumonia or non-tuberculous mycobacteria  
(NTM) infection.

Establishing a correct diagnosis is challenging.4 Symptoms have low sensitivity and 
specificity; CXR of NTM lung disease and lung cancer may mimic TB, and bacteriology 
examinations sometimes fail.4–6 Only a few studies have evaluated the sensitivity and 
specificity of TB diagnosis in the routine settings of low- and middle income countries.7,8 

The government of Indonesia established the latest national strategy for TB control 
in 2016, emphasizing reinforcement of TB programs’ leadership, escalation of quality of 
TB services (prevention, diagnosis and treatment), management of risk factors for TB, 
enhancement of collaborations and community participation, and reinforcement of TB 
program management.9 

The sensitivity and specificity of a routine work-up for suspected TB in Indonesia, 
particularly in lung clinics, have not been studied. Meanwhile, this kind of study could 
provide information for the government about the quality of routine TB service and how 
to improve it, thus eventually it could support decision making and escalate the quality 
of the national TB program. We included culture examination and long-term follow-up 
in order to evaluate the sensitivity and specificity of the diagnostic algorithm under  
service conditions. 

METHODS
Study aim and design
We aimed to investigate the sensitivity and specificity of routine TB diagnostic work-up in 
lung clinics in Indonesia. This research was a cohort study of patients suspected to have TB 
in Yogyakarta, Indonesia.
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Study setting
Yogyakarta Province had a population of 3,679,176 in 2015.10 It had 5 public lung clinics that 
provide services for lung diseases, predominantly TB, and where more than half of suspected 
TB patients in Yogyakarta were screened.11 In 2016, after our study was completed, the lung 
clinics were integrated into one lung hospital. Patients were either self-referred or referred 
by primary health centers. The lung clinics used microscopy, CXR, and HIV Voluntary 
Counseling and Testing services. The province has 21 primary health centers that mostly 
have sputum smear microscopy facilities; few among them have CXR facilities.12 The total TB 
case notification rate in Yogyakarta in 2015 was 73/100,000.10 

Study population
This study was part of a research to investigate the diagnostic sensitivity and specificity of an 
electronic nose in Yogyakarta, Indonesia (eNose study-NCT02219945). The study population 
consisted of TB suspects aged 18 years and older, who agreed to participate in the eNose 
study. They were enrolled from October 2013 to December 2015. 

Study parameters 
As part of routine examination, morning-spot-morning smear microscopy and CXR were 
conducted. For research purposes, we added sputum culture, HIV testing, and followed 
the study participants over time. Following the normal procedures, all study participants 
attended the Lung Clinics for two consecutive days to have their diagnosis established by 
the Lung Clinics’ physicians. On the first day, patients underwent clinical examination, CXR, 
microscopy examination from a spot sputum specimen, and HIV testing. On the second day, 
patients collected morning and spot sputum specimens for microscopy, and for research 
purpose, another morning sputum specimen for microscopy and culture in the Microbiology 
Laboratory, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, 
Indonesia. As part of the ongoing research, all TB suspects were prospectively followed up at 
their home, lung clinics, or by phone for 1.5 years after diagnosis. Patients were followed up 
for 2.5 years when the culture results disagreed with the initial clinical diagnosis (i.e. culture 
was positive for MTB, but the clinical diagnosis was non-TB, or culture was negative but 
patient was diagnosed with TB).

We recorded information about previous TB treatment, demographics (age, sex, and 
Body Mass Index - BMI), housing conditions, bacteriological examination, CXR reading, 
follow up of clinical symptoms, and comorbidities (HIV or Type 2 Diabetes Mellitus/T2DM). 
T2DM diagnosis was based on the national guidelines.13 A.M.S. and F.S. double-entered all 
data into a database, and ensured no missing data or typing errors.

Sputum microscopy and culture examinations with Löwenstein-Jensen-LJ) medium 
were conducted according to the WHO laboratory guidelines.14 For research purposes, one 
independent physician (TsW - a pulmonologist) re-read the CXRs, which were scored as 
suggestive for TB, possible TB, abnormal but no TB, and normal. Patients who were lost to 

follow-up at any point in time, or who had incomplete results of any diagnostic test were 
excluded from the study. Results of TB routine examination were available to those seeing 
the patients during follow-up, but not to the laboratory personnel. 

The initial diagnosis (TB or non-TB) was considered incorrect and was revised in 
the referral health centers when patients did not respond to treatment, or if an alternative 
diagnosis was made during follow-up. A composite reference standard (CRS)15,16 which 
consists of symptoms, sputum microscopy and culture, CXR, and follow-up determined 
the final diagnostic classification (TB or non-TB). 

A TB case was defined as: (1) patient with bacteriological confirmation and clinical 
illness or CXR suggestive of TB, and responding to TB treatment; or (2) patients without 
bacteriological confirmation, but with clinical illness and CXR suggestive of TB, and 
responding to TB treatment. At the end of study period, the patients were then divided into 
two groups: (1) patients whose diagnoses were not revised, and (2) patients who had their 
definitive diagnosis changed compared to their initial diagnoses. 

Data analysis
Previous studies revealed that among all TB symptoms, cough, weight loss, and night sweats 
were independent predictors of TB with or without HIV coinfection,17–19 thus we confined 
the analysis to these symptoms. The CXRs were dichotomized: CXR suggestive for TB or 
possible TB were scored as “suggestive for TB”, while a CXR abnormal but no TB, and CXR 
considered normal were scored as “not suggestive of TB”. We calculated the proportion of 
revised diagnoses, and the sensitivity, specificity, and positive and negative predictive values 
(PPV and NPV) of the TB routine examination using culture and the CRS as the reference 
tests. We also investigated which factors were associated with the revision of diagnosis 
from non-TB into TB by calculating the relative risks (RR) and their 95% confidence intervals 
(95%CI). The RR was considered significant if the 95%CI did not contain value of 1.00. All 
analyses were conducted with IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA).

RESULTS
In all, 360 consecutive TB suspects were prospectively included. Twenty-one subjects 
were excluded for various reasons (Figure 1). Most of the subjects were male, with median 
age 46 (range: 18-87) years, and normal BMI (18.5-25kg/m2). Most subjects (79%) lived in 
a crowded neighborhood or poorly ventilated housing, 7% of them had TB index cases 
in their surrounding (house-hold members, colleagues, or close neighbors), 12% of them 
had a history of previous TB, 2.4% had HIV infection, 7.7% had T2DM, and 32% were  
current smokers. 

Out of 339 participants, 115 were initially diagnosed with smear-positive TB, 12 had smear-
negative TB, and 212 had diagnoses other than TB (asthma, pneumonia, bronchiectasis, 
chronic bronchitis, Chronic Obstructive Pulmonary Diseases, Obstructive Syndrome Post 
TB, lung fibrosis, lung abscess, lung cancer, pleural effusion, and polycystic lung disease). 
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Of the eight patients who had HIV infection, 4 patients tested positive for TB in smear 
microscopy; 2 patients were diagnosed with TB but were smear negative and the other 2 
patients were diagnosed as non-TB.

Table 1 shows that when culture and follow-up were used in parallel with TB routine 
examination to establish the final diagnosis, the final diagnosis changed for 15 (4.4%) study 
participants; 14 more study participants in retrospect had TB now, while only one subject 
initially diagnosed with TB actually did not have TB. 

Fourteen patients were initially diagnosed as non-TB (7 were diagnosed with bacterial 
pneumonia, 3 with chronic bronchitis, 2 with post TB sequelae, 1 with bronchiectasis, 
and 1 with bronchopneumonia), but then their clinical conditions deteriorated and after 
median 83 (range: 14-870) days, 13 out of 14 patients were diagnosed as pulmonary TB, 
and 1 patient was diagnosed as Multi Drug Resistant Tuberculosis (MDR-TB). One of these 
pulmonary TB patients was HIV co-infected. One patient who was initially diagnosed with 
TB suffered from drug-induced liver toxicity at week 6 of treatment, and his TB drugs had 
to be stopped. He was referred to the hospital and obtained other non-TB drugs for one 
month, and afterwards, when sputum microscopy appeared negative, the treatment was 
stopped and he has remained well since; we therefore concluded that he probably did not 
have TB. Two other TB patients were considered cured, but then relapsed and obtained a re-
treatment TB regimen. 

Among non-TB patients whose diagnoses were revised into TB, six patients with CXR 
suggesting TB developed TB after around one month, and one patient with CXR suggesting 
TB developed TB after 26 months. Seven patients who had CXR not suggesting TB developed 
TB around 9 months after their initial diagnostic work-up. 

Seven non-TB patients had MTB cultured in a sputum specimen, but they did not develop 
any TB symptoms during follow-up. Thus, we suspected them to have false-positive culture 

Figure 1 
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Figure 1. Flow chart of study participants

Table 1. Characteristics of study participants

Characteristics
Overall 
(n=339)

Diagnosis not revised (n=324) Diagnosis revised (n=15)

TB (n=126)
Non-TB 
(n=198)

Non-TB to TB 
(n=14)

TB to Non-TB 
(n=1)

Symptoms, n(%)
Cough>2 weeks 329 (97.1) 122 (96.8) 192 (97) 14 (100) 1 (100)
Unintentional  
weight loss

211 (62.2) 109 (86.5) 92 (46.5) 9 (64.3) 1 (100)

Night sweats 167 (49.3) 92 (73.0) 69 (34.8) 5 (35.7) 1 (100)
Sputum smear microscopy, n(%) 

Positive 115 (33.9) 114 (90.5) 0 (0) 0 (0) 1 (100)
Negative 224 (66.1) 12 (9.5) 198 (100) 14 (100) 0 (0)

Mycobacterial culture, n(%)
M. tuberculosis 113 (33.3) 96 (76.2) 7 (3.5) 10 (71.4) 0 (0)
NTM* 17 (5) 11 (8.7) 6 (3) 0 (0) 0 (0)
Negative 209 (61.7) 19 (15.1) 185 (93.4) 4 (28.6) 1 (100)

Chest X-ray findings at presentation, n(%) 
Suggestive of TB 158 (46.6) 117 (92.9) 33 (16.7) 7 (50) 1 (100)
Not suggestive of TB 181 (53.4) 9 (7.1) 165 (83.3) 7 (50) 0 (0)

Follow-up, n(%)
Suggestive of TB 140 (41.3) 126 (100) 0 (0) 14 (100) 0 (0)
Not suggestive of TB 199 (58.7) 0 (0) 198 (100) 0 (0) 1 (100)

*NTM: Non-Tuberculous Mycobacteria 
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results. Three out of these 7 patients had a history of previous TB. Among 30 TB patients 
whose diagnoses were not revised, 19 patients had negative culture, and in 11 patients, 
sputum culture grew NTM. They responded to TB treatment and all of them were considered 
cured. Therefore, these patients were suspected to have false-negative cultures. In two 
patients, probably a clerical error occurred, with results exchanged between them. Samples 
of these two patients were processed in the same day; one had positive smear microscopy 
for TB, while the other had a negative microscopy test. The patient who was smear-positive 
and negative by culture was treated with anti TB drugs and subsequently recovered, whilst 
the other patient whose smear was negative and whose culture was positive did not get any 
TB treatment and did not deteriorate over time. Moreover, we noticed from the laboratory 
notes that three non-TB patients with negative culture whose diagnoses were revised into TB 
collected saliva instead of sputum, and sample specimens were too small (1 ml while >2ml 
is required). Most of patients who were suspected to have false-negative culture collected 
saliva instead of sputum, and with insufficient volume (<2ml).

The TB routine examinations in lung clinics in Yogyakarta had sensitivity of 85% (95%CI: 
77-91) and 90% (95%CI: 84-94), and specificity of 86.3% (95%CI: 81-91) and 99.5% (95%CI: 
97-100), taking culture and CRS as the reference tests, respectively (Table 2). Sensitivity and 
specificity of different symptoms and diagnostic tests were various, using CRS as the reference 
test (Table 3). Table 4 shows that patients with TB index cases in their surroundings were 12 
times more likely to have revision of diagnosis from non-TB into TB compared to patients 
without TB index cases in their surroundings. Patients with a positive culture were 29 times 
more likely to have revision of diagnosis than patients with negative culture, and patients 
with CXR suggesting TB were 4 times more likely to have revision of diagnosis than patients 
with CXR not suggesting TB. Number of patients whose diagnoses were revised is too low to 
conduct a multivariate analysis.

DISCUSSION
TB routine examinations in Yogyakarta lung clinics had high sensitivity and specificity. Only 
4.1% of 339 consecutively enrolled study participants who were initially not diagnosed with 
TB later turned out to have TB. To our knowledge this study is the first report addressing 
sensitivity and specificity of TB diagnosis under routine conditions in lung clinics in 

Table 2. Performance of TB routine examination for TB diagnosis

Sensitivity 
(95%CI)

Specificity 
(95%CI) PPV (95%CI) NPV (95%CI)

TB routine examination (culture as 
the reference test)

85

(77-91)

86.3

(81.1-90.5)

75.6

(68.9-81.3)

92

(88.1-94.7)
TB routine examination (composite 
reference standard as the reference test)

90 

(83.8-94.4)

99.5 

(97.2-99.9)

99.2 

(94.7-99.9)

93.4 

(89.6-95.9)

Table 3. Sensitivity and specificity of different diagnostic tools, using CRS as the reference test

Diagnostic tool Sensitivity (95%CI) Specificity (95%CI)

Symptoms 
Cough>2wks 97.1 (92.9-99.2) 10.6 (6.7-15.7)
Unintentional weight loss 84.3 (77.2-89.9) 53.3 (46.1-60.4)
Night sweats 69.3 (60.9-76.8) 64.8 (57.8-71.4)
Cough>2wks + weight loss 82.1 (74.8-88.1) 57.3 (50.1-64.3)
Cough>2wks + night sweats 67.1 (58.7-74.8) 67.3 (60.4-73.8)
Weight loss + night sweats 65.0 (56.5-72.9) 76.9 (70.4-82.6)
All symptoms 62.9 (54.3-70.9) 78.4 (72.0-83.9)

Sputum Smear Microscopy (with Spot-Morning-Spot specimens)
Positive for AFB 81.4 (74-87.5) 99.5 (97.2-99.9)

Chest radiography (CXR)
Abnormalities suggestive of active TB 88.6 (82.1-93.3) 82.9 (77-87.9)

Combination
Cough>2wks+SSM 80.0 (72.4-86.3) 99.5 (97.2-99.9)
Cough>2wks +CXR 86.4 (79.6-91.6) 85.4 (79.8-90.0)
Weight loss+SSM 71.4 (63.2-78.7) 99.5 (97.2-99.9)
Weight loss+CXR 76.4 (68.5-83.2) 91.0 (86.1-94.6)
Night sweat+SSM 60.0 (51.4-68.2) 99.5 (97.2-99.9)
Night sweat+CXR    63.6 (55-71.5) 95.5 (91.6-97.9)
Cough>2wks +weight loss+SSM 70.0 (61.7-77.5) 99.5 (97.2-99.9)
Cough>2wks +weight loss+CXR 74.3 (66.2-81.3) 92.5 (87.9-95.7)
Cough>2wks +night sweat+SSM    58.6 (50-66.8) 99.5 (97.2-99.9)
Cough>2wks +night sweat+CXR 61.4 (52.8-69.5) 96.0 (92.2-98.3)
Weight loss+night sweat+SSM 56.4 (47.8-64.8) 99.5 (97.2-99.9)
Weight loss+night sweat+CXR 59.3 (50.7-67.5) 96.5 (92.9-98.6)
All symptoms+SSM 55 (46.4-63.4) 99.5 (97.2-99.9)
All symptoms+CXR 57.1 (48.5-65.5) 97.0 (93.6-98.9)
SSM+CXR 78.6 (70.8-85.1) 99.5 (97.2-99.9)
Cough>2wks +SSM+CXR 77.1 (69.3-83.8) 99.5 (97.2-99.9)
Weight loss+SSM+CXR 68.6 (60.2-76.2) 99.5 (97.2-99.9)
Night sweat+SSM+CXR 58.6 (50-66.8) 99.5 (97.2-99.9)
Cough>2wks +weight loss+SSM+CXR 67.1 (58.7-74.8) 99.5 (97.2-99.9)
Cough>2wks +night sweat+SSM+CXR 57.1 (48.5-65.5) 99.5 (97.2-99.9)
Weight loss+night sweat+SSM+CXR 55.0 (46.4-63.4) 99.5 (97.2-99.9)
All symptoms+SSM+CXR 53.6 (45-62) 99.5 (97.2-99.9)

Indonesia. Follow-up as a part of a composite reference standard to assess diagnostic test 
characteristics has been successfully used in many different settings.16,17,20,21 

The diagnostic sensitivity and specificity in this study are higher compared to the study 
from Kwazulu-Natal, South Africa.8 All 12 patients in our study who were bacteriologically 
negative but clinically diagnosed with TB, had clinical improvement during the TB treatment. 
Boehme et al. found that only 67 out of 138 patients who were clinically diagnosed with TB 
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despite negative bacteriology improved after TB treatment.7 Using culture as reference test, 
a study in smear negative TB patients in Pakistan showed that the clinical diagnosis was 
correct in 80%.22 In a retrospective study in Taiwan, 87% of smear negative patients who 
were clinically diagnosed with TB were confirmed to have TB based on their response to 
therapy.6 Some factors may explain this: Indonesia has higher TB prevalence which results in 
higher pretest probability; the lung clinics conducted multiple tests in the first examination, 
thus the physicians had more data to support correct diagnosis; and Indonesia has lower 
HIV prevalence,1 which contributes to the higher sensitivity of sputum microscopy and CXR. 

In Yogyakarta, Indonesia, the lung clinics had the facilities needed to establish a TB 
diagnosis, meanwhile some of the primary health centers did not have laboratories facilities 
for sputum smear microscopy or CXR, thus they needed to send samples or patients for 
microscopy or CXR examinations to the lung clinics or higher-level hospitals. In addition, 
the lung clinics conducted both microscopy and CXR examinations in the first visit, while 
primary health centers followed the national diagnostic algorithm that recommends CXR 
examination only when sputum smears are negative. Therefore, the duration of diagnostic 
delay for TB diagnosis in primary health centers was significantly longer than in lung clinics,23 
and the primary health centers may not have sufficient tools to establish the correct diagnosis. 
However, there have been no studies that investigated the sensitivity and specificity of TB 
diagnosis in the primary health centers in Indonesia, thus we could not compare the results 
with the lung clinics. Furthermore, the proportion of patients lost in primary health centers 
was higher than in lung clinics, due to this longer duration of the diagnostic process,23 

Table 4. Factors associated with the revision of diagnosis from non-TB into TB among non-TB patients

Variable

Revised diagnosis from 
non-TB into TB

RR 95%CI
Yes 
(n=14)

No 
(n=198)

Age, n (%)
≥46 years old 5 (35.7) 117 (59.1) 0.41 0.14-1.18
<46 years old 9 (64.3) 81 (40.9) 1

Sex, n (%)
Male 8 (57.1) 118 (59.6) 0.91 0.33-2.53
Female 6 (42.9) 80 (40.4) 1

BMI, n (%)
<18.5 or >25 6 (42.9) 75 (37.9) 1.21 0.44-3.37
18.5-25 8 (57.1) 123 (62.1) 1

History of TB, n (%)
Yes 2 (14.3) 26 (13.1) 1.10 0.26-4.64
No 12 (85.7) 172 (86.9) 1

Housing conditions, n (%)
Crowded neighborhood or poorly ventilated 
house

12 (85.7) 136 (68.7) 2.59 0.60-11.26

Not crowded neighborhood and adequate 
ventilated house

2 (14.3) 62 (31.3) 1

TB index cases in surrounding area, n(%)
Present 7 (50) 9 (4.5) 12.25 4.90-30.60
Not present 7 (50) 189 (95.5) 1

HIV* comorbidities, n(%)
Yes 1 (7.1) 2 (1.0) 5.36 0.99-28.89
No 13 (92.9) 196 (99.0) 1

Diabetes mellitus comorbidities, n(%)
Yes 1 (7.1) 9 (4.5) 1.55 0.23-10.73
No 13 (92.9) 189 (95.5) 1

Smoking status, n(%)
Current smoker or stopped smoking <10 
years

3 (21.4) 55 (27.8) 0.72 0.21-2.50

Never-smoker or non-smoker >10 years 11 (78.6) 143 (72.2) 1
Symptoms, n(%)
Cough>2 weeks 

Yes 14 (100.0) 177 (89.4) N.A. N.A.
No 0 (0.0) 21 (10.6)

Unintentional weight loss
Yes 9 (64.3) 92 (46.5) 1.98 0.69-5.71
No 5 (35.7) 106 (53.5) 1

Night sweats
Yes 5 (35.7) 162 (81.8) 0.57 0.20-1.67

Table 4. (continued)

Revised diagnosis from 
non-TB into TB

RR 95%CI
Yes 
(n=14)

No 
(n=198)

No 9 (64.3) 36 (18.2) 1

Sputum smear microscopy, n(%)
Positive 0 (0.0) 0 (0.0) N.A. N.A.
Negative 14 (100.0) 198 (100.0)

Mycobacterial culture, n(%)
M. tuberculosis 10 (71.4) 7 (3.5) 28.68 10.05-81.81
Negative or NTM* 4 (28.6) 191 (96.5) 1

Chest X-ray findings at presentation, n(%)
Suggestive of TB 7 (50.0) 33 (16.7) 4.30 1.60-11.57
Not suggestive of TB 7 (50.0) 165 (83.3) 1

Follow-up, n(%)
Suggestive of TB 14 (100.0) 0 (0.0) N.A. N.A.
Not suggestive of TB 0 (0.0) 198 (100.0)

*HIV: Human Immunodeficiency Virus, NTM: Non-Tuberculous Mycobacteria
Data are presented as percentage
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although generally the distances between patients’ houses and primary health centers were 
closer than distances between their houses and lung clinics. Often patients needed to come 
more frequently to the primary health centers than to lung clinics to get diagnosed, which 
means more costs and time spent, thus causing patients’ reluctance to finish the diagnostic 
procedures.23 Indeed, there is a high gap (estimated around 47%) between notification and 
the estimation of incident TB cases due to undetected and underreported cases in Indonesia, 
including Yogyakarta.1 Therefore, if the TB diagnostic process in the lung clinics could be 
replicated in the primary health centers, it would improve the detection rate and reduce 
further TB transmission in the community. 

Presence of all symptoms showed fairly good sensitivity and specificity as reported earlier 
from Tanzania,18 and it helped to establish an accurate diagnosis. Persistent cough of at least 
2 weeks duration had the highest sensitivity, although other studies have reported low 
sensitivity and high specificity for persistent cough.17,24 Night sweats were associated with 
the highest specificity. Indeed, night sweats have generally been considered as a specific 
symptom for TB though the pathophysiology is poorly understood;25,26 night sweats are 
limited to the upper trunk in TB.27 

It is reasonable that a revision of diagnosis from non-TB into TB was associated with 
a presence of TB index cases in patient’s surroundings, as the presence of exposure to TB 
index cases is one of risk factors to contract TB.1,9 Culture examination is indeed considered 
the gold standard for the diagnosis of TB; 10 out of 14 patients whose diagnoses were revised 
had positive culture but negative smear. Nonetheless, the solid media used for culture in our 
study typically has a slow turn-around time, considerably longer than cultures in liquid media 
that have the additional advantage of improved sensitivity. Liquid culture may however have 
lower specificity due to higher contamination rates.28–30 To increase sensitivity of LJ culture, 
2-3 specimens per patient should preferably be examined to improve the diagnostic yield.31,32 
In only 34 participants in our study, multiple specimens were submitted for culture. CXR has 
higher specificity and sensitivity compared to clinical symptoms, which corresponds with 
previous studies.24,33 CXR in TB may resemble other pulmonary conditions,4,5 however, almost 
all non-TB patients whose diagnoses were revised into TB and who had CXR suggesting TB, 
developed TB after a short time. Our data illustrate that CXR is a helpful tool to screen for 
active TB. A previous study reported that ≥80% of patients with pulmonary TB have at least 
one among five different radiographic appearances.19 

According to the TB national guidelines in Indonesia, patients with negative smear should 
return or be followed-up to investigate their responses to the antibiotics given.2 However, in 
reality, patients often do not return to the health centers, and the patients who are lost are 
not tracked.23 Many negative-sputum-smeared patients in our study did not visit the lung 
clinics or other health centers after their initial diagnosis. In this situation, we note that 
follow-up helped to establish a correct TB diagnosis. A national study in 2017 revealed that 
around 20% of new cases were not diagnosed.1 Follow-up also provides an affordable way 
to evaluate the sensitivity and specificity of the diagnostic process in low resource settings. 

This study is the first report on the proportion of false positive cultures in Indonesia. 
We suspect that the rate of false (positive and negative) culture results was 11.2%, while 
our estimate of false positive culture rate is 2%, which is comparable with earlier reports 
in high and middle/low-income countries.34–36 To confirm suspected cross-contamination 
resulting in false-positive diagnoses, fingerprinting techniques help to identify similarity 
of strains from patients that have no epidemiological link. For resource-poor settings like 
Indonesia, these techniques are currently unaffordable but clinical laboratories can improve 
operational procedures by enhancing adherence to protocols,31 and participating in External 
Quality Assessment programs. Despite unavailability of fingerprinting analysis, we assessed 
the possibility of false-positive culture in our study through all available data. The lack of 
quality and quantity of samples might influence the quality of culture in these suspected 
false culture cases. Therefore, laboratory and other health care workers should instruct 
patients how to produce sufficient samples to increase the sample quality and detection 
rate.37 In a similar setting in Java, Indonesia, education provided for sputum collection for 
the patients was suboptimal.38 

To address the diagnostic delay, a rapid, reliable, and point-of-care diagnostic tool is 
needed. However, clinicians need to be conscious of the possibility of false-positive test 
results of any diagnostic tool, and clinical judgment remains important. Some tools are now 
under development, such as the loop-mediated isothermal amplification test for TB,1 and 
electronic nose.39 In the settings of lung clinics and primary health centers in Yogyakarta 
and elsewhere in Indonesia, Gene-Xpert TB/RIF is not readily available; it is available in 
some hospitals,40 and although the use of Gene-Xpert could increase the TB positivity rate,40 
the relatively high cost of cartridges precludes extensive use if suspicion for drug resistance 
is low. False-positive test results for TB may also occur with PCR41 or Gene-Xpert.42 

While waiting for an implementation of a rapid, reliable, and point-of-care TB diagnostic 
tool, optimizing the current routine TB diagnostic work is a reasonable option. The current 
national diagnostic algorithm that recommends CXR examination when sputum smear 
results are negative, was proven to delay the TB diagnosis, and one of the factors causing 
patient’s loss, although it was originally developed to improve the sensitivity and specificity 
of TB diagnosis.23 Our study showed that the diagnostic process in the lung clinics which 
employs clinical evaluation, sputum smear microscopy, and chest radiography all together 
had high sensitivity and specificity, and in the same time reduced the delay time of TB 
diagnosis, as indicated by a previous study.23 Therefore, an attempt should be done to 
replicate the diagnostic process in the lung clinics to other settings, such as primary health 
centers. If laboratory facilities could not be provided in the primary health centers, there 
should be a prompt referral system that enables patients to get microscopy and CXR 
examinations on the same day. This effort will reduce the rate of patient loss thus reducing 
the number of undetected cases and ongoing TB transmission. 

There are some limitations in this study; in particular, it was performed in Yogyakarta 
province alone. The organization of lung clinics in Yogyakarta is however typical and 
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representative for lung clinics in Indonesia and we therefore assume that the diagnostic 
sensitivity and specificity of TB routine examination is comparable to other lung clinics in 
Indonesia. Another limitation was that we used solid (LJ) culture medium, which has lower 
sensitivity compared to liquid (e.g. Mycobacteria Growth Indicator Tube) culture, and we 
used only one specimen for culture. We did not perform fingerprinting so that we could 
not further confirm the suspected false positive culture results, and we did not perform 
Drug Susceptibility Testing (DST) on every specimen; however, we did not detect study 
participants failing to respond to TB treatment and the MDR-TB prevalence in Indonesia is 
low,1 thus for that matter, the lack of DST did not confound our assessment. 

CONCLUSION
In summary, a combination of clinical evaluation with sputum microscopy and chest 
radiography in lung clinics provided high sensitivity and specificity in diagnosing TB; in only 
4.4%, the diagnosis was incorrect. While waiting for an implementation of point-of-care, fast, 
accurate, and easy-to-use TB diagnostic tool, there is a need to improve routine TB diagnostic 
work by using clinical evaluation, sputum smear microscopy, and chest radiography all 
together in other settings, such as in primary health centers. 
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ABSTRACT
Objective
To investigate the potency of a hand-held point-of-care electronic-nose to diagnose 
pulmonary tuberculosis (PTB) among those suspected of PTB.

Methods
Setting: Lung clinics and Dr. Sardjito Hospital, Yogyakarta, Indonesia. Participants: patients 
with suspected PTB and healthy controls. Sampling: 5 minutes exhaled breath. Sputum-
smear-microscopy, culture, chest-radiography, and follow-up for 1.5-2.5 years, were used to 
classify patients with suspected PTB as active PTB, probably active PTB, probably no PTB, 
and no PTB. After building a breath model based on active PTB, no PTB, and healthy controls 
(Calibration phase), we validated the model in all patients with suspected PTB (Validation 
phase). In each variable (sex, age, Body Mass Index, co-morbidities, smoking status, 
consumption of alcohol, use of antibiotics, flu symptoms, stress, food and drink intake), 
one stratum’s Receiver Operating Characteristic (ROC)-curve indicating sensitivity and 
specificity of the breath test was compared with another stratum’s ROC-curve. Differences 
between Area-under-the-Curve between strata (p<0.05) indicated an association between 
the variable and sensitivity - specificity of the breath test. Statistical analysis was performed 
using STATA/SE 15.  

Results
Of 400 enrolled participants, 73 were excluded due to extra-pulmonary TB, incomplete 
data, previous TB, and cancer. Calibration phase involved 182 subjects, and the result was 
validated in 287 subjects. Sensitivity was 85% (95%CI: 75-92%) and 78% (95%CI: 70-85%), 
specificity was 55% (95%CI: 44-65%) and 42% (95%CI: 34-50%), in calibration and validation 
phases, respectively. Test sensitivity and specificity were lower in men.

Conclusion
The electronic-nose showed modest sensitivity and low specificity among patients with 
suspected PTB. To improve the sensitivity, a larger calibration group needs to be involved. 
With its portable form, it could be used for TB screening in remote rural areas and health 
care settings.

INTRODUCTION
On 26 September, 2018, the United Nations (UN) had a high-level meeting in the UN 
headquarters in New York on tuberculosis (TB). The discussion focused on accelerating 
actions to end TB by 2030 1. In 2017, the death toll was still huge – with 1.3 Million death, and 
an additional 300 000 among HIV-coinfected, TB leads the causes of death by an infectious 
disease; in 2017 alone, 10 Million people fell ill with TB 1. Clearly, new diagnostic tools are 
needed to identify individuals in the community – and in health care facilities – that continue 
to spread this airborne disease. In many TB high-burden countries, pulmonary tuberculosis 
(PTB) is commonly diagnosed by sputum smear microscopic examination 1. Sputum 
microscopy is labor-intensive, and the technique does not differentiate Mycobacterium 
tuberculosis (MTB) from non-tuberculosis mycobacteria 2. Though sputum culture is 
considered gold standard, it is problematic in low-resource settings, because it is expensive, 
time-consuming, and vulnerable to technical failure 3. Nucleic acid amplification techniques 
such as Xpert MTB/ RIF allows for fast identification of MTB 4, but costs remain challenging; it 
still requires sputum sampling and is neither portable nor fit for point-of-care in remote rural 
areas with unstable electricity supply. For all of the above-mentioned sputum-based tests, 
appropriate sputum specimens are required. Meanwhile, not all patients with suspected TB 
were able to collect an adequate and good quality sputum sample. Chest radiography (CXR), 
a non-sputum-based test that is usually used, lacks specificity 3.

There is an increasing evidence that analysis of exhaled breath using electronic nose 
(e-nose) could be used as a novel diagnostic technique 5–9. An e-nose is a machine that 
can detect and differentiate odours from any biological materials, such as breath, urine, or 
faeces, with a sensor array. This array consists of non-specific sensors. An odour stimulates 
the sensor array to produce a specific fingerprint. Patterns or fingerprints from known odours 
are used to build a model and train a pattern recognition system, thus unknown odours can 
be classified based on this model 10. E-nose has been used for diagnosis of various diseases, 
i.e. asthma 5, Chronic Obstructive Pulmonary Disease (COPD) 5,6, urinary tract infection 7, lung 
cancer 8, and brain cancer 9. A prototype of an e-nose to diagnose PTB was used by Bruins et 
al. in Bangladesh 11.  They found sensitivity of 93.5% and a specificity of 85.3% to differentiate 
PTB patients from healthy controls, and a sensitivity of 76.5% and specificity of 87.2% when 
differentiating PTB patients from other subjects (non-PTB patients and healthy subjects) 11. 
However, this e-nose prototype used separate bags to collect exhaled breath that might 
introduce errors due to interaction between the Volatile Organic Compounds (VOCs) with 
the bags materials 12. A newer device that is portable, use rechargeable battery, and does not 
use separate bags (Aeonose) was tested in Paraguay, and showed high sensitivity (88%) and 
specificity (92%) to differentiate PTB patients from asthma/COPD and healthy subjects 12.

No previous studies have investigated the potential of the e-nose (Aeonose) device 
to diagnose PTB among patients presenting with signs and symptoms suggesting PTB, 
while this would typically provide the added value of such test. We therefore investigated 
the diagnostic potential of Aeonose to identify PTB among patients with suspected PTB. 
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Our secondary objective was to investigate factors that associated with the sensitivity and 
specificity of the breath test. The study was conducted in Indonesia, a lower-middle-income 
country with a population of 264 million, being the third highest TB-burdened country 
in the world 1. Many patients live in remote rural areas with difficult access to health care 
facilities and human resources 13 - a setting, where an accurate and easy-to-handle e-nose 
would be a tremendous asset.

MATERIALS AND METHODS 
Study design
In this diagnostic cross-sectional study, we enrolled a cohort of patients with suspected TB 
and healthy controls. We conducted breath tests, and followed study participants over time 
to confirm correct diagnosis. Patients with suspected TB were recruited consecutively from 
the public lung clinics in Yogyakarta and Dr. Sardjito Hospital, Yogyakarta, Indonesia between 
October 2013 and December 2015. Healthy controls were recruited from neighboring area of 
subjects who were diagnosed with PTB. Subjects were aged ≥18 years, agreed to participate 
in the study, were able to produce sputum (except for healthy controls) and exhaled air 
samples. Healthy controls should have no sign nor symptoms of TB. Subjects were excluded 
if they had invalid measurements of breath tests, incomplete CXR data, missing sputum 
specimens (except for healthy controls), incomplete follow-up, or a previous history of PTB 
or extra-pulmonary TB. Subjects were further excluded from the analysis if they had cancer, 
because cancer has been known to interfere with the breath prints 8,9. All subjects followed 
the same diagnostic work-up.

The study protocol followed the guidelines of the Helsinki Declaration of 2013, 
was approved by the institutional review board at the Faculty of Medicine, Universitas 
Gadjah Mada, Yogyakarta, Indonesia (KE/FK/859/EC), and registered at clinicaltrials.
gov (NCT02219945).  Written informed consent was obtained from each subject before 
enrollment in the study.

Test methods
The Aeonose (eNose BV, Zutphen, The Netherlands) is an e-nose device combining 3 different 
metal-oxide sensors (Applied Sensors Gmbh) and a pre-concentrator (Fig 1). A small pump 
inside the Aeonose ensures that a constant flow of exhaled air passes the three sensor 
surfaces and a Tenax tube, which enables detecting low concentrations and high boiling 
Volatile Organic Compounds (VOCs). A 32-step sinusoidal modulation of the sensor surface 
with temperature between 260-340oC is used to measure the volatile molecular pattern in 
exhaled air in terms of sensor’s conductivity values. Study participants breathed normally 
through the Aeonose via a disposable mouthpiece for 5 min. This mouthpiece contains 
a High Efficiency Particulate Air-filter protecting the Aeonose from getting contaminated 
by bacteria and viruses; and a valve and carbon filter that prevents interference by Volatile 
Organic Compounds (VOCs) in the environment that could distort the measurement. A nose 

clamp was used to prevent non-filtered air from entering the device and to ensure that 
the total exhaled volume during tidal breathing passed through the device. After measuring 
the breath, the sensors are regenerated for 10 minutes. The breath data were downloaded 
into a laptop, and uploaded onto the website of eNose for analysis. 

As part of routine examination, all patients were characterized by clinical symptoms 
(persistent cough, unintentional ≥5% weight loss, and night sweats), three sputum smear 
microscopic examinations, and CXR. For research purposes, we added sputum culture, HIV 
testing, and follow-up for 1.5 years after diagnosis. Patients whose culture results disagreed 
with the initial clinical diagnosis (i.e. culture was positive for MTB, but the clinical diagnosis 
was non-PTB, or culture was negative despite a clinical diagnosis of PTB) were followed up 
for 2.5 years. Results of PTB routine examination were available to those seeing the patients 
during follow-up, but not to the laboratory personnel who processed the culture. 

All these data formed a Composite Reference Standard (CRS) 14,15 that classified 
participants into four categories: active PTB (subjects who scored PTB by all tests), no PTB or 
Healthy controls (subjects who scored no-PTB by all tests), and patients whose test results 
classified in between these two extreme groups (Table 1). Follow-up as a part of a CRS has 
been used successfully in different settings 15–18. Culture though gold standard for TB but 
single spot sputum culture is challenging; low quality of sputum samples and laboratory 
errors may jeopardize both sensitivity and specificity. The CRS that diagnoses TB based on 
comprehensive results of clinical symptoms, bacteriological examinations, CXR, and follow-
up, could address these drawbacks of culture 15,19.

Demographic data, smoking history, co-morbidities (Type II diabetes mellitus, HIV, COPD, 
asthma), presence of flu-like illness, presence of psychological stress due to breath test, co-
medication including antibiotics, and food and beverage intake ≤8 hours before the test 
were recorded.

Sample analysis
Sputum Ziehl-Neelsen microscopy and culture on Löwenstein-Jensen media followed WHO 
guidelines 20, in the TB-Microbiology laboratory, Faculty of Medicine Universitas Gadjah 
Mada. For research purposes, the CXRs read by the attending physicians were re-read by one 
independent physician (TSW – a pulmonologist). In case of disagreement, the conclusion 
from the independent reviewer was followed, and the result of this re-reading was used for 
the CRS. 

 
 
 

 

 

7

carbon filter that prevents interference by Volatile Organic Compounds (VOCs) 
in the environment that could distort the measurement. A nose clamp was used 
to prevent non-filtered air from entering the device and to ensure that the total 
exhaled volume during tidal breathing passed through the device. After 
measuring the breath, the sensors are regenerated for 10 minutes. The breath 
data were downloaded into a laptop, and uploaded onto the website of eNose 
for analysis.  

Figure 1. The Aeonose®. 

 

As part of routine examination, all patients were characterized by clinical 
symptoms (persistent cough, unintentional ≥5% weight loss, and night sweats), 
three sputum smear microscopic examinations, and CXR. For research 
purposes, we added sputum culture, HIV testing, and follow-up for 1.5 years 
after diagnosis. Patients whose culture results disagreed with the initial clinical 
diagnosis (i.e. culture was positive for MTB, but the clinical diagnosis was non-
PTB, or culture was negative despite a clinical diagnosis of PTB) were followed 
up for 2.5 years. Results of PTB routine examination were available to those 
seeing the patients during follow-up, but not to the laboratory personnel who 
processed the culture.  

All these data formed a Composite Reference Standard (CRS) [14,15] that 
classified participants into four categories: active PTB (subjects who scored 
PTB by all tests), no PTB or Healthy controls (subjects who scored no-PTB by 
all tests), and patients whose test results classified in between these two 
extreme groups (Table 1). Follow-up as a part of a CRS has been used 
successfully in different settings [15–18]. Culture though gold standard for TB 
but single spot sputum culture is challenging; low quality of sputum samples and 
laboratory errors may jeopardize both sensitivity and specificity. The CRS that 

Figure 1. The Aeonose®.



CHAPTER 3 SENSITIVITY AND SPECIFICITY OF AN ELECTRONIC NOSE IN DIAGNOSING PULMONARY TUBERCULOSIS 

46 47

33

The breath data were standardized to facilitate measurements between different 
Aeonose devices. Temperature control of the sensors was key in order to use multiple metal-
oxide sensor eNoses in a single study and later on in validation process; when the sensor 
temperature was kept within narrow limits, sensors with similar material properties showed 
similar response to VOC’s. When the sensors age, the signal may decrease due to a reduced 
number of active sites at the sensor surface. Differences between sensors because of aging 
were removed in data pre-processing by rescaling the distribution of values (subtracting 
the mean value or centering the data) so that the mean of observed values is 0 and 
the standard deviation is 1 21. 

The data were compressed with a TUCKER3-solution, and analyzed using an artificial 
neural network, thus VOC-samples from individuals could be classified as ‘sick’ or 
‘healthy’. Results were obtained for different scaling preprocessing methods, seven sensor 
combinations and several artificial neural network-topologies resulting in multiple models 
representing the measurement data. The models were presented in Receiver Operating 
Characteristic (ROC)-curves indicating trade-offs for sensitivity and specificity of breath test 
in diagnosing PTB, and the best Area Under the Curve (AUC) was selected. Leave-10%-Out 
cross validation was applied. 

We started with a calibration phase to build a breath model, involving participants in 
“Active PTB”, “no PTB”, and “Healthy control” groups. The e-nose can only classify unknown 
patients correctly if the patient characteristics (indication, social status, geographical area) are 
similar to the ones in the calibration set to have fair classification. Therefore, when collecting 
the breath samples, we kept participants from the “Probably active PTB” and “Probably no 

PTB” groups blinded for validation purposes.  In this validation phase, the blinded breath 
samples were classified based on the model generated in the calibration phase 22.

We calculated the sensitivity, specificity, and positive and negative predictive values 
(PPV and NPV) of the breath test using the CRS as the reference standard. To examine 
the influence of age, participants were divided into 2 groups, based on the median age. 
In each variable, one stratum’s Receiver Operating Characteristic (ROC)-curve indicating 
sensitivity and specificity of breath test was compared with another stratum’s ROC-curve. 
A significant difference of an AUC between strata (p<0.05) indicated an association between 
the variable and sensitivity - specificity of the breath test. Statistical analysis was performed 
using STATA/SE 15 (License: University of Groningen). 

To detect a difference of 15% between the CRS and the breath test with a desired 
sensitivity of 90%, and assuming a prevalence of TB of 36% among the study subjects based 
on previous data in the lung clinics (unpublished data), with an α error of 0.05 and a power 
of 90%, the number of patients with suspected PTB needed for the study was 300 23. We 
followed the STARD guidelines for reporting as appropriate.

RESULTS 
We included 360 consecutive patients with suspected PTB and 40 healthy controls; 73 study 
participants were excluded for various reasons, resulting in a total of 327 study participants 
(Fig 2). Table 2 shows that median age of study participants in calibration and validation 
phase was 40 (range: 18-85) and 46 (range: 18-85) years old, respectively. Diagnoses for 
patients who turned out to have no PTB included asthma, pneumonia, bronchiectasis, chronic 

Table 1. Composite reference standard used in the study14–18.

Type of test Active PTB
Probably active 
PTB Probably no PTB

No PTB or 
Healthy 
controls

At least 2 out of 3 clinical 
symptoms suggest PTB

Yes (a) 4 tests suggest 
TB including 
sputum smear; OR 
(b) 3 tests suggest 
TB, including 
culture and/or 
follow-up; OR (c) 
2 tests (culture 
AND follow-up) 
suggest TB

(a) 1 test suggest 
TB; OR (b) 2 
tests suggest TB, 
except culture 
and/or follow-up; 
OR (c) 3 tests 
suggest TB, 
except culture 
AND follow-up

No

Sputum smear examination 
shows Acid Fast Bacilli 

Yes/No No

Culture is positive for M. 
tuberculosis

Yes No

Chest radiography suggests 
PTB

Yes No

Follow-up suggests PTB Yes No

PTB: pulmonary tuberculosis
Demographic data, smoking history, co-morbidities (Type II diabetes mellitus, HIV, COPD, asthma), presence of 
flu-like illness, presence of psychological stress due to breath test, co-medication including antibiotics, and food 
and beverage intake ≤8 hours before the test were recorded.

Table 2. Characteristics of study participants in each category.

Characteristics

Calibration phase

Healthy 
Controls
(n=40)

Active PTB 
(n=85)

No PTB 
(n=57)

Probably 
active PTB 
(n=43)

Probably no 
PTB (n=102)Validation phase

Active PTB 
(n=85)

No PTB 
(n=57)

Sex male, % 60.0 69.4 56.1 60.5 60.8
Age, years median 
(min-max)

35  
(18-66)

38 
(19-80)

47 
(22-85)

41 
(18-77)

52 
(19-80)

Body mass index, kg/m2 
median (min-max)

23.4

(17.2-32.9)

18.1

(14.0-27.9)

20. 9

(13.8-36.7)

18.2

(11.3-25.0)

19.9

(11.9-30.1)
Comorbidity  
HIV infection, n (%)

0  
(0.0)

1 
(1.2)

0 
(0.0)

3 
(7.0)

1 
(1.0)

Type II diabetes mellitus, 
n (%)

1  
(2.5)

10 
(11.8)

3 
(5.3)

6 
(14)

4 
(3.9)

PTB: pulmonary tuberculosis, HIV: human immunodeficiency virus
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bronchitis, COPD, Obstructive Syndrome Post TB, lung fibrosis, lung abscess, empyema, and 
polycystic lung disease. 

Table 3 shows that in the calibration phase, the number of breath test results with false 
prediction of the presence of PTB was 57, while number of true breath test results was 
125. Fig 3 shows the ROC curve of best model in sensitivity and specificity of breath test in 
the calibration phase; sensitivity was 85% (95%CI=75-92) and specificity was 55% (95%CI=44-
65) (Table 4). ROC curves from each strata in various variables are shown in Fig 4, while 
Table 5 shows that the test was significantly more sensitive and specific for women than for 
men. Fig 5 shows the ROC curve of best model in sensitivity and specificity of breath test in 
the validation phase; sensitivity was 78% (95%CI=70-85%), specificity was 42% (95%CI=34-
50%), PPV was 52% (95%CI=48-56%), and NPV was 71% (95%CI=62-78%) (Table 6).  

There were no adverse events (e.g., breathless, infection, or bleeding) associated with 
the study intervention.

Fig 2. Flow-chart of study participants.

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

360 patients with suspected PTB + 40 
healthy controls 

 
¥ Clinical examination 
¥ Bacteriological examination (Spot-

Morning-Spot sputum smear 
examination, culture) 

¥ Chest radiography 
¥ Breath test 
¥ Follow-up 

 

Excluded: 
 

¥ 1 extrapulmonary TB 
¥ 1 contaminated culture 
¥ 9 incomplete data (no 

chest X-ray or missing 
sputum specimens) 

¥ 10 lost to follow up 
¥ 14 history of previous TB  
¥ 33 invalid breath 

measurement 
	292 patients with suspected PTB + 

40 healthy controls evaluable for 
analysis  

Calibration phase: 
¥ 85 active PTB 
¥ 57 no PTB 	
¥ 40 healthy controls	

	

327 Subjects categorized into:  
¥ 85 active PTB 
¥ 57 no PTB 
¥ 40 healthy controls 
¥ 43 probably active PTB 
¥ 102 probably no PTB 

	

Excluded from analysis: 
 

¥ 5 suffering from cancer  
	

Validation phase: 
¥ 85 active PTB 
¥ 57 no PTB 
¥ 43 probably active PTB 
¥ 102 probably no PTB 

	

Table 3. Examination results of study participants in each category.

Examination

Calibration phase

Healthy 
Controls
(n=40)

Active PTB 
(n=85)

No PTB 
(n=57)

Probably 
active PTB 
(n=43)

Probably 
no PTB 
(n=102)Validation phase

Active PTB 
(n=85)

No PTB 
(n=57)

Symptoms
Cough>2 weeks (yes/
no), n 

0/40 83/2 52/5 42/1 102/0

Unintentional ≥5% 
weight loss (yes/no), n

0/40 76/9 1/56 35/8 73/29

Night sweats (yes/no), n 0/40 66/19 2/55 25/18 47/55
Sputum examination
Three sputum smear  
microscopy tests 
(negative/ positive/ 
unknown), n

9/0/31 2/83/0 57/0/0 20/23/0 101/1/0

Sputum culture (negative 
for PTB/positive for PTB/ 
unknown), n

9/0/31 0/85/0 57/0/0 33/10/0 97/5/0

Chest radiography (not 
suggestive for PTB/ 
suggestive for PTB), n

40/0 0/85 57/0 5/38 73/29

Follow up (not suggesting 
PTB/ suggesting PTB), n

40/0 0/85 57/0 1/42 102/0

Breath test results (negative/ 
positive PTB), n

27/13 13/72 26/31 15/28 41/61

PTB: pulmonary tuberculosis

DISCUSSION
This is the first study testing the e-nose (Aeonose) to diagnose PTB among patients with 
suspected PTB. The study in Bangladesh used a prototype of the e-nose (participants exhaled 
into a bag, then the bag content was examined using a laboratory version of the e-nose), 
and with smaller sample size 11. Other studies with e-nose devices did not diagnose PTB 
among patients with suspected PTB 12,24,25. The sensitivity in our study was modest, while 
specificity was low.  

We evaluated several factors that may associate with the breath prints, i.e. physiological 
factors (age, sex, food, beverages), pathological and disease-related conditions 
(smoking, comorbidities, medication), and sampling-related issues (bias with VOCs in  
the environment) 26. A previous study revealed that older age altered breath prints in  
patients with lung cancer 27. Patients with high body mass index (BMI) had more false-
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Figure 3. ROC curve of best model in diagnostic sensitivity and specificity of breath test, calibration 
phase. ROC = Receiver Operating Characteristic. 

Table 4. Performance of breath test results in the calibration phase.

Final diagnosis

Sensitivity
(95% CI)

Specificity
(95% CI)

AUCa

(95% CI)
PTB

(n=85)

No PTB

(n=97)
Positive breath test 72 44 85 

(75-92) 

55 

(44-65)

82 

(75-88)Negative breath test 13 53

PTB: pulmonary tuberculosis, AUC: area under the curve, CI: confidence interval
agenerated from the real value

positive test results compared to patients with normal or low BMI 12, males had higher level 

of isoprene compared to females 28, consuming poultry meat, plant oil, and some beverages 

could be differentiated by an e-nose, and smoking increased the levels of benzene and 

pentane 29–34. In our study, we found that the sensitivity and specificity of the breath test were 

lower in men compared to women. The cause was not entirely clear; higher level of isoprene 

in men might reflect oxidative stress that can influence the progression of disease 35. It 

could be also that a difference in smoking, eating, or other habits influences this difference. 

To prevent interference by VOCs in the environment such as ethanol and isopropanol 36, 

the Aeonose was equipped with a valve and carbon filter, thus the breath prints were not 

biased by the room air. 

Figure 4. ROC curve of best model in diagnostic sensitivity and specificity of breath test, validation 
phase. ROC = Receiver Operating Characteristic. 

The Aeonose was developed by using arrays based on less (or non-) specific sensors 
combined with smart data compression and pattern recognition, namely metal-oxide 
sensors. This pattern recognition technique matches measured ‘patterns’ to previously ‘seen’ 
patterns. Therefore, a substance, or mixtures of substances, can only be recognized after 
a calibration phase: in order to match a pattern, it must be known beforehand (i.e., ‘seen’ 
before). In exhaled breath, several thousands of VOCs can be recognized. When comparing 
breath patterns between people suffering from a certain disease and controls, the Aeonose can 
be taught to differentiate and identify the diseased population. This technique provides less 
detailed information compared to chemical-analytic methods or spectroscopic techniques 
that work by detecting VOC markers, although classification of the results remains possible. 
Philips et al. found that naphthalene, 1-methyl- and cyclohexane, 1,4-dimethyl- were breath 
VOC markers that are sensitive and specific for pulmonary TB 37. Detecting these markers 
might lead to better sensitivity and specificity. However, the insights of what VOC-markers 
should be picked are changing over time, resulting in other combinations of VOC-markers. 
The chemical-analytic methods or spectroscopic techniques also have several drawbacks: 
they need well-conditioned environment, especially when concentration differences of 
biomarkers are to be recorded; they cannot be used as a point-of-care diagnostic test due to 
their large size; and a well-trained personnel are needed to operate the devices.

The Aeonose provides non-invasive diagnosis support in minutes, is easy-to-use, without 
the need for robust training. In a new release of the Aeonose, an iPad is used, and the test 
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Table 5. Performance of breath test results in the calibration phase, stratified by various variables.

Variable

Final Diagnosis

Sensitivity
(95%CI)

Specificity
(95%CI)

AUCa

(95%CI) p value
PTB
(n=85)

No PTB
(n=97)

Sex, n 0.0023
Male

Positive breath test

Negative breath test

47

12

27

29

64

(51-76)

86

(74-94)

76

(67-85)
Female

Positive breath test

Negative breath test

25

1

17

24

81

(61-93)

88

(74-96)

93

(87-99)
Age, n 0.9683
>40 years

Positive breath test

Negative breath test

33

8

20

28

73

(57-86)

90

(77-97)

82

(72-91)
≤40 years

Positive breath test

Negative breath test

39

5

24

25

66

(50-80)

84

(70-93)

81

(72-90)
Body Mass Index (BMI), n b
Overweight (BMI ≥25  kg/m2)

Positive breath test

Negative breath test

1

0

9

13

100

(2.5-100)

95

(77-100)

100

(100-100)
Underweight or  Normal (BMI<18.5  
kg/m2 or 18.5-<25  kg/m2)

Positive breath test

Negative breath test

71

13

35

40

69

(58-79)

84

(74-91)

80

(73-87)
Type II diabetes mellitus, n 0.1771

Presence of Type II  DM (+)
Positive breath test

Negative breath test

6

4

2

2

50

(19-81)

75

(19-99)

63

(34-91)
Presence of Type II DM(-)
Positive breath test

Negative breath test

66

9

42

51

72

(60-82)

87

(79-93)

84

(77-90)
HIV infection, n b
Presence of HIV infection (+)

Positive breath test

Negative breath test

1

0

0

0

100

(2.5-100)

N.A. N.A.

Presence of HIV infection (-)
Positive breath test

Negative breath test

71

13

44

53

69

(58-79)

87

(78-93)

81

(75-88)
Presence of COPD, n b

Presence of COPD (+)

Table 5. (continued)

Variable

Final Diagnosis

Sensitivity
(95%CI)

Specificity
(95%CI)

AUCa

(95%CI) p value
PTB
(n=85)

No PTB
(n=97)

Positive breath test

Negative breath test

0

0

1

0

N.A. 0

(0-98)

N.A.

Presence of COPD (-)
Positive breath test

Negative breath test

72

13

43

53

69

(58-79)

88

(79-93)

82

(76-89)
Presence of asthma, n b
Presence of asthma (+)

Positive breath test

Negative breath test

1

0

0

0

0

(0-98)

N.A N.A.

Presence of asthma (-)
Positive breath test

Negative breath test

71

13

44

53

70

(59-80)

87

(78-93)

82

(75-88)
Use of antibiotics, n 0.6794
Antibiotic use (+)

Positive breath test

Negative breath test

7

1

2

2

75

(35-97)

75

(19-99)

86

(64-100)
Antibiotic use (-)

Positive breath test

Negative breath test

65

12

42

51

69

(57-79)

87

(79-93)

81

(74-88)
Presence of flu, n b
Presence of flu (+)

Positive breath test

Negative breath test

1

0

3

4

100

(3-100)

100

(59-100)

100

(100-100)
Presence of flu (-)

Positive breath test

Negative breath test

71

13

41

49

69

(58-79)

86

(77-92)

81

(74-88)
Presence of psychological stress due to breath test, n b
Presence of stress (+)

Positive breath test

Negative breath test

0

0

0

2

N.A. 100

(16-100)

N.A.

Presence of stress (-)
Positive breath test

Negative breath test

72

13

44

51

69

(58-79)

86

(78-93)

81

(75-88)
Prior food intake, n 0.4059
Prior food intake (+)

Positive breath test

Negative breath test

61

12

34

46

70

(58-80)

90

(81-96)

83

(77-90)
Prior food intake (-)
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Table 5. (continued)

Variable

Final Diagnosis

Sensitivity
(95%CI)

Specificity
(95%CI)

AUCa

(95%CI) p value
PTB
(n=85)

No PTB
(n=97)

Positive breath test

Negative breath test

11

1

10

7

67

(35-90)

71

(44-90)

75

(56-93)

Prior beverage intake, n 0.2849
Prior beverage intake (+)

Positive breath test

Negative breath test

41

12

23

30

60

(46-74)

91

(79-97)

79

(70-88)
Prior beverage intake (-)

Positive breath test

Negative breath test

31

1

21

23

84

(67-95)

82

(67-92)

85

(77-94)
Smoking before test, n 0.2082
Smoking <8 hours ago

Positive breath test

Negative breath test

2

3

1

4

20

(1-72)

80

(28-99)

56

(17-95)
Smoking ≥8 hours ago or never

Positive breath test

Negative breath test

70

10

43

49

73

(61-82)

87

(78-93)

84

(78-90)
Alcohol consumption before test, n b
Alcohol consumption <8 h ago

Positive breath test

Negative breath test

0

0

0

0

N.A. N.A. N.A.

Alcohol consumption ≥8 h ago or never
Positive breath test

Negative breath test

72

13

44

53

69

(58-79

87

(78-93)

82

(75-88)

PTB: pulmonary tuberculosis, AUC: area under the curve, CI: confidence interval
agenerated from the real value
bcannot be compared because one AUC is 100% or one AUC cannot be computed.
result is provided within seconds. Charging of the device only needs a low electricity usage, 
as with charging of mobile phones. It is portable, thus suitable as a screening tool. Therefore, 
it might help to prevent TB transmission, also serve well in health care settings, with further 
advanced and more expensive testing for individuals picked up by the breath test. 

We excluded non-TB patients with a previous history of pulmonary and extra pulmonary 
TB because several breath profiles of non-TB patients with a previous history of TB showed 
similar breath profiles with TB. Scares and persistent or dead MTB in the lung could be 
mimicries of TB 38. We also excluded patients with cancer because cancer interferes with 
the breath test 8,9. We were aware of the fact that in daily practices it is difficult to separate 
patients with lung cancer from patients with TB as patients with lung cancer are likely to have 
a clinical presentation that mimics TB, however, the number of patients with cancer was also 
too low (5 patients) precluding a separate group data analysis. The diagnostic potential if 
any of the Aeonose for these patients was not addressed in this study.

	

 

 

 

Figure 5. ROC curves of sensitivity and specificity of breath test in calibration phase, stratified by 
variables. ROC = Receiver Operating Characteristic, AUC = Area Under the Curve. ROC curves of best 
model in diagnostic sensitivity and specificity of breath test stratified by presence of HIV infection, 
COPD, asthma, or physiological stress could not be generated due to missing value of sensitivity or 
specificity in one strata.

Table 6. Performance of breath test results in the validation phase

Final diagnosis

Sensitivity
(95% CI)

Specificity
(95% CI)

AUCa

(95% 
CI)

PPV
(95% 
CI)

NPV
(95% 
CI)

PTB
(n=128)

No PTB
(n=159)

Positive breath test 100 92 78 

(70-85) 

42 

(34-50)

72 

(66-78)

52

(48-56) 

71 

(62-78)Negative breath test 28 67

PTB: pulmonary tuberculosis, AUC: area under the curve, CI: confidence interval, PPV: positive predictive value, NPV: 
negative predictive value
agenerated from the real value

This study revealed lower sensitivity and specificity in comparison to the study 
from Bangladesh 11 and Paraguay 12, which is likely caused by the difference in the study 
populations. In our study, the non-PTB patients were patients with suspected PTB, thus it 
captured the infectious or non-infectious lung diseases, and acute or chronic lung diseases. 
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In the study from Paraguay, non-TB subjects comprised asthma and COPD patients (patients 
with stable chronic lung disease), who usually have quite distinct clinical presentations than 
TB patients. The diversity of participants in our study is larger than in the Bangladesh and 
Paraguay studies, thus probably more participants are needed in the calibration phase to get 
comparable performance between calibration and validation phase. When an artificial neural 
network should predict a breath profile it hasn’t ‘seen’ during the calibration phase, a false 
prediction is more likely. A larger calibration group would improve the blind predictions. 

Using the current sensitivity, 22% of patients would be missed, which is higher than 
screening by CXR which has 87% sensitivity 39. Nevertheless, the breath test has advantages 
of being portable, easy-to-use, and without radiation exposure making it suitable as 
a repeatable screening test. Notably, approximately 30% of active tuberculosis cases are 
currently not detected by the national health care system 40 ; as calculated within the last TB 
incidence 1, this test will improve case finding by as many as 67,360 cases. Furthermore, this 
test has higher sensitivity than symptoms screening, that only had 63% sensitivity from our 
data, or 70% sensitivity from a previous systematic review 39 .

The strength of this study is that cohorts of patients and controls were recruited as 
a calibration and validation group, with the potential to confirm the correct classification. 
This study also has some limitations. It was performed in Yogyakarta province alone, however 
the organization of lung clinics in Yogyakarta is typical and representative for Indonesia. 
We used Löwenstein-Jensen culture, which has lower sensitivity compared to liquid culture, 
and we used mostly only one specimen for culture. Nevertheless, Löwenstein-Jensen culture 
may have higher specificity due to lower contamination rates 41–43 . As mentioned above, 
the e-nose provides less detailed information compared to chemical-analytic methods or 
spectroscopic techniques. To improve the sensitivity and specificity of the device, a larger 
calibration group needs to be involved. Once the VOC-markers for TB are adequately 
determined, the use of highly selective sensors that target these VOC-markers may also add 
the sensitivity and specificity. 

CONCLUSION
The Aeonose had modest sensitivity and low specificity to diagnose TB among patients with 
suspected TB in Indonesia. With its portable form, it could be used for TB screening in remote 
rural areas with difficult access to health care facilities, as well as a screening tool in health 
care settings to reduce the risk of nosocomial TB transmission. 
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ABSTRACT 
Background
Breath tests may diagnose tuberculosis (TB) through detecting specific volatile organic 
compounds produced by Mycobacterium tuberculosis or the infected host. 

Methods
To estimate the diagnostic accuracy of breath test with electronic-nose and other devices 
against culture or other tests for TB, we screened multiple databases until January 6, 2019. 

Results
We included fourteen studies, with 1715 subjects in the analysis. The pooled sensitivity 
and specificity of electronic-nose were 0.93 (95% CI 0.82–0.97) and 0.93 (95% CI 0.82–0.97), 
respectively, and no heterogeneity was found. The sensitivity and specificity of other breath 
test devices ranged from 0.62 to 1.00, and 0.11 to 0.84, respectively. 

Conclusion
The low to moderate evidence of these studies shows that breath tests can diagnose TB 
accurately, however, to give a real-time test result, additional development is needed. 
Research should also focus on sputum smear negative TB, children, and the positioning of 
breath testing in the diagnostic work flow.

INTRODUCTION
Tuberculosis (TB) is the leading infectious cause of morbidity and mortality globally.1 It 
spreads easily by air, with inhalation of infected droplets exhaled, coughed or sneezed 
by individuals affected with contagious forms of pulmonary TB. Approximately 23% of 
the world’s population is infected with TB bacteria, and 5-15% will suffer from TB at some 
point in time.1,2  Diagnostic delay is a major concern in TB control: there is an average loss 
of one to three months delay between the first day that patients present to the health care 
system, and the moment of diagnosis.3,4 In 2017, there was a gap of 3·6 million between 
notifications of new cases and the estimated number of incident cases,1 indicating a huge 
underreporting and under-diagnosis of TB cases. In response, the World Health Organization 
(WHO) launched an initiative to detect many more people with TB in the next few years.1

The WHO criteria for pulmonary TB (PTB) diagnosis include clinical symptoms and 
isolation of M. tuberculosis from sputum by culture or by molecular assays as the line probe 
assays (LPAs), or detection of acid-fast bacilli by sputum smear microscopy (SSM) if culture 
or LPAs is unavailable, or – for smear-negative PTB patients - with chest radiography (CXR) 
showing abnormalities consistent with active PTB.5 Meanwhile, for extra-pulmonary TB 
(EPTB), the diagnosis is based on at least one specimen with confirmed M. tuberculosis or 
histological, or clinical evidence consistent with active EPTB, followed by a clinician’s decision 
to treat with TB chemotherapy.5

CXR implies radiation exposure and has low specificity,6 while SSM lacks sensitivity since 
the threshold of TB detection is high.7 Furthermore, SSM can only detect TB in patients 
in advanced stage; it is less sensitive in Human Immunodeficiency Virus (HIV)-infected 
individuals, and does not differentiate between MTB and non-tuberculosis mycobacterial 
(NTM) infection.8,9 Culture currently is the reference standard.5 It needs only 10-100 MTB 
bacilli to establish a diagnosis, however, the laboratory turn-around time is long (two to 
eight weeks).1 

Other sputum-dependent tests have been developed more recently, i.e. nucleic acid 
amplification techniques which allow for fast identification of MTB as well as rapid assessment 
of rifampicin susceptibility (such as GeneXpert® MTB/RIF (Cepheid, USA) and Truenat MTB 
assays® (Molbio Diagnostics, India)), LPAs (Hain Lifescience, Germany and Nipro, Japan) to 
detect TB and resistance to first and second line anti-TB drugs, and TB LAMP (Eiken, Japan) for 
detection of TB.1 However, LPAs and TB LAMP are not universally available or affordable, and 
even though Xpert MTB/RIF is provided at reduced price for low-middle income countries,1, 
it is not portable and needs stable electricity supply, limiting its use in highly burdened, 
remote settings in low- and middle income countries.

One third of TB suspects have difficulty to collect an adequate quality sputum sample.10 
Therefore, a non-sputum based test would be a tremendous asset. Several non-sputum 
based tests are in development, such as urinary lipoarabinomannan for patients with TB-HIV 
coinfection, computer-aided detection systems,1 pediatric stool processing prior to Xpert,11 
blood host marker, skin patches, and breath tests.12
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Breath tests have several advantages - non-invasive, potentially point-of-care, easy-to-
perform, fast, and convenient.13 Infections change the host metabolism producing distinct 
volatile organic compounds (VOCs),14 and Mycobacterium tuberculosis (MTB) produces several 
VOCs, 15–17  which can be detected from the breath. There are two approaches to analyze 
breath specimens - chemical and physical techniques. Examples of chemical techniques 
are gas chromatography combined with mass spectrometry (GC/MS), immunosensor and 
bio-optical technology, and electronic-nose with sensors that identify chemical interactions 
between VOCs and the sensor surfaces.18–23 Physical techniques measure a physical property 
of the molecule, such as Field Asymmetric Ion Mobility Spectrometry (FAIMS) that measures 
movement of ionised molecules of breath.24 GC/MS requires complex equipment, operation 
skills, and a well-conditioned environment, especially to record concentration differences of 
VOCs specific for TB,15–17,25,26 and different studies report different VOCs.17,25–27 The electronic-
nose has an array of sensors that identifies a pattern of VOCs without considering the specific 
composition of VOCs.

There has not been a systematic review regarding the accuracy of electronic-nose 
equipment in diagnosing TB from patients’ breath. We also explored other types or devices 
of breath tests, such as GC/MS, because there has been a rapid development in this field 
since the previous review.13 

To examine the accuracy of electronic-nose and other devices in diagnosing TB from 
patients’ breath, we reviewed the diagnostic test accuracy (DTA) studies that assessed 
the sensitivity and specificity of electronic-nose and other devices in diagnosing TB in 
patients with TB or suspected of having TB. 

METHODS
Protocol and Registration
Methods of the analysis and inclusion criteria were documented in a protocol, and registered 
in PROSPERO (CRD42019132895).

Eligibility Criteria
We included the DTA studies with participants of any age with TB or suspicion of TB. Diagnosis 
of TB was based on the WHO guideline.5 The index test was a breath test, the comparator 
being sputum smear microscopy, chest radiography, culture, Gene Xpert, pleural biopsy, or 
a Composite Reference Standard (CRS). 

Information Sources
Studies were identified by searching electronic databases, i.e. Pubmed (1946-present), 
Embase (1946-present), Web of Science (1946-present), Medline (1946-present), clinicaltrials.
gov, and WHO International Clinical Trials Registry Platform (ICTRP). Cochrane database 
was also reviewed. No limits were applied for language. The last search was run on 6 
January 2019. A.M.S. and D.D.P. conducted the search. We also attempted to acquire any 

missing information on results from the investigator of articles included in this review, i.e.  
Marcel Bruins.22,23

Search strategy and selection criteria
The PRISMA statement was followed for the systematic search.28 The search strategies used 
terms such as “tuberculosis”, “diagnosis, “breath test”, “electronic nose”, and “volatile organic 
compound”. Appendix 1 shows a detailed description of the search strategies. Studies were 
included if the subject was human, and were published from 1946 to present (6 January 
2019). Abstract of conference was included. We excluded unpublished data, duplicate 
studies, reviews, and case reports. In addition, we hand-searched related articles from 
the reference lists, and trials registries, i.e. clinicaltrials.gov and WHO ICTRP.

Study selection
Eligibility assessment of titles and abstracts was performed independently by 2 investigators 
(A.M.S. and D.D.P.) based on the PICOS criteria (Population=patients with TB or suspected 
with TB; Index test=breath test by electronic nose or other devices; Comparator=other tests 
for TB; Outcomes=sensitivity, specificity based on culture or WHO guidelines for TB diagnosis 
if culture result was not available; Study design: diagnostic test accuracy). Disagreements 
between investigators were resolved by consensus, or involving a third investigator (T.S.W.) 
when consensus was not reached. Full-text articles were then reviewed by A.M.S. and D.D.P. 
with a critical appraisal sheet taken from Joanna Briggs Institute Reviewers’ Manual 201529 
which was developed based on the Quality Assessment of Diagnostic Accuracy Studies 
(QUADAS)-2 approach.30 Resolving disagreements was conducted in the same manner. We 
then analysed the outcomes from the remaining relevant research articles.

Data Collection Process
A data extraction sheet was developed based on Joanna Briggs Institute Reviewers’ 
Manual 2015.29 We pilot-tested it on ten randomly-selected included studies, and refined 
it accordingly. The two investigators (A.M.S. and D.D.P.) extracted the data from included 
studies. Disagreements were resolved by discussion between the two investigators; if no 
agreement was reached, a third investigator (T.S.W.) was involved.

Data Items
Information was extracted from each included study on: (1) characteristics of study 
participants (demographic description, i.e. age, sex, inclusion and exclusion criteria; 
participant groups); (2) type of intervention (breath test with electronic nose or other 
devices versus other tests for TB); (3) type of outcome measures (sensitivity, specificity); (4) 
funding sources.
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Risk of Bias in Individual Studies
An assessment of risk of bias was conducted with the modified version of the QUADAS tool 
for Cochrane reviews 31 in a blind manner. Assessments were completed independently by 
two investigators (A.M.S. and D.D.P.), and disagreements were resolved by consensus, or 
involving a third investigator (T.S.W.) when consensus was not reached.

Summary Measures and Data Analysis
The primary outcome measures were sensitivity and specificity of breath test to diagnose 
TB using culture, or the WHO guideline for TB diagnosis if culture result was not available, 
as the reference.5 The secondary outcome measures were Positive Likelihood Ratio (PLR), 
Negative Likelihood Ratio (NLR), and Diagnostic Odds Ratio (DOR). Sensitivity was defined 
as probability that a test result would be positive when the disease is present (true positive 
rate), specificity was the probability that a test result would be negative when the disease 
was absent (true negative rate). PLR described how many times positive index test results 
were more likely in the diseased group compared to control, NLR described how many times 
negative index test results were less likely in the diseased group compared to control, and 
DOR described how many times the odds were higher of obtaining a test positive result 
in a diseased compared to control.32 We calculated pooled sensitivity, specificity, PLR, NLR, 
and DOR with 95% confidence intervals. We assessed heterogeneity and inconsistency for 
the pooled estimates by the Cochrane Q and I2 statistic,33 and if there was heterogeneity, 
we conducted subgroup analysis to find the sources.32 We used bivariate hierarchical 
random effects logistic regression models methods for meta-analysis of DTA to generate 
the Summary Receiving Operator Characteristics (SROC) curve with point estimates and 
their 95% confidence region from all study sources. All analyses were performed with STATA 
(version 15 SE; Stata Corporation, College Station, TX, USA). Stata commands of “metandi” 
and “metandiplot” are used to facilitate calculating the summary of the fitted point and 
the curve with 95% prediction region.34

Risk of Bias Across Studies 
Risk of bias was assessed according to QUADAS items.35 We had earlier planned to make 
a funnel plot to assess the publication bias within studies, but we decided not to, as it 
was not recommended by the Cochrane Handbook considering that it might mislead 
the interpretation of the publication bias assessment.32 We also looked for missing data from 
the included studies that could produce selective reporting bias.

RESULTS
Study Selection
A total of 14 studies were identified for inclusion in the review. The search of Pubmed, 
Embase, Web of Science, Medline, clinicaltrials.gov, ICTRP, and Cochrane databases provided 
a total of 391 studies. After adjusting for duplicates, 239 remained. Of these, 225 studies 

were discarded because these papers did not meet the criteria. The full text of the remaining 
20 studies was examined in more detail. Fourteen studies met the inclusion criteria and 
were included in the systematic review. By checking the references, relevant papers and 
searching for studies that have cited these papers, no additional studies that met the criteria 
for inclusion was identified. 

Study Characteristics
All fourteen studies finally selected for the review were published in English. Table 1 shows 
characteristics of the studies. Number of subjects analysed ranged from 40 to 251 subjects 
per study. Only three studies included children (aged ≥13 years); the others included only 
adults. All studies were carried out prospectively, 9 out of 14 studies (64·3%) employed 
a case-control study design (for studies that consisted of training and validation phases, 
we only assessed the study design in the validation phase as it reflected the performance 
of the device). Most of them were conducted in hospitals and lung clinics; six studies were 
conducted in Africa, two in Asia, two in South America, one in Europe, two in transcontinental 
countries (Egypt and Russia), and one in both Asia and Europe.

Risk of Bias
Figure 2 summarizes the risks of bias and applicability concerns of studies. Only five studies 
specified that they involved consecutive series of patients; the other studies did not describe 
the process of sampling and used case-control study design. However, due to the nature 
of these pilot studies, case-control is commonly used, thus we assessed the risk of bias in 
terms of ‘patient selection’ as medium. All studies reported a clear definition of a positive 
test using a reference diagnostic test, but only six ensured adequate blinding, six did not 
mention concealment, and the subjects in the validation group in two studies overlapped 
with the training group (medium to high risk of bias concerning ‘index test’). In terms of 
‘flow and timing’, only six out of fourteen studies mentioned the exact time interval between 
the index test and reference test, but the sputum sample could be collected anytime even 
on the same day of the assessment using the index test (low risk of bias). All of included 
studies had complete verification for positive reference test, however not all subjects in one 
study used the same reference test. Eight studies used the gold standard, which is culture, 
while other 6 studies also used other examinations beside culture (low to medium risk of 
bias for reference standard). In summary, 12 studies were considered having a medium risk 
of bias or raised applicability concerns for at least one item of the QUADAS-2 tool. 

Test accuracy
The total number of subjects included in the analysis of sensitivity and specificity of 
breath tests (validation phase) amounted to 1715 subjects (Table 1). The sensitivity and 
specificity of each test is shown in Table 1. As the number of breath test devices other than 
electronic-nose was insufficient for grouping, the statistical analysis was only calculated for 
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the electronic-nose. The Q and I2 of electronic-nose in diagnosing TB were p=0·23 and 0 (95% 
uncertainty intervals:0-100), respectively. The pooled sensitivity and specificity of electronic-
nose in diagnosing TB were 0·92 (95% CI:0·82-0·97) and 0·93 (95% CI:0·88-0·96), respectively  
(Figure 3). The PLR, NLR, and DOR were 13·4 (95% CI:7·2-24·9), 0·08 (95% CI:0·03-0·20), 
and 162 (95% CI:41-634), respectively. Figure 4 shows the summary receiving operating 
characteristics for these studies. The area under the curve (AUC) of electronic-nose was 0·97 
(95% CI:0·19-1·00). Meanwhile, the sensitivity and specificity of breath test devices other 
than electronic nose ranged from 0·62 to 1·00, and 0·11 to 0·84, respectively.

DISCUSSION
The pooled sensitivity and specificity of electronic-nose in diagnosing TB, either pulmonary 
or extrapulmonary, were high. There is no heterogeneity, indicating that the variability 
among studies that diagnose TB with electronic-nose was due to chance. Other devices 
had moderate to high sensitivity and low to moderate specificity. The strength of evidence 
within all 14 studies was low to moderate. 

Five studies only included subjects representing two extreme sides of the clinical 
spectrum of TB disease (healthy controls without any TB symptoms, and symptomatic, 
treatment-naïve, smear positive pulmonary TB cases).18,21,36–38 Meanwhile, different stages 
of TB disease are characterized by dynamic metabolic changes within pathogen and host 
and their interactions, thus different stages of TB disease may generate different breath 
test results.21 In addition, around 20-25% of the world population have latent TB,39 and 
the event of relapsed TB in the high-TB burden countries is not uncommon. Therefore, 
these studies had limited generalisability and clinical applicability, and might also produce 
bias as the results might be over-estimated, thus these assumptions might be not valid for 
our review. Ideally, besides being able to identify the VOCs produced by either the host or 
the bacteria, the breath test’s sensors should ideally be also able to identify different signals 
in different stages of TB disease. Only seven studies included other pulmonary infections as 
controls,19,20,22,24,40–42 while a diagnostic test is typically needed in this population, to identify 
the TB afflicted among the suspects. 

Breath prints are influenced by various factors, which are divided into physiological 
factors (age, sex, food, beverages), pathological and disease-related conditions 
(smoking, comorbidities, medication), and sampling-related issues (bias with VOCs in  
the environment) 43. Older age changed breath prints in patients with lung cancer 44, males 
had higher level of isoprene than females 45, several beverages and poultry meat could be 
identified with an electronic-nose 46–50, and patients with high body mass index (BMI) had 
more false-positive test results than patients with normal or low BMI 23. Smoking increased 
the levels of several VOCs, i.e. benzene and pentane 51, while these two VOC markers were 
observed in the culture and breath of TB patients.17 Apart from those mentioned factors, 
VOCs might be also influenced by genetic profiles.23 Thus, in the analysis of the breath test, 
confounding or modifying effects from these factors should always be considered. In only 
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Figure 1. Process of studies selection throughout the review
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Table 1. Study characteristics and sensitivity-specificity for TB diagnosis by breath test

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Bruins et 
al., 201322

PoP phase: 
30 (15 PTB, 15 
healthy);

VS phase: 
194 (34 TB, 
114 non-TB, 
46 healthy 
controls) 

PTB patients, PTB 
suspects, and 
healthy controls; 
Children and adults 
(≥15 years)

Hospital and 
chest clinics, 
Bangladesh

PoP: case-
control, 
retrospective; 
VS: cross-
sectional, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Culture Separate 
bags

12 metal-oxide 
sensors

Invalid 
measurement, 
outliers data

Artificial Neural 
Networks (ANN), 
participants for training 
and validation were 
overlap.

Leave-one-out cross 
validation (LOO-CV) 
approach.

Partially funded 
by BD

75 (59-89) 87 (81-92)

Nakhleh et 
al., 201419

198 

(64 TB, 67 
non-TB, 
67 healthy 
controls)

PTB patients, 
control: 1) healthy 
volunteers, and 
2) TB-negative 
subjects; Adults.

Three sites in 
Cape Town, 
South Africa

Case-control, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Culture Separate 
tubes

12 nanomaterial-
based sensors

Not mentioned Principal Component 
Analysis (PCA); 
independent subjects 
in the validation phase.

Orgenics Ltd 90 (68-99) 93 (80-98)

Mohamed 
et al., 
201735

123 

(67 PTB, 
56 healthy 
controls)

Newly diagnosed, 
treatment-naive 
PTB patients vs 
healthy controls; 
Adults (≥18 years)

Chest 
hospitals, 
Egypt

Case-control, 
prospective

Consecutive 
enrolment: yes.

Electronic nose SSM

and liquid culture 
on modified LJ 
medium

Separate 
bag/sacks

10 metal-oxide 
sensors

Previous history 
of TB, coexisting 
medical 
or surgical 
illnesses, 
chronic 
bronchitis, 
bronchiectasis, 
lung abscess, 
default TB, 
relapse TB, 
latent TB

PCA and ANN, different 
participants for training 
(60%), testing (25%), 
and validation (15%). 

Science and

Technology 
Development 
Fund, Egyptian 
Ministry of Higher

Education and 
Scientific Research, 
Cairo, Egypt

100 
(95-100)

98 (90-100)

Zetola et 
al., 201721

71 

(51 PTB, 
20 healthy 
controls)

Newly diagnosed 
PTB patients and 
healthy controls; 
Adults (≥21 years)

Hospital, 
Botswana

Case-control, 
prospective. 
Consecutive 
enrolment:yes.

Electronic nose MGIT culture Separate 
bag/sacks

8 
metalloporphyrins 
coated quartz 
microbalance 
(QMB) gas sensors

Smokers PCA and k-Nearest 
Neighbours, 
participants for training 
and validation were 
overlap.

LOO-CV approach.

NIH/NIAID grants 94 (84-99) 90 (68-99)

Teixeira et 
al., 201723

106

(41 TB, 19 
non-TB, 
46 healthy 
controls)

PTB suspects, 
asthma or COPD 
patients and 
healthy controls; 
Adults (>18 years)

National 
Reference 
Centre for 
pulmonary 
diseases, 
Paraguay

Case-control, 
prospective. 
Consecutive 
enrolment: 
unclear.

Electronic nose Culture, or other 
strong supporting 
evidence when 
the culture result 
is negative

Inside 
the device

3 metal-oxide 
sensors

TB suspects 
not able to 
expectorate 
sputum, with 
respiratory 
failure or having 
received TB 
treatment 
in the past 6 
months.

ANN, participants for 
training and validation 
were overlap.

Sonnevanck 
Suppletiefonds,

Harderwijk, 
The Netherlands

88 (74-96) 92 (83-97)
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Table 1. (continued)

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Poli et al., 
201839

84 

(34 TPE/TB 
Pleural Effusion, 
50 non-TPE)

TPE suspects, HIV-
negative; Children 
and adults (≥15 
years)

Venezuela Cross-sectional, 
prospective.

Consecutive 
enrolment: 
unclear.

Electronic nose Histopathology 
of the

pleural biopsy

Inside 
the device

3 metal-oxide 
sensors

Poor general 
condition, 
difficulty to 
breath, no 
follow-up.

ANN, participants for 
training and validation 
were overlap.

Servicio 
Autónomo 
Instituto de 
Biomedicina “Dr. 
Jacinto

Convit”, Venezuela

88 (73-97) 94 (83-99)

McNerney 
et al., 
201020

60

(31 PTB, 29 
non-TB)

Patients with 
respiratory 
complaints; Adults 
(≥17 years)

Outpatient 
clinic of 
a hospital, 
Ethiopia

Cross-sectional, 
prospective. 
Consecutive 
enrolment: 
unclear.

RBS Breathalyzer 
(immunosensor 
and bio-optical 
technology)

Combination 
of clinical 
assessment, SSM, 
and CXR

Separate 
plastic 
tubes

Immunosensor 
(coated prism 

with TB antibodies 

labeled with 
a fluorescent dye)

Not mentioned Evanescent

wave fluorimetry

TARGETS 
Communicable 
Diseases

Research 
Consortium 
funded by 
Department for 
International 
Development,

UK

74 (55-88) 79 (60-92)

van Beek et 
al., 201136

226

(90 TB, 136 
healthy 
controls)

Culture-confirmed 
TB patients and 
healthy controls; 
Adults (≥ 18 years)

Lung 
Hospital and 
construction 
company, 
Vietnam

Case-control, 
prospective.

Consecutive 
enrolment: yes.

eNO (Nitric Oxide) 
analyser

LJ Culture Inside 
the device

N.A. Negative 
culture, 
difficulty to 
breath, no CXR, 
HIV(+), current 
TB treatment.

The concentration

of NO was noted in 
ppb.

Not mentioned 78 (68-86) 62 (47-75)

Phillips et 
al., 201218

251

(130 PTB, 
121 healthy 
controls)

PTB patients and 
healthy controls; 
Children and adults 
(≥13 years)

Hospitals 
and Health 
Sciences 
Institute in 
Phillipines, 
United 
Kingdom, and 
India

Case-control, 
prospective.

Consecutive 
enrolment: 
unclear.

The BreathLink 
system 
(portable gas 
chromatograph 
coupled to 
a surface acoustic 
wave detector)

Culture and/or 
SSM and/or CXR

Inside 
the device

N.A. On anti-TB 
therapy, 
received 

anti-TB therapy 
in the last 
six months, 
technically 
unsatisfactory 
breath test 
samples

Multiple Monte Carlo 
simulations; Weighted 
Digital Analysis (WDA) 
multivariate predictive 
algorithm.

Menssana 
Research, Inc., 
United States Air 
Force

72 (63-79) 72 (63-80)

Kolk et al., 
201240

Training: 100 
(50 culture-
proven TB, 
50 culture-
negative 
non-TB);

Validation: 71 
(21 PTB, 50 
non-TB)

PTB suspects; 
Adults (> 18 years)

TB clinics, 
South Africa

Cross-sectional, 
prospective.

Consecutive 
enrolment: yes.

GC-TOF-MS MGIT Culture Separate 
bags

N.A. On anti-TB 
therapy

Support vector 
machine; LOO-CV 
approach;  
independent subjects 
in the validation phase.

UBS (Union Bank 
of Switzerland) 
Optimus 
Foundation and 
the Foundation for 
Innovative

New Diagnostics 
(FIND)

62 (38-82) 84 (71-93)
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Table 1. (continued)

Source

Number of 
patients 
included in 
analysis

Type of study 
subjects

Clinical 
setting and 
country Type of study Index test Reference test

Collection 
of air 
samples Type of sensors Exclusion Analysis

Funding  
Sources

Rounded 
sensitivity, 
% (95% CI)

Rounded 
specificity, 
% (95% CI)

Maiga et 
al., 201637

56

(20 PTB, 
36 healthy 
controls)

Newly diagnosed 
PTB patients and 
healthy controls; 
Adults (≥18 years)

Health centers 
and Hospital, 
Mali

Case-control, 
prospective.

Consecutive 
enrolment: yes.

BreathTek™ urease 
breath test

MGIT and 7H11 
culture

Inside 
the device

N.A. Use of any 
antibiotic, 
proton pump 
inhibitors 
or bismuth 
containing 
preparations 
<15 days 
before study; 
HIV positivity; 
pregnancy

Measurement of 
the ratio of 13CO2 to 
12CO2

in a breath sample. 

NIH/NIAID grants, 
the Howard 
Hughes Medical 
Institute, 
the University 
of Sciences, 
Techniques, 
Bamako

70 (46-88) 11 (3-26)

Sahota et 
al., 201624

40 

(21 PTB/EPTB, 
2 non-TB, 
17 healthy 
controls)

Suspect PTB and 
EPTB, TB patients 
within 1 week of TB 
treatment; Adults 
(≥ 18 years)

TB clinics or 
in-patient 
admission in 
a teaching 
hospital, 
United 
Kingdom

Case-control, 
prospective.

Consecutive: 
unclear.

FAIMS (Field 
Asymmetric 
Ion Mobility 
Spectrometry)

Culture, histology 
or radiology

Separate 
bags

N.A. Not mentioned Gaussian Process 
Classifier; LOO-CV 
method.

Medical Research

Council, UK

81 (58-95) 79 (54-94)

Beccaria et 
al., 201841

50 

(32 PTB, 18 
non-TB)

PTB suspects, 
including smokers 
and patients with 
HIV (+);Adults (≥18 
years)

Wits 
Reproductive 
Health and 
HIV Institute, 
South Africa

Cross-sectional, 
prospective.

Consecutive: 
unclear.

GC-TOF-MS Gene Xpert and 
MGIT culture

Separate 
bags

N.A. Not mentioned Random Forest, 
linear Support Vector 
Machines, 

Partial Least-Squares 
Discriminant Analysis; 
Data was divided 
into training (60%) 
and validation (40%) 
phases; LOO-CV 
method.

Burroughs 
Wellcome Fund

100 
(89-100)

61 (36-83)

Morozov et 
al., 201858

55

(42 PTB, 
13 healthy 
controls)

Recent and chronic 
TB; Adults (≥ 18 
years)

Russia Case-control, 
prospective.

Consecutive: 
unclear.

Rapid 
ultrasensitive 
immunochemistry 
method

Clinical and CXR, 
culture and/or 
PCR or positive 
responses to 
anti-TB therapy

Separate 
bags

N.A. Not mentioned Immunoassay Russian Science 
Foundation

72 (53-86) 58 (28-85)

N.A.: Not Applicable

four of the reviewed studies, at least one of these factors were taken into account.18,21,23,37 
Furthermore, there were only three studies including children in their study population, 
and children were also not exclusively enrolled,18,22,40 while age may influence the breath  
test result44. 

In several electronic-nose studies, the exhaled breath was collected into a bag/tube 
with the specimen investigated later.19,21,22,36 Using bags for collection may be more useful in 
the flow of healthcare in a clinic, however, it might change the composition of the sample 
because the VOCs bind with the sample-bag material, and the bag material releases several 
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Figure 2. Summary of QUADAS-2 assessments of included studies. Patient selection: describes methods 
of patient selection; index text: describes the index test and how it was conducted and interpreted; 
reference standard: describes the reference standard (gold standard test) and how it was conducted 
and interpreted; flow and timing: describes any patients who did not receive the index tests or reference 
standard or who were excluded from the 2x2 table, and describes the interval and any interventions 
between index tests and the reference standard 30.

	

Figure 3. Paired forest plots of pooled sensitivity and specificity of electronic nose in  
diagnosing tuberculosis

background emission of pollutants.52 Samples should be also examined in six hours from 
the collection time,52 thus it adds a burden and complicates the diagnostic process. As far 
as the portable sensing technology is not yet specific enough for VOCs associated with TB, 
we recommend to avoid using bag for collection. In addition, although the sensors in an 
electronic-nose can capture abundant amounts of information, most of them do not have 
sensitivity as high as other techniques,53  thus to improve the sensitivity, pre-concentration 
techniques, such as absorption of breath samples onto a solid phase, needs to be performed. 
Several studies in this review used micro-extraction (SPME) or Tenax as the pre-concentration 
technique,19,23,40 while other studies did not mention it in their Methods section. 

To develop a robust algorithm to enable real-time measurements, an electronic-nose 
needs a prior knowledge of the data (training phase). Ideally, to avoid a fallacy in breath test 
analysis due to confounding variables, artefacts, and statistical errors, a training phase should 
include a large number of study subjects, so that the number of subjects will be bigger than 
the number of breath test variables/features, and the data can be divided into a training 
and validation set.54 However, if the population is small, a leave-one-out cross validation 
is usually used in the training phase, i.e. only one subject is used for validation purposes, 
while the others are used for training.54 The device performance can be assessed more 
objectively if the next stage (validation phase) is carried out in subjects who are not involved 



CHAPTER 4 DIAGNOSIS OF TUBERCULOSIS THROUGH BREATH TEST: A SYSTEMATIC REVIEW

78 79

44

in the training phase. In only three out of six studies with electronic-nose, the validation 
phase used independent subjects from the training phase.19,21,36 In addition, a large number 
of subjects in the training phase is of great importance to expose the device with large 
diversity in breath patterns from true-positive study subjects. Only then, the device can 
recognize breath samples in the validation phase with high accuracy. For an electronic-nose 
device, to match a pattern correctly, the pattern must be known before. 

The diagnostic accuracy of an electronic-nose can only be determined reliably if the TB 
status can be classified with high certainty since the analysis of breath test completely 
depends on the correct classification of the study samples in the training phase. Therefore, 
a reference test should be as ‘gold’ as possible, approaching the highest sensitivity and 
specificity. When the gold standard is imperfect, the positive test results from an investigated 
diagnostic tool may be considered as false-positives, thus the accuracy of this diagnostic tool 
will be underestimated. In this review, eight studies used only culture as the reference test 
for diagnosing pulmonary TB, while the other six studies used culture or other supporting 

data when the culture result was negative. In our opinion, the use of other supporting data 
to improve the accuracy of culture is justifiable because culture is also prone to laboratory 
error. In addition, follow-up should be employed to ensure that the diagnosis made was 
correct. A previous study has shown that follow-up could help to cover the weakness of 
culture and improve its accuracy.55

For other breath test devices, the selected ion flow tube-mass spectrometry (SIFT-MS) 
becomes the preferable option as it is faster and has higher sensitivity than GC-MS.56 Ideally, 
the chemical platform for chemical breath analysis would have online identification of 
specific analytes without the need for pre-concentration and should be able to analyse 
small volatiles (in the ppt–ppq range).53 Currently with GC-MS, samples still need to be pre-
processed before testing. To validate the biomarkers that were found through GC-MS or 
other spectrometries, a large cohort study is needed. The use of oral urea administration 
in diagnosing TB may not be ideal because of low lung concentration, and is confounded 
by the presence of H. pylori in the gut.38 However, the administration of urea by inhalation 
for diagnosing TB warrants investigation. Detection of antigen in cough was shown to have 
moderate sensitivity and specificity that was suspected as a result from the variation of 
antigen level in cough during the day, thus it was suggested to conduct the breathalyzer test 
several times in a day.20 However, repeating a test several times in one day takes time and 
is therefore impractical. Furthermore, prior to sputum collection, patients needed to have 
nebulized therapy, thus limiting its use for a point-of-care device in remote areas. This device 
might also be projected as an add-on test for sputum smear microscopy, which would not 
provide an advantage over sputum-dependent sputum smear microscopy and culture. 

The existing tests have high sensitivity, such as culture and PCR,1 or very high specificity, 
such as Gene Xpert,57 or moderate sensitivity, such as sputum smear microscopy.1,55 
However, these highly sensitive tests are not point-of-care, are sputum-dependent, prone 
to laboratory fallacy, and need trained laboratory personnel. With the high sensitivity, easy 
operation, point-of-care, and hand-held form, the breath test might be potentially used as 
a screening method rather than a diagnostic tool. Cases that are positive by breath test, could 
be referred for the tests which are more specific, probably more expensive, and laboratory-
based, such as Gene Xpert. To date, there have been no studies that investigate the breath 
test as a screening tool. 

A challenge for the breath test development in the future is to detect TB cases with 
negative sputum smear. Negative sputum smear was shown to have correlation with 
a misdiagnosis of TB.55 Another challenge is to investigate whether the breath test can 
accelerate the diagnostic process and lower its cost. A point-of-care automated thermal 
desorption, gas chromatography and mass spectrometry (ATD-GC-SAW) costs $20,000 18, 
while an electronic-nose based on metal-oxide sensors has an advantage of mass production 
at low cost. Analysis of a breath VOC sample with a point-of-care ATD-GC-SAW takes six min 18,  
whilst currently the analysis time with electronic-nose still takes several days or weeks as 
the data needs to be sent to the device producer before obtaining the diagnosis. Once 
the pattern recognition technique algorithm is fully trained, the results should be generated 

Figure 4. Summary receiver operating characteristic (SROC) of electronic nose in  
diagnosing tuberculosis

	



CHAPTER 4 DIAGNOSIS OF TUBERCULOSIS THROUGH BREATH TEST: A SYSTEMATIC REVIEW

80 81

44

automatically in seconds. For further optimization of the sensors, specific VOCs in different 
stages of the disease need to be determined. The use of highly selective sensors that target 
these VOCs may increase the sensitivity and specificity. Finally, as the group of patients that 
need non-sputum-based tests most are children, the sensitivity and specificity of breath test 
exclusively in children needs to be extensively investigated. 

Our review has some limitations. Only a limited number of studies concerning breath test 
using electronic-nose for diagnosing TB were available. Within the identified studies with 
breath test devices other than electronic-nose, we were not able to conduct meta-analysis 
by the type of devices because studies were few. Several studies only included treatment-
naïve, smear positive pulmonary TB cases, thus hindering conclusions on the sensitivity 
and specificity of breath test for all stages of TB, and this may introduce overestimation 
of sensitivity and specificity. Nine out of 14 studies had an unclear risk of bias concerning 
patient selection, and five had an applicability concern on one or two domains. 

CONCLUSION
These low to moderate strength of evidence studies show that breath tests have potential 
to screen for TB. However, it still needs further improvement, with a more robust trained 
pattern recognition technique to give real-time measurements. An ideal breath test should 
be accurate, fast, easy-to-use, point-of-care, and distributed with low price, thus it can be 
used not only in clinics, but also for door-to-door screening in the remote areas, where TB 
diagnosis still faces great challenges.  
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APPENDIX
PUBMED
Period: all years to present (6 Jan 2019)
(((“Tuberculosis”[Mesh] OR tuberculosis[tiab] OR mycobacterium[tiab]) OR tb[tiab] AND 
(“Diagnosis”[Mesh] OR diagnosis[tiab] OR diagnose[tiab] OR diagnostic[tiab]) AND (“Breath 
Tests”[Mesh] OR breath test[tiab] OR Breathalyzer Tests[tiab] OR breath examination[tiab] 
OR breath examinations[tiab] OR electronic nose[tiab] OR enose[tiab] OR volatile organic 
compound[tiab] OR volatil[tiab]))) AND “humans”[Filter]
:107 articles

EMBASE
Period: all years to present (6 Jan 2019)
#7
#1 AND #2 AND #5 AND ([article]/lim OR [article in press]/lim OR [conference paper]/lim OR 
[erratum]/lim) AND [humans]/lim 
71

#6
#1 AND #2 AND #5
358

#5
#3 OR #4
18,343

#4
‘electronic nose’:ab,ti OR ‘enose’:ab,ti OR ‘e-nose’:ab,ti OR volatile organic compound’:ab,ti 
OR ‘volatile agent’:ab,ti
2,970

#3
(‘breath analysis’:ab,ti OR ‘breathing’:ab,ti OR  breath’/exp OR breath) AND 
examination*:ab,ti
15,395

#2
‘diagnosis’:ab,ti OR diagnose*:ab,ti OR ‘diagnostic procedure’:ab,ti
2,636,715



CHAPTER 4 DIAGNOSIS OF TUBERCULOSIS THROUGH BREATH TEST: A SYSTEMATIC REVIEW

86 87

44

#1
‘tuberculosis’:ab,ti OR ‘mycobacterium’:ab,ti OR tb:ab,ti
257,918
:71 articles

WEB OF SCIENCE
Period: all years to present (1945-2019)
TOPIC:((Tuberculosis OR mycobacterium OR tb) AND (Diagnosis OR diagnoses OR diagnostic) 
AND ((breath test* OR breathalyzer test OR breath examination*) OR (electronic nose* OR 
bioelectronics nose* OR volatile organic compound* OR volatil*))) 

Refined by:  DOCUMENT TYPES: (ARTICLE OR MEETING ABSTRACT OR EDITORIAL MATERIAL 
OR NOTE OR PROCEEDINGS PAPER ) 

Timespan: All years.  Indexes: SCI-EXPANDED, SSCI, A&HCI, ESCI.

:136 articles (article=129, meeting abstract=4, proceeding paper=4, editorial material=3, 
note=1).

COCHRANE LIBRARY
Key words: Tuberculosis
:0 article (no review about breath test to diagnose tuberculosis)

MEDLINE
Database: Ovid MEDLINE(R) <1946 to January Week 1 2019>
Search Strategy:

1. TUBERCULOSIS/ (101029)
2. Mycobacterium tuberculosis/ (46798)
3. tuberculosis.tw. (159330)
4. TB.tw. (36073)
5. 1 or 2 or 3 or 4 (209576)
6. exp Breath Tests/ (14026)
7. breath test$.tw. (6553)
8. Electronic Nose/ (377)
9. e-nose.tw. (188)
10. Volatile Organic Compounds/ (7460)
11. Volatile Organic Compounds.tw. (5952)
12. VOC.tw. (3022)
13. 6 or 7 or 8 or 9 or 10 or 11 or 12 (27537)
14. 5 and 13 (96)

15. di.fs. (2407071)
16. an.fs. (1886820)
17. clinical trials as topic.sh. (185645)
18. randomized controlled trial.pt. (473585)
19. Cross-Sectional Studies/ (282312)
20. cohort studies/ (232508)
21. longitudinal studies/ (119723)
22. follow-up studies/ (604739)
23. prospective.ti,ab. (446876)
24. retrospective.ti,ab. (383400)
25. 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 (5966282)
26. 14 and 25 (77)

:77 articles
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ABSTRACT
Background
Concomitant food influences pharmacokinetics of first-line anti-tuberculosis drugs in  
healthy volunteers. However, in treatment-naïve TB patients who are starting with drug 
treatment, data on the influence of food intake on the pharmacokinetics are absent. 

Objectives
This study aimed to quantify the influence of food on the pharmacokinetics of isoniazid, 
rifampicin, ethambutol and pyrazinamide in TB patients, starting anti-TB treatment.

Methods
A prospective randomized crossover pharmacokinetic study was conducted in treatment-
naïve adults with drug-susceptible TB. They received isoniazid, rifampicin and ethambutol 
intravenously and oral pyrazinamide on day one, followed by oral administration of these 
drugs in fasted and fed condition on the two consecutive days. Primary outcome was 
the bioavailability while fasting and with concomitant food (NCT02121314). 

Results
Twenty subjects completed the study protocol. Absolute bioavailability in fasted and fed 
state for isoniazid was 93% and 78%, for rifampicin 87% and 71% and for ethambutol 87% 
and 82%. Food decreased absolute bioavailability of both isoniazid and rifampicin by 15% 
and 16%. Pyrazinamide AUC0-24h was comparable for fasted (481 mg*h/L) and fed state 
(468 mg*h/L). The maximum concentration of isoniazid, rifampicin and pyrazinamide was 
lowered by food by 44%, 22% and 10% respectively. Time to maximum concentration was 
delayed for isoniazid, rifampicin and pyrazinamide. The pharmacokinetics of ethambutol 
were unaffected by food.

Conclusions
Food decreased absolute bioavailability and maximum concentration of isoniazid and 
rifampicin but not of ethambutol or pyrazinamide in treatment-naïve TB patients. In patients 
prone to low drug exposure, this may further compromise treatment efficacy and increase 
risk of acquired drug resistance. 

INTRODUCTION
Tuberculosis is the infectious disease with the second highest morbidity and mortality by 
one single pathogen around the world. In 2013 an estimated 9.0 million people became 
TB-infected and 1.5 million people died due to TB.1 First-line treatment of TB consists of 
isoniazid, rifampicin, pyrazinamide and ethambutol during the first two months, continuing 
with isoniazid and rifampicin for another four months.2,3 Reported treatment success rates 
range from 60 to 87% depending on comorbidity.4,5 Conceivably, filling the gaps of our 
knowledge of pharmacokinetics and pharmacodynamics may help to improve TB treatment, 
thereby preventing the emergence of drug-resistant organisms. 

Effective pharmacokinetic parameters for TB drugs are AUC and maximum concentration 
of drugs in the blood (Cmax). Higher AUC values are associated with increased efficacy, while 
low Cmax has been associated with emergence of drug resistance.6 During the first two weeks 
of treatment, when TB patients are seriously ill, they often suffer from gastrointestinal 
reactions such as abdominal pain, nausea and vomiting. Concomitant intake of food has been 
recommended2,3 but has an ambivalent impact on drug therapy. Food makes patients less 
vulnerable to nausea and vomiting, possibly resulting in a decrease of refusal of medication. 
However, exposure to isoniazid and rifampicin in healthy volunteers has been shown to be 
reduced by dosing with meals.7–10

A meta-analysis by Lin et al. showed that both AUC and Cmax of isoniazid were decreased 
by food.11 Cmax, but not AUC, of rifampicin and ethambutol were decreased by food. 
Pyrazinamide absorption was not influenced by food. However, the majority of these data 
was obtained in healthy volunteers11 and not in TB patients.12,13 One study in TB patients 
after two weeks of treatment showed that a high carbohydrate diet decreased AUC0-8h and 
Cmax of isoniazid.12 Recently, it was shown that food reduced Cmax and AUC0-10h of all first-
line anti-TB drugs in TB patients at least after four days of treatment.14 Pharmacokinetics 
of first-line drugs in treatment-naïve patients may be different from TB patients who are 
on anti-TB therapy for some time because of differences in severity of disease, malnutrition 
and hypoalbuminemia.15,16 Furthermore, in treatment-naïve patients, the number of bacilli 
is high and when the drug exposure is inadequate, the risk of acquired drug resistance 
is higher.6 To prevent patients from nausea, vomiting and possible treatment failure, it is 
important to quantify the impact of food on drug exposure of the first-line anti-TB drugs 
in TB patients starting their treatment. Therefore, the goal of this study was to investigate 
absolute bioavailability of isoniazid, rifampicin, ethambutol and pyrazinamide in treatment-
naïve TB patients under fasting conditions and with food on the first three days of treatment. 

PATIENTS AND METHODS
Study Design and Population
This was a prospective randomized crossover pharmacokinetic study. The study protocol 
followed the guidelines of the Helsinki Declaration of 2008 and was approved by 
the institutional review board at Faculty of Medicine, Universitas Gadjah Mada, Yogyakarta, 
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Indonesia (KE/FK/626/EC) and the National Agency of Food and Drug Control, Indonesia 
(PN.01.06.1.31.11.12.7158). Written informed consent was obtained from each subject 
before the study. This study was registered with clinicaltrial.gov identifier NCT02121314. 

We considered the comparison between fasted and fed to be a type of bioequivalence 
study. The EMA guideline on bioequivalence states that at least 12 subject should be used 
for a bioequivalence study.17 Therefore, it was thought that 20 patients should be sufficient 
to detect the influence of food on the bioavailability. 

Newly diagnosed, treatment-naïve TB patients aged at least 18 years were eligible for 
inclusion. Subjects were recruited from the governmental chest clinics in Yogyakarta and 
Sardjito General Hospital, Yogyakarta, Indonesia. Exclusion criteria were active unstable liver 
disease, history of kidney disease, or use of antacids which could not be discontinued during 
the study. The subjects agreed to refrain from the use of non-prescription drugs and alcohol 
during the entire study period.

The study was performed on the first three days of anti-TB treatment, so there was no 
washout period and patients did not reach steady state of any of the four drugs (Figure 1). To 
determine absolute bioavailability, all subjects started on day 1 with intravenous treatment 
of isoniazid, rifampicin and ethambutol. Pyrazinamide is not available as an injection and was 
therefore administered orally on day 1 (Table 1). All subjects fasted overnight for the three 
study days. For the fasted treatment, they continued to fast until 2h after drug dosing. For 

Table 1. Study design

Fasted day 2, fed day 3 Fed day 2, fasted day 3

day 1
t = 0h isoniazid 5 mg/kg iv

rifampicin 10 mg/kg iv

ethambutol 15 mg/kg iv

pyrazinamide 25 mg/kg orallya

blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing
day 2

t = - 0.50h - high-carbohydrate meal
t = 0h FDC orally FDC  orally
t = 2h high-carbohydrate meal -
blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing

day 3
t = - 0.50h high-carbohydrate meal -
t = 0h FDC orally FDC  orally
t = 2h - high-carbohydrate meal
blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing

iv, intravenously, FDC, fixed drug combination containing 75/ 150/ 400/ 275 mg of isoniazid, rifampicin, ethambutol 
and pyrazinamide.
a Pyrazinamide is unavailable as injectable drug. 

the fed treatment, they consumed a high-carbohydrate breakfast containing 600 Kcal 0.5h 
before dosing. Primary endpoints were absolute bioavailability (F) and AUC from time of 
administration to 24h after (AUC0-24h). Secondary endpoints were Cmax and its corresponding 
time (Tmax).

Subjects were dosed on their pre-study weights according to the WHO guidelines, i.e. 5mg/
kg isoniazid, 10 mg/kg rifampicin, 15 mg/kg ethambutol and 25 mg/kg pyrazinamide.2 On day 
1, intravenous drugs were administered using isoniazid 100 mg/ml injection (Department of 
Clinical Pharmacy and Pharmacology, UMCG, Groningen, The Netherlands, License number 
108964F), Rifadin 600 mg injection (Sanofi Aventis, Gouda, The Netherlands) and EMB-Fatol 
1000 mg injection (Riemser Arzneimittel AG, Greifswald-Insel Riems, Germany). Isoniazid was 
given as a short infusion of 30 minutes. Rifampicin and ethambutol were infused in 2 hours. 
Pyrazinamide was administered as 500 mg tablet orally (PT. Indofarma, Bekasi, Indonesia). 

Participants were randomly assigned following simple randomization procedures to one 
of the two treatment groups (fasted day 2 and fed day 3, or fed day 2 and fasted day 3  
(Figure 1)). Allocation concealment was performed with sequentially numbered, sealed and 
stapled envelopes. These envelopes contained information about the treatment group, which 
was put inside randomly by a nurse in Sardjito Hospital, who was not involved in the trial. 
The envelopes were kept in a safe, locked cabinet in each recruitment place. The allocation 
sequence was concealed from the doctors enrolling and assessing participants. After 
the patient had given written informed consent, the patient’s name and code was written on 
the envelope. Corresponding envelopes were opened just before the time of intervention by 
the researcher (AMS). 

On days 2 and 3, a fixed drug combination containing 75/ 150/ 400/ 275 mg of 
isoniazid, rifampicin, ethambutol and pyrazinamide (PT. Indofarma, Bekasi, Indonesia) was 
administered orally. 

Pharmacokinetic analysis
Serial blood samples were collected at 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after 
dosing. Samples were centrifuged and stored at -80 oC until they were analyzed. Plasma 
samples were analyzed by LC-MS/MS, as previously described.18–20 The technicians who 
analyzed the samples were blinded to group assignment.

Cmax and Tmax were derived from the plasma concentration data. The AUC0-24h was 
calculated using the log-linear trapezoidal rule in MW\Pharm (version 3.60, Mediware, 
Groningen, The Netherlands). Concentrations at time points 0 of day 2 and 3 also served as 
C24 of days 1 and 2. C24 of day 3 was calculated using the formula C24= Cmax*e-β*(24-Tmax) in which 
β is the first order elimination rate constant. Plasma concentrations below the quantification 
lower limit were treated as zeros. Absolute bioavailability (F) was normalized for dosage and 
calculated as (AUC0-24h, fasted or fed/AUC0-24h, intravenously) * (Doseintravenously/Dose orally). 

Patients with calculated half-life of isoniazid ≤ 2h were considered fast acetylators, 
otherwise they were considered slow acetylators.7 
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Statistical analysis
For the patient characteristics, means are reported ± standard deviation (SD). Cmax, 
AUC0-24h and F were logarithmically transformed to calculate geometric mean (and range). 
Differences between fasted and fed treatments were tested using the Wilcoxon signed rank 
test. Statistical analysis was performed using IBM SPSS Statistics 22 (IBM Corp., Armonk, NY, 
USA). Two-sided P values ≤ 0.05 were considered significant. 

RESULTS
From November 2012 to March 2013, 20 subjects were included in the study. One patient 
vomited shortly after ingestion of the medication on both the fed and fasted day. This 
patient was excluded from the study and replaced by inclusion of another subject (Figure 1). 
Patient characteristics are presented in Table 2. The mean body mass index (BMI) was 17.4 ± 
2.56 kg/m2 showing that a large proportion of the study population (70%) was underweight 
(i.e. BMI < 18.5 kg/m2).21,22 Fifteen subjects were fast acetylators for isoniazid. Two patients 
also suffered from type II diabetes mellitus and two others were co-infected with HIV. 

Dosing information of the subjects is presented in Table 3. Due to the fact that it was 
possible to dose more exactly with the injection, there is a statistically significant difference 
in intravenous (median 15.0 mg/kg) and oral (19.6 mg/kg, P<0.001) dosing of ethambutol. It 
was assumed that this difference in dosing had no influence on the bioavailability itself, and 
linear correction was performed.23,24

Table 2. Patient characteristics 

Characteristic Subjects (n=20)

Sex male/female (%) 12/8 (60/40)
Age, years mean (SD) 40.5 (19.6)
Bodyweight, kg mean (SD) 42.9 (6.4) 
Body mass index, kg/m2 mean (SD) 17.4 (2.6)
Underweight, n (%)a 14 (70) 
Acetylator fast/slow (%)b 15/5 (75/25)
Ethnicity

Javanese, n (%) 17 (85)
Sudanese, n (%) 2 (10)
Madura, n (%) 1 (5)
Comorbidity, n (%) 4 (20)
HIV positive, n (%) 2 (10)
Diabetes, type II, n (%) 2 (10)
Comedication, n (%)c 8 (40)

a Underweight is defined as BMI < 18.5 kg/m2. b Patients with calculated half-life of isoniazid ≤ 2h were considered fast 
acetylators, otherwise they were considered slow acetylators. c Comedication: acetaminophen (1), acetaminophen/ 
acetylcysteine (2), acetaminophen / acetylcysteine and salbutamol (1), metformine (1), metformine, insulin and 
simvastatin (1), methylprednisolone (1), nystatin (1).

In Table 4 and Figure 2, the pharmacokinetic data of the first-line anti-TB drugs after 
intravenous administration and after oral administration in both fasting and fed state 
are presented. From one patient, data of time points 0.5, 1, 1.5 and 2h of the intravenous 
administration of rifampicin and ethambutol were omitted from the analysis, as these 
samples were drawn from the same arm as infusion was given.

Tmax, time of maximum concentration in h, is presented as median (interquartile range 
(IQR)), Cmax, maximum concentration in mg/L, AUC0-24h, area under time-concentration 
curve 0-24h in mg*h/L, and F, absolute bioavailability in %, are presented as geometric  
mean (range). 

The high-carbohydrate meal had significant effects on Cmax and Tmax of all drugs apart 
from ethambutol. The decrease of Cmax in the fed state compared with that in the fasted 
state was 1.9 mg/L (42%) for isoniazid, 2.4 mg/L (22%) for rifampicin and 4.4 mg/L (10%) 
for pyrazinamide. Tmax was significantly delayed for these three drugs. The time to Tmax for 
isoniazid almost doubled; Tmax in fasting state was 1.3h and Tmax in fed state was 2.5h. For 
rifampicin, Tmax was 2.3h in fasted and 3.6h in fed state. Tmax of pyrazinamide was 1.5h in 

Figure 1. Study design. 
*Number of patients in parentheses
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Dosing information of the subjects is presented in Table 3. Due to the fact that it was possible to 
dose more exactly with the injection, there is a statistically significant difference in intravenous 
(median 15.0 mg/kg) and oral (19.6 mg/kg, P<0.001) dosing of ethambutol. Assuming that this 
difference in dosing had no influence on the bioavailability itself, a linear correction was 
performed.23,24 

 

Table 3. Dosing information 

Drug Intravenously day 1 Orally day 2-3 Pa 
Isoniazid    
dose, mg/kg 5.0 (5.0-5.0) 5.4 (4.2-6.0) 0.234 
dose, mg 208 (150-275) 225 (150-300) 0.136 
Rifampicin    
dose, mg/kg 10.0 (9.9-10.0) 10.7 (8.3-12.0) 0.141 
dose, mg 415 (300-550) 450 (300-600) 0.234 
Ethambutol    
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Table 3. Dosing information

Drug Intravenously day 1 Orally day 2-3 Pa

Isoniazid
dose, mg/kg 5.0 (5.0-5.0) 5.4 (4.2-6.0) 0.234
dose, mg 208 (150-275) 225 (150-300) 0.136

Rifampicin
dose, mg/kg 10.0 (9.9-10.0) 10.7 (8.3-12.0) 0.141
dose, mg 415 (300-550) 450 (300-600) 0.234

Ethambutol
dose, mg/kg 15.0 (15.0-15.3) 19.6 (15.3-22.0) <0.001
dose, mg 623 (450-825) 825 (550-1100) <0.001

Pyrazinamide Orallyb

dose, mg/kg 25.5 (22.7-29.8) 28.6 (22.2-32.0) 0.040
dose, mg 1000 (750-1500) 1200 (800-1600) 0.046

Data are presented as median (range). 
a Related Samples Wilcoxon Signed Rank Test was used to compare intravenous and oral dosing. b Pyrazinamide is 
unavailable as injectable drug.

Table 4. Pharmacokinetic data of first-line anti-TB drugs after intravenous administration and orally in 
fasted and fed condition. 

Drug Intravenously Orally, fasted Orally, fed Pa 

Isoniazid
Tmax median (IQR, h) 0.67 (0.58-0.93) 1.28 (0.48-1.52) 2.48 (1.62-3.13) 0.001

Cmax geometric mean (range, mg/L) 6.2 (3.4-14.1) 4.5 (2.0-7.5) 2.6 (1.2-5.9) 0.001
AUC0-24h geometric mean (range, mg*h/L) 16.3 (7.8-35.5) 15.6 (7.5-33.0) 13.1 (5.5-36.8) 0.014
F geometric mean (range, %) 100 92.7 (43.3–172) 77.8 (28.3-192) 0.014

Rifampicin
Tmax median (IQR, h) 1.83 (1.00-2.25)b 2.28 (1.50-2.50) 3.60 (2.48-5.02) < 0.001
Cmax geometric mean (range, mg/L) 12.3 (7.5-17.3)b 10.7 (7.1-15.1) 8.3 (4.1-13.3) 0.002
AUC0-24h geometric mean (range, mg*h/L) 79.6 (36.9-162) 71.8 (36.0-129) 58.2 (29.0-115) < 0.001
F geometric mean (range, %) 100 87.1 (58.8-131) 70.9 (36.3-110) < 0.001

Ethambutol
Tmax median (IQR, h) 1.25 (1.00-1.55)b 3.00 (2.18-3.13) 3.00 (2.52-4.12) 0.136
Cmax geometric mean (range, mg/L) 5.3 (2.6-10.4)b 2.8 (0.6-6.3) 2.5 (0.8-3.7) 0.126
AUC0-24h geometric mean (range, mg*h/L) 14.4 (8.1-26.8) 15.7 (7.0-24.9) 14.8 (7.3-33.5) 0.681
F geometric mean (range, %) 100 86.6 (27.4-155) 81.5 (29.5-146) 0.681

Pyrazinamidec

Tmax median (IQR, h) 1.50 (1.02-1.98) 2.78 (2.00-4.00) < 0.001
Cmax geometric mean (range, mg/L) 44.0 (32.4-66.3) 39.6 (27.6-56.4) 0.001
AUC0-24h geometric mean (range, mg*h/L) 481 (290-668) 468 (278-688) 0.263

a Related Samples Wilcoxon Signed Rank Test was used to compare orally, fasted and orally, fed treatment. b Cmax 
and Tmax of rifampicin and ethambutol were unavailable for one patient (n=19). c Pyrazinamide is not available as 
injectable drug. 

fasted and 2.8h in fed state. The time delays for all three drugs were similar, 1.2h, 1.3h and 
1.3h respectively. 
Absolute bioavailability in fasted and fed state for isoniazid was 93% and 78%, for rifampicin 
87% and 71% and for ethambutol 87% and 82% (Table 4 and Figure 3). The 15% and 
16% decrease in absolute bioavailability of isoniazid and rifampicin, respectively, were 
statistically significant. Due to the absence of an intravenous injection, we were unable to 
determine the absolute bioavailability of pyrazinamide. No significant decrease in AUC0-24h for 
pyrazinamide was observed. Finally, none of the pharmacokinetic parameters of ethambutol 
were affected by concomitant food intake.

DISCUSSION
To the best of our knowledge, this is the first randomized crossover trial, in which the influence 
of food on the absolute bioavailability and pharmacokinetics of all first-line anti-TB drugs 
Figure 2: Time concentration curves (mean and standard deviation) of first-line anti-TB drugs.  
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Absolute bioavailability in fasted and fed state for isoniazid was 93% and 78%, for rifampicin 87% 
and 71% and for ethambutol 87% and 82% (Table 4 and Figure 3). The 15% and 16% decrease in 
absolute bioavailability of isoniazid and rifampicin, respectively, was statistically significant. Due to 
the absence of an intravenous injection, we were unable to determine the absolute bioavailability 
of pyrazinamide. No significant decrease in AUC0-24h for pyrazinamide was observed. Finally, none 
of the pharmacokinetic parameters of ethambutol were affected by concomitant food.  

Figure 3: Median bioavailability of isoniazid, rifampicin and ethambutol in fasted and fed 
condition.  
 

Figure 2. Time concentration curves (mean and standard deviation) of first-line anti-TB drugs. 
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Table 5. Number of patients with exposure lower than reference values. 

Drug Intravenou
sly 

Orally, 
fasted  

Orally, 
fed  

Isoniazid    
patients with Cmax ≤ 8.8 mg/L, n 16/20 20/20 20/20 

patients with AUC0-24h ≤ 52 
mg*h/L, n 

20/20 20/20 20/20 

Rifampicin    
patients with Cmax ≤ 6.6 mg/L, n 0/19a 0/20 4/20 
patients with AUC0-24h ≤ 13 
mg*h/L, n 

0/20 0/20 0/20 

Pyrazinamideb    
patients with Cmax ≤ 58.3 mg/L, n  19/20 20/20 
patients with AUC0-24h ≤ 363 
mg*h/L, n 

 2/20 4/20 

Cmax, maximum concentration in mg/L and AUC0-24h, area under time-concentration curve 0-24h in 
mg*h/L.  
a Cmax of rifampicin was unavailable for one patient (n=19). b Pyrazinamide is not available as injectable 
drug.  
 

5.4. Discussion 

To the best of our knowledge, this is the first randomized crossover trial, in which the influence of 
food on the absolute bioavailability and pharmacokinetics of all first-line anti-TB drugs has been 
investigated quantitatively in treatment-naïve TB patients. The high-carbohydrate meal influenced 
all pharmacokinetic parameters of isoniazid and rifampicin but not of ethambutol or pyrazinamide. 

Figure 3. Median bioavailability of isoniazid, rifampicin and ethambutol in fasted and fed condition. 

Table 5. Number of patients with exposure lower than reference values.

Drug Intravenously Orally, fasted Orally, fed 

Isoniazid
patients with Cmax ≤ 8.8 mg/L, n 16/20 20/20 20/20
patients with AUC0-24h ≤ 52 mg*h/L, n 20/20 20/20 20/20

Rifampicin
patients with Cmax ≤ 6.6 mg/L, n 0/19a 0/20 4/20
patients with AUC0-24h ≤ 13 mg*h/L, n 0/20 0/20 0/20

Pyrazinamideb

patients with Cmax ≤ 58.3 mg/L, n 19/20 20/20
patients with AUC0-24h ≤ 363 mg*h/L, n 2/20 4/20

Cmax, maximum concentration in mg/L and AUC0-24h, area under time-concentration curve 0-24h in mg*h/L. 
a Cmax of rifampicin was unavailable for one patient (n=19). b Pyrazinamide is not available as injectable drug. 

has been investigated quantitatively in treatment-naïve TB patients. The high-carbohydrate 
meal influenced all pharmacokinetic parameters of isoniazid and rifampicin but not of 
ethambutol or pyrazinamide.

The absolute bioavailability of isoniazid, rifampicin and ethambutol has been reported to 
be 91±10%, 93% and 75-80% respectively.23,25–28 In the fasted state, our data are in line with 
these earlier findings. Data on absolute bioavailability in fed state have not been published 
before as far as we know. Food decreased absolute bioavailability of isoniazid and rifampicin 
by less than 20% and may therefore be considered not to be clinically relevant according 
to regulatory guidelines.17 However, this conclusion may be too conservative. A further 
reduction of drug exposure in patients prone to low drug exposure may actually increase 
the risk of poor treatment outcome.6,29

For isoniazid and rifampicin, the differences in Cmax between fasted and fed state do 
not meet the criteria for bioequivalence.17 This may further increase the risk of acquired  
drug resistance.

Our study is different from other pharmacokinetics studies in TB patients as we included 
treatment-naïve patients at the start of their treatment. Other trials on the influence of food 
on pharmacokinetics of anti-TB drugs were in steady state: after at least 4 days of treatment,14 
or at least two weeks.12 The latter did not investigate ethambutol and neither trial provided 
data on the absolute bioavailability of isoniazid, rifampicin or ethambutol as they did not 
compare their treatments with the gold standard, intravenous treatment. This difference in 
time of treatment made it difficult to compare our data with those of the earlier studies.12,14 
The differences in AUC0-24h of rifampicin can be explained by the fact that auto-induction of 
rifampicin is not maximized until 20-40 days of treatment and our study was performed in 
the first three days of treatment.27,30 

As for many TB patients who start with drug treatment, the subjects in this study were 
actually really ill. The mean BMI of the subjects was 17.4 (± 2.56) kg/m2 and the majority 
of subjects were underweight. Most (79%) of these low BMI subjects showed low albumin 
levels indicating that subjects were malnourished. Malnourished people may be under 
dosed as a low BMI approximates to fat mass but also to low weight and fat-free mass.31 
The poor nutritional status in addition to inflammation might affect the intestinal mucosa, 
reducing drug absorption. It might delay gastric emptying, alter the gastric pH and change 
bio-distribution of the drugs.15 On the other hand, low serum albumin might be beneficial 
for rifampicin as the drug is highly protein bound, resulting in a higher free fraction of 
the drug.15

There are several limitations to this study. Free drug concentrations were not measured. 
This would have been more informative as perhaps high free fractions of relative low 
total concentrations could still have resulted in a favourable drug exposure.15 Actual 
pharmacokinetic/pharmacodynamic ratios could not be calculated because only breakpoints 
were available and not actual MICs. Due to the absence of an intravenous formulation of 
pyrazinamide, we were unable to determine the absolute bioavailability of pyrazinamide. 
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Recently, poor treatment outcome has been linked with low TB drug exposure and it 
was shown that risk on treatment failure was almost nine fold higher in patients with low 
drug exposure based on AUC compared to patients with higher drug exposure.6 Sufficient 
drug exposure in the first days of treatment is important to reduce bacterial load rapidly.32,33 
Pasipanodya et al. showed that to achieve a favourable outcome, in order of importance, 
AUC0-24h of pyrazinamide, rifampicin and isoniazid should be over 363, 13 and 52 mg*h/L 
respectively.6 Pyrazinamide AUC0-24h was sufficiently high in the majority of patients with 
respect to long-term outcome. Eighteen (90%) and 16 (80%) patients in the fasted and 
fed group showed sufficiently high AUC0-24h (Table 5). Observed AUC0-24h of rifampicin were 
sufficient in all patients, regardless of fasted or fed state. It is however striking to see that 
none of the AUC0-24h of isoniazid met this target to predict a favourable long-term outcome. 

Low Cmax/MIC ratios was also shown to precede acquired drug-resistance,6 and therefore, 
there is a need to keep Cmax/MIC ratios adequate. Only in one patient in the fasted state, was 
the Cmax of pyrazinamide was sufficiently high to prevent acquired drug resistance (Table 
5).6 The majority of patients had sufficient Cmax of rifampicin. For isoniazid, again none of 
the patients, whether fasted or fed, achieved a Cmax that was high enough. 

The magnitude of these pharmacokinetic findings underlines the importance of 
the evaluation of drug exposure in relation to the drug susceptibility of the pathogen.34 
Because actual MIC values were unknown, it remains difficult to understand the impact 
of the observed differences in AUC0-24h and Cmax between fasted and fed state for each  
individual patient. 

This study has shown that food decreases absolute bioavailability and Cmax of isoniazid 
and rifampicin. More than the difference between the fed and fasted state, the very large 
ranges that were shown for AUC0-24h and absolute bioavailability worried us. Between 
the highest and lowest value within a group, a factor 2.2, for fasted rifampicin, to 6.8, for 
fed isoniazid, was observed. Therefore, the effect of food intake contributed only partly to 
the large inter- and intra-individual pharmacokinetic variability.35 

Inter-individual variability caused by comorbidities like HIV and diabetes mellitus or 
pharmacogenetics of N-acetyltransferase 2 (NAT2), intra-individual variability such as 
the auto-inducing activity of rifampicin and variability of MICs all have their impact on 
the pharmacokinetic/pharmacodynamic ratio. In spite of that, we emphasize worried us, 
further reduction of drug exposure due to concomitant food in patients prone to low drug 
exposure may increase the risk of poor treatment outcome.6,29 

Optimizing drug exposure of first-line drugs by means of therapeutic drug monitoring 
(TDM) including helpful tools like optimal sampling strategies36,37 and dried blood spot 
analysis38 or higher dosing of rifampicin39,40 have recently been subject of investigation. 
Compared with the introduction of new compounds for first-line treatment of TB in an effort 
to shorten drug therapy,41–44 optimization of the current treatment may not be inferior. With 
higher doses of rifampicin and TDM to safeguard drug exposure, shortened treatment may 
be pursued. 

Taken into account all these initiatives, we propose a randomized controlled trial including 
drug exposure, actual MIC values of TB strains in comparison with standard care. Long-term 
follow up should be performed to fully understand the true impact of the optimization of 
current first-line treatment. 

CONCLUSION
In conclusion, this study showed that food decreased absolute bioavailability, AUC0-24h 
and Cmax of isoniazid and rifampicin in treatment-naïve TB patients starting with anti-TB 
treatment. Cmax of pyrazinamide was decreased by a high carbohydrate meal, but AUC0-24h 
was not. Pharmacokinetics of ethambutol were unaffected by food. Absolute bioavailability 
in fed state met the criteria for bioequivalence. Nevertheless, the decreased drug exposure 
in fed patients may pose them more at risk for poor treatment outcome or acquired  
drug resistance. 
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ABSTRACT
Background 
The 24-h area under the concentration–time curve (AUC24)/minimal inhibitory concentration 
ratio is the best predictive pharmacokinetic/pharmacodynamic (PK/PD) parameter of 
the efficacy of first-line anti-tuberculosis (TB) drugs. An optimal sampling strategy (OSS) is 
useful for accurately estimating AUC24; however, OSS has not been developed in the fed state 
or in the early phase of treatment for first-line anti-TB drugs.

Methods 
An OSS for the prediction of AUC24 of isoniazid, rifampicin, ethambutol and pyrazinamide 
was developed for TB patients starting treatment. A prospective, randomized, crossover trial 
was performed during the first 3 days of treatment in which first-line anti-TB drugs were 
administered either intravenously or in fasting or fed conditions. The PK data were used to 
develop OSS with best subset selection multiple linear regression. The OSS was internally 
validated using a jackknife analysis and externally validated with other patients from 
different ethnicities and in a steady state of treatment.

Results 
OSS using time points of 2, 4 and 8 h post-dose performed best. Bias was < 5% and imprecision 
was < 15% for all drugs except ethambutol in the fed condition. External validation showed 
that OSS2-4-8 cannot be used for rifampicin in steady state conditions.

Conclusion 
OSS at 2, 4 and 8 h post-dose enabled an accurate and precise prediction of AUC24 values of 
first-line anti-TB drugs in this population.

INTRODUCTION
Tuberculosis (TB) is a major problem worldwide. It is a curable disease but, nevertheless, 
1.7 million people died from TB in 2016 1. The reported treatment success rate for drug-
susceptible TB ranges from 60 to 83% 1, meaning that healthcare providers encounter 
treatment failure in daily practice. The World Health Organization (WHO) aims to end 
the global TB epidemic by 2035 through several pillars and component goals, some of 
which are intensifying research and innovation by the development of new strategies and 
optimization of implementation of treatment 1. Optimization of treatment is imperative to 
increase the success rate of first-line treatment. 

First-line treatment of TB consists of isoniazid, rifampicin, pyrazinamide and ethambutol 
for the first 2 months, followed by isoniazid and rifampicin for 4 months 2. Clinical trials and 
observational studies have shown that low drug exposure of first-line drugs is associated 
with slow response to treatment, acquired drug resistance, and relapse 3,4.

Several factors, such as malabsorption, pharmacogenetics of N-acetyltransferase 2 
(NAT2), intraindividual differences in pharmacokinetics (PK), or food intake, may lead to 
low drug exposure 4–6. Treatment optimization can be achieved by increasing adherence 
7 or studying new or repurposed drugs 8,9. Another option is better attainment of 
the pharmacokinetic/pharmacodynamic (PK/PD) parameters that best predict the efficacy 
of first-line anti-TB drugs, i.e. area under the concentration–time curve over 24 h (AUC 24) 
divided by the minimal inhibitory concentration (MIC) [AUC/MIC ratio] 10. However, actual 
MICs are often unavailable for first-line anti-TB drugs. Using classification and regression 
tree (CART) analysis, Pasipanodya et al. showed a clear concentration–effect relationship for 
the combination therapy of pyrazinamide, rifampicin and isoniazid 3.

Therapeutic drug monitoring (TDM), which measures drug exposure and adjusts the dose 
to optimize drug exposure, has been proposed to improve treatment response in individual 
TB patients, especially in patients at high risk of treatment failure or delayed response 11–14. 
To calculate drug exposure, i.e. AUC 24, a full concentration–time curve should be obtained 
by sampling up to 10 times during the dosing interval. The burden for both patients and 
the healthcare system hamper implementation in clinical practice 15,16. Therefore, there is 
an urgent need for alternative strategies to accurately estimate the AUC 24. A limited or 
optimal sampling strategy (OSS) might be the solution. This method calculates which time 
points during the dosing interval (usually one to three) are most informative for the accurate 
prediction of AUC 24 14, 15.

Only a few studies in the literature have reported OSS for first-line anti-TB drugs 15–18; 
however, these studies mostly addressed administration of a single drug 15,17,18 in the fasting 
condition 16–18, and no studies examined OSS in the early phase of treatment. Meanwhile, 
the number of bacilli was high in the early phase of treatment, thus the risk of acquired drug 
resistance was higher when drug exposure was inadequate 3. One study described an OSS 
for multiple anti-TB drugs simultaneously, but, in that study, the time interval was limited to 
6 h and was conducted in the fasting condition 16.
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To overcome the limitations of currently available OSS, we aimed to develop an OSS in 
the early phase of treatment to estimate the AUC 24 of all first-line anti-TB drugs in fasting 
and fed conditions, as well as after intravenous administration.

METHODS
Study Design, Population, and Pharmacokinetic Analysis
To develop the OSS, we used data from an earlier published prospective, randomized, 
crossover PK study approved by the Institutional Review Board at the Faculty of Medicine, 
Public Health and Nursing, Universitas Gadjah Mada (UGM), Yogyakarta, Indonesia (KE/
FK/626/ EC), and registered at ClinicalTrials.gov (NCT02121314) 19. From November 2012 to 
March 2013, 20 newly diagnosed, treatment-na.ve adults with drug-susceptible TB received 
isoniazid 5 mg/kg, rifampicin 10 mg/kg, ethambutol 15 mg/kg and pyrazinamide 25 mg/
kg. One patient was excluded from the study due to vomiting shortly after ingestion of 
the drugs on both days of oral treatment, and was replaced by inclusion of another subject. 
The study was performed on the first 3 days of anti-TB treatment. On day 1, all subjects 
received intravenous treatment of isoniazid (100 mg/mL injection; Department of Clinical 
Pharmacy and Pharmacology, University Medical Center Groningen (UMCG), Groningen, 
The Netherlands; license number 108964F), rifampicin (rifadin 600 mg injection; Sanofi 
Aventis, Guildford, UK) and ethambutol (EMBFatol 1000 mg injection; Riemser Arzneimittel 
AG, Greifswald– Insel Riems, Germany). Isoniazid was administered as a short infusion of 30 
min, while rifampicin and ethambutol were infused over 2 h. Pyrazinamide was not available 
as an injection and was administered as a 500 mg tablet formulation (PT Indofarma, Bekasi, 
Indonesia) in a single oral dose on day 1. 

Participants were randomly assigned to one of the two treatment groups (fasted day 
2 and fed day 3, or fed day 2 and fasted day 3). On days 2 and 3, a fixed drug combination 
containing 75/150/275/400 mg of isoniazid, rifampicin, ethambutol and pyrazinamide (PT 
Indofarma) was administered orally. Serial blood samples were collected at 0 (predose), 
0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8 h after dosing, and were centrifuged and stored at −80 oC 
in the TB-Microbiology Laboratory of the Faculty of Medicine, Public Health, and Nursing, 
UGM, Indonesia, until transported on dry ice to The Netherlands, with the provision of 
a Material Transfer Agreement (UGM–UMCG, and the National Agency of Food and Drug 
Control, Indonesia; PN.01.06.1.31.11.12.7158). Plasma samples were analysed using 
validated liquid chromatography-tandem mass spectroscopy (LC–MS/MS) methods in 
the laboratory of the Department of Clinical Pharmacy and Pharmacology of the UMCG, 
The Netherlands, as previously described 20, 21. Concentrations at time points 0 on days 2 and 
3 also served as the 24-h concentration (C24) on days 1 and 2. The C24 on day 3 was calculated 
using the formula C24  = Cmax  x e−βx(24−Tmax) , in which β is the first-order elimination rate 
constant, Cmax  is the maximum concentration measured, and Tmax is the time to reach 
Cmax. Plasma concentrations below the lower limit of quantification were treated as zero. 
The AUC24,calculated was calculated using the log-linear trapezoidal rule in MW\Pharm (Kinfit, 

version 3.60; Mediware, Groningen, The Netherlands); this AUC24,calculated represented the best 
approximation of the true AUC24.

Optimal Sampling Strategies
We conducted multiple linear regression analysis to obtain optimal sampling equations 
predictive of the AUC 24 of each drug in the three different conditions. All possible 
combinations within the groups of one to three time points were evaluated, i.e. 11 
combinations with one time point, 55 combinations with two time points, and 165 
combinations with three time points. Assumptions of linear regression were assessed using R, 
i.e. normality of the dependent variable, linear relationship, error normality, multicollinearity 
and homoscedasticity. 

Using best subset selection, we selected the best-performing OSS for each drug 
and condition separately, for the simultaneous use of all drugs in each condition, and 
for the simultaneous use of all drugs after oral administration (either the fasting or fed 
condition). In addition, we tested the OSS from simultaneous prediction of the fasting and 
fed conditions following intravenous administration to examine whether the OSS was also 
suitable for application in intravenous administration.

The average adjusted R2 for all combinations comprising one, two, or three samples 
were calculated to investigate the correlation between the predicted AUC24 (AUC24,predicted) 
using multiple linear regression and AUC24,calculated. With a time resolution of 1 h, the best OSS 
was selected based on the highest average adjusted R2 combined with an acceptable bias  
and precision.

Validation of the Optimal Sampling Strategy
To validate the OSS model, residuals for each patient were calculated using a jackknife 
analysis 16,22. All 20 patients were omitted, on a one-by-one basis, and the OSS using 
best subset selection was calculated for the 19 remaining patients in each scenario, as 
described above. The AUC24,predicted and corresponding residuals were then calculated for  
the omitted patient.

The following residuals were calculated. To assess potential bias in the predictions, 
the median prediction error (MPE) and median percentage prediction error (MPPE) were 
calculated. The MPE was converted into MPPE by dividing it by the AUC24,calculated values 22–24. 
To assess precision, root median squared prediction error (RMSE) and median absolute 
percentage prediction error (MAPE) were calculated 23,25. The equations used to calculate 
these four residuals were as follows 23:
Bias:

1. MPE: median (AUC 24,predicted − AUC 24,calculated)
2. MPPE: median [100% x (AUC 24,predicted – AUC 24,calculated)/AUC 24,calculated]
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Imprecision:
1. RMSE: √median (AUC 24,predicted − AUC 24,calculated)2

2. MAPE: median [100% x I(AUC 24,predicted – AUC24,calculated)I/AUC 24,calculated]

OSS was considered acceptable if bias and imprecision were smaller than 5% and 15%, 
respectively 15,16,23. A percentage prediction error (PPE), calculated as [100% x (AUC 24,predicted − 
AUC 24,calculated)/AUC 24,calculated], was used to show the performance of OSS equations from each 
individual 24,26. An acceptable PPE was considered smaller than 15% 24,26, and the number of 
patients with a PPE < 15% was calculated for the best-performing OSS. Data analysis was 
carried out using R version 3.3.2 (The R Foundation, Austria, Vienna).

External Validation
To test whether the selected OSS was capable of predicting the AUC24 in other patient 
groups, an external validation group was selected. This external validation group was 
the population in which Magis-Escurra et al. developed an OSS for the first-line drugs and also 
moxifloxacin. Study subjects were TB patients admitted to the two Dutch TB referral centres, 
i.e. Radboud University Medical Centre, Nijmegen, Centre for Chronic Diseases Dekkerswald, 
Groesbeek, The Netherlands, and the UMCG, Tuberculosis Center Beatrixoord, Haren, 
The Netherlands. Forty-one adult patients were included after providing written informed 
consent. The included patients received isoniazid 5 mg/kg, rifampicin 10 mg/kg, ethambutol 
15 mg/kg and pyrazinamide 25 mg/kg. A full PK curve was recorded during the intensive 
phase of TB treatment after steady state had been reached (≥ 2 weeks). Patients refrained 
from food intake from 23 h on the day preceding the PK assessment until 4 h after intake 
of the study medication. Serial venous blood samples were collected just prior to and at 1, 
1.5, 2, 2.5, 3, 4, 6, 8, 12 and 24 h after witnessed intake of the study medication. Plasma was 
separated immediately, frozen at −80 0C and transported on dry ice for bioanalysis. Plasma 
concentrations of rifampicin, ethambutol and pyrazinamide were analysed at the University 
Medical Centre Nijmegen using validated high-performance liquid chromatography 
(HPLC) methods as described previously 27. Plasma concentrations of isoniazid were 
determined at the UMCG using the validated LC–MS/MS method mentioned earlier 20.  
The AUC 24,calculated was calculated using WinNonlin (further information can be found in the original  
study 16), while the AUC 24,predicted was calculated using the best-performing OSS formula in 
the fasting condition. For the external group, the same PPE < 15% was considered acceptable, 
and the number of patients with a PPE < 15% was calculated.

RESULTS
Patient characteristics for both groups are presented in Table 1. The assumptions of linear 
regression for OSS analysis were fulfilled. Table 2 shows the best-performing one, two, and 
three time-point equations of the four first-line TB drugs individually when administered 
intravenously or in fasted or fed conditions. Only imprecision of the AUC prediction 

of ethambutol in the fed condition was higher than the preset limit of 15%. Table 3 
presents the best-performing equations for the simultaneous prediction of exposure of 
all drugs when administered in different conditions, i.e. either intravenously or fasting or 
fed conditions. Again, only imprecision of ethambutol in the fed condition did not meet 
the requirements. The time points 0, 5, and 8 h postdose showed the best prediction for 

Table 1. Patient characteristics

Characteristic 
OSS group
n=20

External validation group
n=37 P value

Male/female, n/n (%/%) 12/8 (60/40) 31/6 (84/16) < 0.0011

Age (years) 37.0 (24.0-51.8) 42.0 (30.0-56.5) 0.219
Bodyweight (kg) 41.5 (38.3-47.8) 64 (53.2-69.4) < 0.001
BMI (kg/m2) 17.0 (15.9-19.1) 20.9 (18.1-23.6)3 < 0.001
Underweight, n (%)2 14 (70) 11 (30) 0.5001

Ethnicity, n (%)

Asian 

Black

Caucasian

Middle eastern

Other/ mixed origin

20 (100)

0 (0)

0 (0)

0 (0)

0 (0)

5 (14)

12 (32)

11 (30)

5 (14)

4 (11)

< 0.0011

Co-morbidity, n (%) 4 (20) 14 (38) 0.0051

Co-medication, n (%) 8 (40) 29 (78) 0.0241

Drug

Isoniazid, n

dose, mg/kg

dose, mg

20

5.4 (4.7-5.7)

225 (225-225)

8

4.7 (4.2-5.8)

300 (300-300)

0.263

Rifampicin, n 

dose, mg/kg

dose, mg

20

10.7 (9.5-11.4)

450 (450-450)

31

9.3 (8.6-11.0)

600 (600-600)

0.070

Ethambutol, n

dose, mg/kg

dose, mg

20

19.6 (17.3-20.9)

825 (825-825)

14

20.3 (18.7-23.6)

1200 (1000-1600)

0.119

Pyrazinamide, n 

dose, mg/kg

dose, mg

20

28.6 (25.1-30.4)

1200 (1200-1200)

17

28.8 (27.9-29.6)

2000 (1500-2000)

0.647

Data are presented as median (interquartile range, IQR) unless otherwise specified. Tested with Mann-Whitney U 
test. 
1 Tested with chi-square test.
2 Underweight is defined as BMI < 18.5 kg/m2. 
3 n=35
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Table 2. Prediction of individual first-line TB drugs in different conditions

Sampling time Equation Adj. R2 MPE
MPPE 
(%) RMSE

MAPE 
(%)

INH iv 5 AUC0-24= 5.08+12.27*C5 0.8929 -0.58 -4.53 1.69 8.95
2, 8 AUC0-24= -0.12+4.32*C2+10.30*C8 0.9313 0.04 0.34 1.92 11.46
2, 3, 8 AUC0-24= -0.59+7.34*C2-

5.39*C3+14.90*C8

0.9358 0.14 1.70 2.43 13.44

fasted 8 AUC0-24= 8.19+13.81*C8 0.9148 -0.61 -4.65 1.86 11.52
1, 8 AUC0-24= 5.39+0.93*C1+12.75*C8 0.9378 0.31 1.88 1.46 9.53
1, 6, 8 AUC0-24= 4.87+1.59*C1-6.82*C6+19.47*C8 0.9625 0.49 1.71 1.41 11.46

fed 8 AUC0-24= 3.25+16.13*C8 0.8330 0.65 6.42 3.52 23.60
2, 8 AUC0-24= -1.45+2.61*C2+14.99*C8 0.9528 -0.09 -2.25 1.72 14.09
1, 2, 8 AUC0-24= -1.28+1.00*C1 +1.93*C2+15.05*C8 0.9638 -0.44 -2.53 1.19 7.90

RIF iv 8 AUC0-24= -1.02+18.94*C8 0.9402 -1.60 -1.77 4.60 6.71
1, 8 AUC0-24= -8.37+1.15*C1+18.23*C8 0.9541 -1.14 -1.31 5.96 6.37
1, 5, 8 AUC0-24= -2.25+1.24*C1-5.61*C5+25.01*C8 0.9622 -1.38 -1.52 5.50 5.91

fasted 8 AUC0-24= -5.38+18.91*C8 0.8501 -2.24 -5.15 7.87 9.46
2, 8 AUC0-24= 11.78+1.76*C2+16.73*C8 0.8823 -1.44 -1.48 3.46 6.23
2, 5, 8 AUC0-24= -2.95+2.29*C2-4.88*C5+20.97*C8 0.9026 -0.19 -0.39 4.04 6.61

fed 8 AUC0-24= 2.02+14.30*C8 0.8373 1.14 3.04 8.11 11.20
2, 8 AUC0-24= -9.67+2.10*C2+14.76*C8 0.9605 -1.18 -1.31 2.56 4.59
2, 3, 8 AUC0-24= -15.18+1.58*C2 +0.99*C3+15.05*C8 0.9636 -0.89 -1.14 5.10 7.90

EMB iv 6 AUC0-24= -1.96+27.75*C6 0.7856 -0.65 -3.54 1.62 13.96
0, 8 AUC0-24= -2.96-19.86*C0+41.52*C8 0.8364 -0.32 -3.13 2.30 14.77
0, 5, 8 AUC0-24= -4.67-21.39*C0 +13.65*C5+22.41*C8 0.9105 0.11 0.73 1.50 10.80

fasted 8 AUC0-24= 2.75+17.67*C8 0.7332 -0.19 -1.37 2.24 14.19
2, 8 AUC0-24= 0.19+1.30*C2+17.61*C8 0.8019 0.51 3.77 2.25 14.46
2, 4, 8 AUC0-24= -1.74+1.09*C2+2.29*C4+15.05*C8 0.8445 0.43 3.30 2.18 12.91

fed 8 AUC0-24= 6.57+10.74*C8 0.3755 0.13 1.02 3.90 28.14
2, 8 AUC0-24= -2.01+3.54*C2+13.98*C8 0.5698 -0.23 -1.96 2.34 17.51
1, 2, 8 AUC0-24= -2.14-3.02*C1 +4.86*C2+13.77*C8 0.5814 -0.38 -2.44 2.82 18.13

PZA fasted 8 AUC0-24= -24.64+20.33*C8 0.9689 -0.66 -0.16 12.35 3.27
5, 8 AUC0-24= -42.50+3.83*C5+16.38*C8 0.9731 -2.39 -0.36 12.02 2.29
0, 5, 8 AUC0-24= 4.78*C0+4.47*C5+13.96*C8 0.9752 0.02 0.02 11.75 3.02

fed 8 AUC0-24= 4.98+17.79*C8 0.8868 0.95 0.19 27.39 6.73
2, 8 AUC0-24= -28.69+2.60*C2+15.83*C8 0.9454 1.89 0.58 19.34 3.68
0, 2, 8 AUC0-24= -17.07+8.34*C0 +2.81*C2+13.20*C8 0.9710 0.73 0.16 15.28 2.81

MPE: Median prediction error, MPPE: median percentage prediction error, RMSE: root median squared prediction 
error, MAPE: median absolute percentage prediction error.

Table 3. Simultaneous prediction of all first-line TB drugs in different conditions

Sampling time Equation Adj. R2 MPE
MPPE 
(%) RMSE

MAPE 
(%)

iv 5 INH AUC0-24= 5.08+12.27*C5 0.8929 -0.58 -4.53 1.69 8.95
RIF AUC0-24= -9.52+14.08*C5 0.8228 -2.86 -3.59 9.53 10.08
EMB AUC0-24= -2.06+22.74*C5 0.7799 -0.59 -4.20 1.81 15.58

2, 8 INH AUC0-24= -0.12+4.32*C2+10.30*C8 0.9313 0.04 0.34 1.92 11.46
RIF AUC0-24= -5.34+0.66*C2+18.27*C8 0.9385 -2.46 -3.25 5.11 5.74
EMB AUC0-24= -1.32+1.21*C2+27.59*C8 0.7961 -0.93 -8.72 2.14 15.07

0, 5, 8 INH AUC0-24= 4.62+1.21*C0 +14.00*C5+2.74*C8 0.8825 -0.62 -3.27 1.68 14.38
RIF AUC0-24= 6.80+7.56*C0 -5.69*C5+25.58*C8 0.9408 -1.87 -2.43 5.67 7.59
EMB AUC0-24= -4.67-21.39*C0 +13.65*C5+22.41*C8 0.9105 0.11 0.73 1.50 10.80

2, 4, 8 INH AUC0-24= -1.10+5.59*C2 -3.00*C4+13.07*C8 0.9308 -0.10 -0.71 1.97 9.44
RIF AUC0-24= -1.43+0.96*C2 -2.75*C4+21.22*C8 0.9395 -2.34 -2.59 4.34 4.79
EMB AUC0-24= -3.10+1.22*C2 +7.80*C4+14.24*C8 0.8128 -0.97 -7.26 1.68 12.03

fasted 8 INH AUC0-24= 8.19+13.81*C8 0.9148 -0.61 -4.65 1.86 11.52
RIF AUC0-24= -5.38+18.91*C8 0.8501 -2.24 -5.15 7.87 9.46
EMB AUC0-24= 2.75+17.67*C8 0.7332 -0.19 -1.37 14.12 14.19
PZA AUC0-24= -24.64+20.33*C8 0.9689 -0.66 -0.16 2.48 3.27

2, 8 INH AUC0-24= 4.83+1.41*C2+11.71*C8 0.9217 -0.69 -3.17 1.72 14.70
RIF AUC0-24=-11.78+1.76*C2+16.73*C8 0.8823 -1.44 -1.48 3.46 6.23
EMB AUC0-24= 0.19+1.30*C2+17.61*C8 0.8019 0.51 3.77 14.19 14.46
PZA AUC0-24= -36.04+0.89*C2+19.35*C8 0.9684 -1.73 -0.40 2.05 2.63

2, 4, 8 INH AUC0-24= 3.81+2.99*C2-4.74*C4+17.08*C8 0.9401 -0.67 -4.75 1.75 11.59
RIF AUC0-24= -4.00+2.16*C2-2.21*C4+17.90*C8 0.8861 -0.66 -0.86 4.64 8.88
EMB AUC0-24= -1.74+1.09*C2 +2.29*C4+15.05*C8 0.8445 0.43 3.30 13.75 12.91
PZA AUC0-24= -34.77+1.08*C2-0.58*C4+19.76*C8 0.9666 -1.21 -0.18 2.76 3.19

fed 8 INH AUC0-24= 3.25+16.13*C8 0.8330 0.65 6.42 3.52 23.60
RIF AUC0-24= 2.02+14.30*C8 0.8373 1.14 3.04 8.11 11.20
EMB AUC0-24= 6.57+10.74*C8 0.3755 0.13 1.02 3.90 28.14
PZA AUC0-24=4.98+17.79*C8 0.8868 0.95 0.19 5.83 6.73

2, 8 INH AUC0-24= -1.45+2.61*C2+14.99*C8 0.9528 -0.09 -2.25 1.72 14.09
RIF AUC0-24= -9.67+2.10*C2+14.76*C8 0.9605 -1.18 -1.31 2.56 4.59
EMB AUC0-24=-2.01+3.54*C2+13.98*C8 0.5698 -0.23 -1.96 2.34 17.51
PZA AUC0-24= -28.69+2.60*C2+15.83*C8 0.9454 1.89 0.58 4.12 3.68

1, 2, 8 INH AUC0-24= -1.28+1.00*C1 +1.93*C2+15.05*C8 0.9638 -0.44 -2.53 1.19 7.90
RIF AUC0-24= -9.77-0.08*C1 +2.13*C2+14.78*C8 0.9581 -1.18 -1.31 2.81 4.53
EMB AUC0-24= -2.14-3.02*C1 +4.86*C2+13.77*C8 0.5814 -0.38 -2.44 2.82 18.13
PZA AUC0-24= -24.71+1.06*C1 +1.75*C2+15.94*C8 0.9521 -2.47 -0.50 16.31 4.17

MPE: Median prediction error, MPPE: median percentage prediction error, RMSE: root median squared prediction 
error, MAPE: median absolute percentage prediction error

intravenous administration of isoniazid, rifampicin and ethambutol. In the fed condition, 
sampling times at 1, 2 and 8 h post-dose were the best predictive factors, while in the fasting 
condition, sampling time points at 2, 4, and 8 h post-dose provided the best prediction.

Table 4 shows the best-performing equations for simultaneous predictions of all first-
line drugs administered orally, either in the fasting or fed condition. It can be observed that 
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after oral administration, C2, C4 and C8 are nicely distributed over the absorption, distribution 
and elimination phase, leading to an adequate AUC24 estimation. The bias and imprecision 
were acceptable for almost all drugs. We did not calculate the best OSS combined for all 
three conditions because clinicians will only occasionally combine oral and intravenous 
administrations. However, when we tested this best-performing OSS (OSS2-4-8) following 
intravenous administration, we found that this OSS showed bias and imprecision that 
was comparable with OSS0-5-8, indicating that it was also suitable for accurately estimating 
the AUC24 for intravenous isoniazid, rifampicin and ethambutol (Table 3). Thus, OSS2-4-8 can 
be used for either oral or intravenous administration. 

Table 5 shows the median PPE (range) and number of patients with a PPE < 15%. We 
showed that ≥ 70% of patients in the OSS group (for all drugs and oral conditions) had an 
acceptable PPE value, except for ethambutol in the fed condition. In the external validation 
group, OSS2-4-8 could correctly predict 79% and 88% of the individual AUC24 of ethambutol 

Table 4. Simultaneous prediction of all first-line TB drugs in fasting and fed conditions

Sampling time Equation Adj. R2 MPE
MPPE 
(%) RMSE

MAPE 
(%)

INH 8 Fasted AUC0-24= 8.19+13.81*C8 0.9149 -0.61 -4.65 1.86 11.52
Fed AUC0-24= 3.25+16.13*C8 0.8330 0.65 6.42 3.52 23.60

2, 8 Fasted AUC0-24= 4.83+1.41*C2+11.71*C8 0.9218 -0.69 -3.17 1.72 14.70
Fed AUC0-24= -1.45+2.61*C2+14.99*C8 0.9528 -0.09 -2.25 1.72 14.09

2, 4, 8 Fasted AUC0-24= 3.81+2.99*C2-4.74*C4+17.08*C8 0.9401 -0.67 -4.75 1.75 11.59
Fed AUC0-24= -2.71+2.36*C2 +2.28*C4 + 12.21*C8 0.9581 -0.16 1.49 1.53 11.37

RIF 8 Fasted AUC0-24= -5.38+18.91*C8 0.8501 -2.24 -5.15 7.87 9.46
Fed AUC0-24= 2.02+14.30*C8 0.8373 1.14 3.04 8.11 11.20

2, 8 Fasted AUC0-24= -11.78+1.76*C2+16.73*C8 0.8823 -1.44 -1.48 3.46 6.23
Fed AUC0-24= -9.67+2.10*C2+14.76*C8 0.9605 -1.18 -1.31 2.56 4.59

2, 4, 8 Fasted AUC0-24= -4.00+2.16*C2-2.21*C4+17.90*C8 0.8861 -0.66 -0.86 4.64 8.88
Fed AUC0-24= -14.57+1.80*C2 +1.03*C4+14.55*C8 0.9625 -0.42 -0.52 2.78 6.60

EMB 8 Fasted AUC0-24= 2.75+17.66*C8 0.7333 -0.19 -1.37 2.24 14.19
Fed AUC0-24= 6.57+10.74*C8 0.3755 0.13 1.02 3.90 28.14

2, 8 Fasted AUC0-24= 0.19+1.30*C2+17.61*C8 0.8019 0.51 3.77 2.25 14.46
Fed AUC0-24=-2.01+3.54*C2+13.98*C8 0.5698 -0.23 -1.96 2.34 17.51

2, 4, 8 Fasted AUC0-24= -1.74+1.08*C2 +2.29*C4+15.05*C8 0.8445 0.43 3.30 2.18 12.91
Fed AUC0-24=-2.76+3.33*C2 +1.04*C4+12.79*C8 0.5512 0.20 0.60 2.63 20.67

PZA 8 Fasted AUC0-24= -24.64+20.33*C8 0.9689 -0.66 -0.16 12.35 3.27
Fed AUC0-24=4.98+17.79*C8 0.8868 0.95 0.19 27.39 6.73

2, 8 Fasted AUC0-24= -36.04+0.89*C2+19.35*C8 0.9684 -1.73 -0.40 10.20 2.63
Fed AUC0-24= -28.69+2.60*C2+15.83*C8 0.9454 1.89 0.58 19.34 3.68

2, 4, 8 Fasted AUC0-24= -34.77+1.08*C2-0.58*C4+19.76*C8 0.9666 -1.21 -0.18 13.74 3.19
Fed AUC0-24=-2.34+3.13*C2-2.91*C4+18.07*C8 0.9485 -0.27 -0.11 21.32 4.28

MPE: Median prediction error, MPPE: median percentage prediction error, RMSE: root median squared prediction 
error, MAPE: median absolute percentage prediction error.

Table 5. Median Percentage Prediction Error (range) and number of patients (%) with a PPE < 15% for 
OSS and external validation groups

Condition OSS2-4-8 equation

OSS group External validation group

PPE %
Median 
(Range)

Number of 
patients with 
PPE<15% (%)

PPE %
Median 
(Range)

Number of 
patients with 
PPE<15% (%)

Isoniazid
fasted 3.81+2.99*C2-4.74*C4+17.08*C8 9.8

(0.1-40.7)

14/20 (70) 14.7

(4.7-28.9)

4/8 (50)

fed -2.71+2.36*C2 +2.28*C4 + 12.21*C8 9.3

(0.5-46.6)

16/20 (80) n.a. n.a.

Rifampicin
fasted -4.00+2.16*C2-2.21*C4+17.90*C8 7.6

(0.0-36.3)

18/20 (90) 38

(2.1-108.2)

7/31 (23)

fed -14.57+1.80*C2 +1.03*C4+14.55*C8 5.8

(0.0-26.8)

16/20 (80) n.a. n.a.

Ethambutol
fasted -1.74+1.09*C2 +2.29*C4+15.05*C8 10.7

(2.8-21.8)

14/20 (70) 12

(1.4-66.7)

11/14 (79)

fed -2.76+3.33*C2 +1.04*C4+12.79*C8 13.5

(0.7-166.2)

11/20 (55) n.a. n.a.

Pyrazinamide
fasted -34.77+1.08*C2-0.58*C4+19.76*C8 2.4

(0.1-10.6)

20/20 (100) 4.2

(0.1-41.7)

15/17 (88)

fed -2.34+3.13*C2-2.91*C4+18.07*C8 3.4

(0.1-9.5)

20/20 (100) n.a. n.a.

PPE: Percentage prediction error

Table 6. Other OSS studies

Drug N OSS, AUC0-24 equation Comment

isoniazid

rifampicin

pyrazinamide

ethambutol 16

12

33

19

19

2-4-6 (-1.46+1.18*C2+4.71*C4+ 5.51*C6)

2-4-6 (-2.22+2.05*C2+2.25*C4+ 4.93*C6)

2-4-6 (-48.65+1.78*C2+3.58*C4+ 9.90*C6) 

2-4-6 (-6.34+5.22*C2+2.83*C4+ 7.07*C6)

fasting steady state,

internally validated 
jackknife analysis 

isoniazid 17 100M

85V

1-2-5 (-1.88+1.05*C1+0.78*C2+ 9.44*C5)

1-2-9 (-0.65+1.00*C1+1.94*C2+ 15.45*C9)

0.5-2-12 (0.55+0.76*C0.5+3.15*C2+19.79*C12)

fasting steady state

rifampicin 15 55 1-3-8, Bayesian approach using population  
PK model

fasting and fed steady 
state, internally validated 
jackknife analysis

rifampicin 18 58M

25V

2-4-12 (-2.47+1.92*C2+4.38*C4+ 13.7*C12) fasting steady state

M: modelling, V: validation



CHAPTER 6 OPTIMAL SAMPLING STRATEGIES FOR THERAPEUTIC DRUG MONITORING OF FIRST-LINE TUBERCULOSIS 

118 119

66

and pyrazinamide, respectively, but in only 50% and 23% of the individual AUC24 of isoniazid 
and rifampicin, respectively.

DISCUSSION
To our knowledge, this is the first study to develop an OSS for the prediction of AUC24 of first-
line anti-TB drugs in early treatment and in different conditions. OSS2-4-8 accurately estimated 
AUC24 for first-line anti-TB drugs after oral administration in early treatment.

If we compare our data with the only study that described an OSS for all first-line anti-TB 
drugs, several differences can be observed (Table 6) 16. Apart from the differences already 
mentioned in the Introduction on feeding conditions and time restrictions, the earlier study 
included a more variable population with regard to ethnicity and patients from referral TB 
centres. Meanwhile, in this study, we included only regular outpatients of Asian ethnicity 
(Table 1). With regard to isoniazid, Cojutti et al. determined and validated an OSS at 1, 2 and 
9 h after dosing in a large population, consisting of 100 patients for the modelling group 
and 85 for the validation group 17 (Table 6). Our proposed time point of 8 h post-dose is 
comparable with that of Cojutti et al., indicating that a rather late time point is capable of 
better predicting AUC24 17. In another publication by the same group, a threshold of 55 mg x 
h/L for toxicity of isoniazid has been proposed 28. In none of our patients, in either the OSS 
or external validation groups, was such a high AUC24 observed, possibly due to the fact that 
the majority of the included patients were fast acetylators.

Rifampicin shows auto-induction that is complete after 20–30 days 29. Auto-induction 
might influence the OSS as PK properties may change. This was indeed shown in our OSS 
group experiencing a higher AUC24 (range 36–129 mg x h/L) than AUC24 in steady-state 
patients 16. However, the AUC24 was not in the range (166–321 mg x h/L) of the high dose 
rifampicin, i.e. up to 35 mg/kg 30. The external validation using steady-state patients did 
not succeed for rifampicin as the majority of patients showed a PPE > 15% (Table 5). It is 
apparently difficult to predict the complex PK of rifampicin based on early measurements. 
For this drug, we suggest using an OSS based on a population PK model 15. 

Regarding the internal jackknife validation, the prediction of ethambutol was the most 
difficult and OSS2- 4-8 was unable to accurately predict a high percentage of individual AUCs 
(Table 5). However, TDM of ethambutol is rarely performed, and if performed, it is usually 
in cases of decreased renal function, trying to limit toxicity 11. Following on from this, 
ethambutol is mainly used to prevent the emergence of resistance developing for isoniazid 
and rifampicin. We believe the lower precision in the prediction of AUC24 of ethambutol 
is acceptable in daily practice. It was striking that OSS2- 4-8 predicted AUC24 of ethambutol 
rather well in the external validation group (Table 5).

The AUC24 of pyrazinamide has not been linked to toxicity 31. Although the relationship 
between pyrazinamide dose and hepatotoxicity remains debatable, it appears that doses 
over 50 mg/kg may compromise patient safety. Current dosing of pyrazinamide also appears 
to be on the lower side of effective 32. OSS2-4-8 well-predicted the AUC24 of pyrazinamide in 
the external validation group, although the drug had not reached steady state in the first 3 

days of treatment. Therefore, OSS2-4-8 can be used to estimate the AUC24 of pyrazinamide in 
other patient groups.

We calculated linear regression equations for OSS for all time points included in 
the study, for one to three time points, leading to 231 equations per drug and condition. 
Several equations are comparable in terms of bias and precision and can be used with 
the same extent of confidence. To be able to widely implement TDM, it would be beneficial 
to make all equations electronically available, e.g. in an application (app). The user would 
easily calculate the AUC24 by entering data regarding sampling times, concentration, type of 
drugs, administration route and condition.

There are several limitations to this study. Although the sample size can be considered 
standard for intensive PK studies, it was relatively small for an OSS study. To calculate 
the AUC24,calculated, a limited number of samples were drawn in the elimination phase of 
the drugs, possibly resulting in an over- or underestimation of the true AUC24. We believe 
this deviation is acceptable as rich sampling, especially in the elimination phase, is 
hardly ever performed in daily practice. We internally validated the OSS equations using 
the jackknife method instead of a prospective validation with new subjects. However, this 
method is appropriate for small sample sizes and effectively eliminates the major influence 
of a particular subject 22. The number of patients (n=8) in the external validation group for 
isoniazid was too small to draw a conclusion on the external validity of OSS2-4-8. One might 
argue that OSS should have been developed using validated population PK models. In our 
opinion, both strategies have advantages and disadvantages. A Bayesian approach using 
a population PK model is more flexible, allowing for deviations from the exact sampling 
times. A disadvantage is the use of software and use of the model, whereas multiple linear 
regression formulas yield straightforward equations to fill in 15. Lastly, sampling took place 
in the first 3 days of treatment, thus none of the drugs reached steady state. However, we 
believe that performing TDM early on in the treatment phase could be of importance for 
isoniazid as this drug is most active in the first 3 days of treatment because of its high early 
bactericidal activity 33. If one waits until steady state, precious time is missed to optimize 
isoniazid treatment 17.

CONCLUSIONS
In the early days of TB treatment, an OSS at 2, 4 and 8 h post-dose adequately predicted 
the AUC24 of first-line anti-TB drugs in fasting or fed conditions. The external validation group 
for isoniazid was too small to draw a conclusion, and, for rifampicin, showed that OSS2-4-8 was 
unable to accurately predict AUC24 in patients in the steady state phase of treatment. OSS2-4-8 
was able to predict the AUC24 of ethambutol and pyrazinamide with sufficient accuracy and 
precision. We believe that our OSS strategy may be a useful tool for optimizing exposure 
of first-line anti-TB drugs, although well-defined PK/PD targets of efficacy or toxicity are  
still lacking.
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ABSTRACT
Objectives
Colistin sulphomethate sodium (s.s.) causes cell wall damage, deformation, and bulging. It 
potentiates isoniazid or amikacin’s activity against M. tuberculosis in-vitro. Its potency as an 
adjuvant drug to combat tuberculosis warrants investigation. This study aimed to determine 
the Early Bactericidal Activity (EBA) of colistin s.s. Dry Powder Inhalation (DPI) alone and 
in combination with intravenous kanamycin in drug-susceptible, sputum smear-positive, 
adult, treatment-naïve pulmonary tuberculosis.

Methods
Ten patients were randomized to 14-days administration of colistin s.s. DPI 55 mg bd, 
intravenous kanamycin (15-20 mg/kg daily), intravenous kanamycin combined with colistin 
s.s. DPI, standard treatment (Isoniazid, Rifampicin, Pyrazinamide, and Ethambutol), or 3-days 
without treatment. Sixteen-hour overnight sputum collected daily on day 0-4, 6, 8, 10, 12, 
14 was plated in serial dilutions on selective agar plates. The EBA was expressed as the log10 
decrease in CFU/ml on day 0-2, 2-14, and 0-14.

Results
The EBA0-14 under standard treatment was 0.26 and biphasic, as in previous studies. The EBA0-2 
and EBA2-14 (standard deviation) were -0.51 (0.51) and -0.05 (0.04) for colistin s.s. DPI, 0.27 
(0.26) and 0.10 (0.04) for intravenous kanamycin, 0.08 (0.00) and 0.05 (0.03) for colistin s.s. 
DPI and intravenous kanamycin combination; 0.36 (0.39) and 0.20 for standard treatment. 
The EBA0-2 (standard deviation) for the untreated group was 0.19 (0.12). No drug-related 
serious adverse events occurred. Patients who received Colistin s.s. DPI had increased trend 
of Leicester cough scale score but steady trend of St. George Respiratory Questionnaire 
score, compared to the untreated group.

Conclusions
Colistin s.s. DPI alone demonstrated no bactericidal activity. Colistin in combination with 
intravenous kanamycin showed little bactericidal activity in two subjects studied, less than 
in two subjects on intravenous kanamycin alone. Colistin s.s. DPI was well tolerated, and 
reduced chronic cough, but did not affect patients’ respiratory health status. A full clinical 
study to corroborate this finding is planned.

INTRODUCTION 
Tuberculosis (TB) is a major global health problem. It is estimated that 20 - 25% of the world’s 
population is infected with Mycobacterium tuberculosis, often leading to active TB 1. In 2017, 
there were an estimated 10 million newly diagnosed cases of TB, and 1.6 million people 
died from the disease, making TB the leading cause of death among infectious diseases 
worldwide 2. There was an estimated 558.000 cases of rifampicin and multidrug resistant 
(RR and MDR) TB 2. MDR-TB is defined as TB resistant to at least Isoniazid and Rifampicin, 
the most powerful first-line drugs for TB 2. Reports show that MDR-TB constitutes between 
3.5% and 18% of all cases of TB, but with increasing numbers in several countries 2. In 1993 
Goble et al. reported a 56% success rate with both chemotherapy and adjunctive surgery 
for cases with MDR-TB. Their study showed a 46% mortality rate in the group with treatment 
failure 3. A previous review showed success rates of 62% and overall mortality rates of 11% 4, 
and the WHO reported a success rate of only 55% globally 2. A recent study in Korea showed 
a treatment success rate of 37% and an all-cause mortality rate of 31% 5. 

Next to developing new anti-TB drugs for MDR-TB, exploiting drugs already available for 
other infections  - repurposed drugs – combined with therapeutic drug monitoring has been 
shown to be a successful approach 6. Exploring other routes of administration for existing 
drugs is yet another option. Since most TB cases are pulmonary TB, direct administration of 
TB drugs to the lung would be rewarding. Such treatment options may include drugs, which 
act against M. tuberculosis, as an efflux pump inhibitor or causing destruction of the cell wall 
or cell membrane. In this manner other drugs may act more potently against M. tuberculosis.

Currently, colistin sulphomethate sodium is used as antipseudomonal drug. It is usually 
administered by liquid nebulization. It has a non-specific detergent-like action, or it pokes 
holes in cell membranes. There is evidence of cell wall damage, deformation and bulging. This 
may cause activity against a wide range of mycobacteria 7, especially a synergistic effect with 
other anti-TB drugs. This was shown with scanning electron micrographs of cultured isolates 
of extremely drug resistant M. tuberculosis, which were treated with 12,5 mcg/mL colistin 8. 
Recently, Lee et al. showed a synergistic effect of colistin and rifampicin in A. baumannii 9. 
Meanwhile, Bax et al. and van Breda et al. indicated that colistin could potentiate the anti-TB 
drug activity 10,11.

Inhalation of colistin sulphomethate sodium might therefore be an interesting candidate 
as additional drug for TB treatment. The TwincerTM was a device specifically designed to 
efficiently disperse high doses of dry powder formulations (e.g. antibiotics) into particle 
sizes suitable for inhalation with excellent properties for effective lung deposition. Colistin 
sulphomethate sodium Dry Powder Inhalation (DPI) has already been tested in healthy 
volunteers 12, patients with cystic fibrosis 13, and TB patients in South Africa (unpublished 
data), showed that the Colistin sulphomethate sodium DPI (Twincer inhaler) was well 
tolerated by the subjects. Recently, one report showed the use of colistin DPI next to high 
dose isoniazid for a very difficult to treat patient with XDR-TB 14.
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Early bactericidal activity (EBA) studies are a surrogate marker of outcome for anti-TB 
drugs. Current drugs with good EBA are isoniazid, rifampicin, and moxifloxacin 15. To 
investigate the added value of Colistin sulphomethate sodium DPI in an EBA study, a drug 
which has low EBA should be used as it will not mask the effect of Colistin sulphomethate 
sodium DPI. The EBA for amikacin is low 16, whilst the bactericidal activity of amikacin is very 
similar with kanamycin 17, thus kanamycin i.v. could be used for the purpose of this study. We 
aimed to investigate the EBA of Colistin sulphomethate sodium DPI alone and in combination 
with intravenous kanamycin in patients with pulmonary TB and to compare the tolerability 
and quality of life between patients who obtained inhaled colistin and controls.

METHODS
Trial design and patients
This study was a proof-of-principle study, which used a prospective, randomized, and open 
label design. Inclusion criteria were patients with pulmonary TB, age ≥ 18 years, sputum 
smear microscopy (+) (at least 1+ on the WHO scale) that was confirmed with Löwenstein-
Jensen culture, had a chest radiograph consistent with TB, rifampicin susceptible TB 
(confirmed with GeneXpert, Cepheid, CA), treatment naïve, without current treatment of any 
other antibiotic; able to produce at least 10 mL of sputum estimated from spot assessments, 
creatinin clearance > 45 mg/ml (according to Cockcroft-Gault formula), and a statement 
from the doctor/pulmonologist that the patient’s treatment could be delayed for two weeks. 
Exclusion criteria were patients currently on TB treatment, drug resistant TB, pregnancy 
(or suspicion of pregnancy), allergy to kanamycin and or other aminoglycosides, allergy 
to colistin, and patients with chest radiograph showing emphysematous parenchymal 
destruction. No formal sample size calculation was conducted because the study was an 
exploratory proof-of-principle study. The allocation ratio was 1:1 for each trial group.

We divided the patients into five groups; each group consisted of 2 patients, i.e. (1) 
Colistin sulphomethate sodium DPI 55 mg bd for 14 days, (2) Kanamycin i.v. (15-20 mg/kg, 
according to WHO guidelines) daily for 14 days, (3) Kanamycin i.v. (15-20 mg/kg, according 
to WHO guidelines) daily together with colistin sulphomethate sodium DPI 55 mg bd for 
14 days, (4) Active control/patient who obtained Fixed Drug Combination treatment which 
consists of Isoniazid, Rifampicin, Pyrazinamid, and Ethambutol (HRZE), according to WHO 
guidelines for 14 days, and (5) Without any initial treatment for 3 days. The patients were 
recruited from Lung Hospital, Yogyakarta, Indonesia. 

The study protocol followed the guidelines of the Helsinki Declaration of 2013, and was 
approved by the institutional review board at the Faculty of Medicine, Universitas Gadjah 
Mada, Yogyakarta, Indonesia (KE/FK/0395/EC). Written informed consent was obtained from 
each subject before enrollment in the study.

Test methods
Colistin was used in the form of Colistin sulphomethate sodium DPI, put in 
a Twincer. The TwincerTM is a disposable multi air classifier dry powder inhaler developed 
at the department of Pharmaceutical Technology and Biopharmacy from the University of 
Groningen. The device consists of 4 parts: a classifier plate, a discharge plate, a cover plate 
and a blister (Figure 1). The dispersion principle of the TwincerTM is based on multiple air 
classifier technology 18. The currently developed version of the TwincerTM can disperse 55 
mg of colistin sulphomethate sodium into the desired particle size range per inhalation 19.

Participants were randomly assigned following simple block randomization procedures 
to one of the five treatment groups. Allocation concealment was performed with sequentially 
numbered, sealed and stapled envelopes. These envelopes contained information about 
the treatment group, which was inserted randomly by a nurse in the Dr. Sardjito Hospital, 
who was not involved in the trial. The envelopes were kept in a safe, locked cabinet on each 
recruitment place. The allocation sequence was concealed from the doctors enrolling and 
assessing participants. After the patient gave written informed consent, the patient’s name 
and code was written on the envelope. Corresponding envelopes were opened just before 
the time of intervention by the researcher. 

The patients were hospitalized in the Dr. Sardjito Hospital TB unit for the whole period 
of study medication intake, except for group 4 as they had ambulatory care as defined in 
standard care. For group 1-4, sputum was collected for the first 16 hours of the day, daily on 
day 0-4, and afterwards every alternate day until day 14. For group 5, sputum was collected 

Figure 1. Presentation of the Twincer® as a disposable inhaler for high doses of moisture 
sensitive materials stored in a blister. The drawing shows the basic concept (prototype on the 
left side) and the first moulded version (right side), which comprises three plate-like inhaler 
parts and the blister with a long pull-off strip. 
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Figure 1. Presentation of the Twincer® as a disposable inhaler for high doses of moisture sensitive 
materials stored in a blister. The drawing shows the basic concept (prototype on the left side) and 
the first moulded version (right side), which comprises three plate-like inhaler parts and the blister with 
a long pull-off strip.
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for the first 16 hours of the day, daily on day 0-3. We calculated Colony Forming Units (CFU)/
mL of M. tuberculosis in the sputum from the collection day. Patients collected the sputum in 
pre-labeled, wide-mouthed 150-mL containers with a screw cap that were left at the bedside 
for the collection period and subsequently refrigerated until they were analysed. To ensure 
patient safety, we performed daily pulse oximetry, vital signs, physical examination, and 
adverse events monitoring. Body weight, renal function (creatinine clearance, BUN, urinalysis 
for proteinuria, decreased specific gravity, casts, and cells), liver function (ALT, AST, albumin), 
electrolytes (potassium), Oto-Acoustic-Emissions examination, and C-Reactive Protein 
were measured at day 0, day 7, and day 14 (group 1-4) or at day 0 and 3 (group 5). Patients 
were also asked to fill in Leicester cough scale and St. George Respiratory Questionnaire, 
translated in the local language (Bahasa Indonesia). After the study treatment, all subjects 
started regular treatment for TB (Fixed Drug Combination which consists of HRZE) according 
to WHO guidelines. 

Sample Analysis
Magnetic stirring was used to homogenize the sputum. As many as 0.2 g dithiothreitol, 1.56 
g sodium chloride, 0.04 g potassium chloride, 0.224 g disodium hydrogen phosphate, and 
0.04 g potassium dihydrogen phosphate were mixed with 15 ml water, and were added to 
homogenized sputum in equal volume, with a maximum volume of sputum of 10 ml. This 
mixture was vortexed for 20 seconds, and left at room temperature for 20 min for digesting. 
One ml of this mixture was taken to prepare a range of 10-fold dilutions from 100 to 10-5. 
Afterwards, 100 µl from each dilution was plated in quadruplicate on 7H11 agar plates 
(Becton Dickinson, Franklin Lakes, NJ) that contained 200 units/ml of polymixin B, 10 µg/
ml of amphotericin B, 100 µg/ml of ticarcillin, and 10 µg/ml of trimethoprim (Selectatab; 
Mast, Merseyside, United Kingdom). The plates were incubated for 3 to 4 weeks at 37°C, and 
the CFU was counted at the dilution that showed 20 to 200 visible colonies 20. The counting 
was done for every section of plates (quadruplicate) by two people independently (A.M.S. 
and a research assistant). If there were differences, the CFU was re-calculated together to 
reach consensus. A third person  - a laboratory technician - was involved if no consensus was 
reached. The mean of a maximum of four CFU counts at each day was calculated. 

The efficacy of treatments was assessed by the change in log10 CFU/ml sputum in day 2 
and 14 for each patient. The EBA on day 0 to day 14 (EBA (0-14)) was calculated as (log10 CFU/
ml sputum day 0 - log10 CFU/ml sputum day 14)/14, averaged per patient group. For a CFU 
count of 0, the log10 CFU count was set to 0. EBA (0-2), and EBA (2-14) were calculated with 
the same method. As each group only consisted of 2 study participants, no statistical test 
was conducted.

The Leicester cough scale and St. George Respiratory Questionnaire were analysed 
according to the guideline 21,22. 

RESULTS
Study population
We included 12 patients between January and July 2018; two patients were excluded 
from analysis due to heavy contamination of culture (Figure 2). The mean age of all study 
participants was 36.2 (SD: 16.6) years, BMI was 18.7 (SD: 3.1) kg/m2. The characteristics of 
study participants in each group are presented in Table 1.

Bactericidal activity
The bactericidal activity of HRZE (standard treatment) was biphasic (Table 2 and Figure 3), 
showing similar result in magnitude with HRZE in previous studies 23–25. We thereby validated 
our laboratory methodology. Table 2 indicates that the bactericidal activity of Kanamycin 
i.v. was high, and most prominent from day 0 to 2. Colistin s.s. DPI alone did not show any 
bactericidal activity, but its combination with Kanamycin i.v. showed increased bactericidal 
activity. However, compared to Kanamycin i.v. alone and the untreated group, combination 
of Colistin s.s. DPI and Kanamycin i.v. had lower EBA0-2. Change of log10 CFU/mL sputum over 
all treatment days for each group is presented in Figure 3. 

Safety
At least one adverse event considered to be related to the study medication was reported 
in 3 patients on I.V. Kanamycin, which were temporary tinnitus, vertigo, disruption of outer 
hair cell function, and 1 patient on HRZE, who experienced itch. These were generally mild 
events. The tinnitus and vertigo stopped after few minutes, disruption of outer hair cell 

Table 1. Characteristics of study participants

Characteristics
Colistin s.s. 
DPI Kanamycin i.v.

Colistin s.s. DPI 
and Kanamycin 
i.v.

Standard 
treatment 
(HRZE)

Without 
initial 
treatment

Patients, n 2 2 2 2 2
Age, mean (SD), years 50.0 (31.1) 25.5 (10.6) 24.0 (2.8) 35.5 (14.8) 46.0 (1.4)
Sex (male/female), % 50/50 50/50 100/0 0/100 100/0
Ethnicity, n (%)

Javanese

Papua 

2 (100)

0 (0)

2 (100)

0 (0)

1 (50)

1 (50)

2 (100)

0 (0)

2 (100)

0 (0)
Bodyweight, mean (SD), kg 46.8 (7.4) 49.5 (4.9) 55.5 (9.2) 46.5 (16.3) 46.0 (4.2)
Height, mean (SD), m 1.63 (0.2) 1.59 (0.09) 1.69 (0.05) 1.54 (0.05) 1.65 (0.02)
BMI, mean (SD), kg/m2 17.7 (1.5) 19.8 (4.1) 19.7 (4.4) 19.5 (5.6) 17.0 (2.0)

SD=standard deviation
All subjects completed drug intake. Because of heavy contamination in one patient of HRZE group on day 12 and 
14, two days EBACFU calculations (day 12 and day 14) were omitted. 
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function stopped after the Kanamycin administration was finished, and the itch stopped 
after 2 days, thus no emergency action was taken.

Quality of life and respiratory health status of patients
Figure 4 shows that the health-related quality of life due to reduced chronic cough increased 
steeply in the patients who obtained HRZE. Patients who obtained Colistin s.s. DPI alone, 
Kanamycin i.v. alone, and combination of Colistin s.s. DPI and Kanamycin i.v. experienced 
modest escalation of quality of life. Meanwhile, the health-related quality of life in group of 
patients who did not obtain treatment slightly declined.

Figure 5 shows that the respiratory health status of patients who received HRZE sharply 
increased from day 1 to day 3 for around 25%, and was steady afterwards. Patients who 
obtained Colistin s.s. DPI alone and Kanamycin i.v. alone experienced relatively steady 
respiratory health status, however, in the last day, patients with Kanamycin i.v. had around 
20% improvement. Combination of Colistin s.s. DPI and Kanamycin i.v. resulted in moderate 
improvement of respiratory health status. Patients without treatment experienced 
a deterioration of respiratory health status. 

Figure 2. Flow-chart of participants 
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Figure 2. Flow-chart of participants

Table 2. Early bactericidal activity determined by the fall in CFU/ml of M. tuberculosis

Days of EBA

Mean log10 CFU/ml for each group (n)

Colistin s.s. DPI (2) Kanamycin i.v. (2)
Colistin s.s. DPI and 
Kanamycin i.v. (2)

Standard 
treatment 
(HRZE) (2)

Without initial 
treatment (2)

Baseline 5.09 (0.64) 5.99 (1.56) 7.48 (0.20) 5.35 (1.46) 6.30 (1.20)
EBA (0-2) -0.51 (0.51) 0.27 (0.26) 0.08 (0.00) 0.36 (0.39) 0.19 (0.12)
EBA (0-14) -0.11 (0.11) 0.13 (0.00) 0.05 (0.02) 0.26* -
EBA (2-14) -0.05 (0.04) 0.10 (0.04) 0.05 (0.03) 0.20* -

Values are mean log10 CFU/ml sputum/day (±SD).
*SD cannot be generated because CFU/ml data of day 14 in one patient was omitted due to heavy contamination.

Figure 3. CFU counts of all treatment groups over time, expressed as log10 CFU/ml, 95% confidence 
intervals for each treatment group are represented by dotted lines. 

 

7.3.3. Safety 

At least one adverse event considered to be related to the study medication was reported in 3 
patients on I.V. Kanamycin, which were temporary tinnitus, vertigo, disruption of outer hair cell 
function, and 1 patient on HRZE, who experienced itch. These were generally mild events. The 
tinnitus and vertigo stopped after few minutes, disruption of outer hair cell function stopped after 
the Kanamycin administration was finished, and the itch stopped after 2 days, thus no emergency 
action was taken. 

7.3.4. Quality of life and respiratory health status of patients 

Figure 4 shows that the health-related quality of life due to reduced chronic cough increased steeply 
in the patients who obtained HRZE. Patients who obtained Colistin s.s. DPI alone, Kanamycin i.v. 
alone, and combination of Colistin s.s. DPI and Kanamycin i.v. experienced modest escalation of 
quality of life. Meanwhile, the health-related quality of life in group of patients who did not obtain 
treatment slightly declined. 

Figure 4. The Leicester cough scale scores for each group, per day. Higher score shows 
better health related quality of life. 
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expressed as a percentage of overall impairment where 100 represents worst possible health 
status and 0 indicates best possible health status. 

	

of colistin and another aminoglycoside drug (amikacin) in-vitro sterilized MTB after 6 days, 
while same dose amikacin that was applied alone did not 10. Obviously the study was not 
powered to draw any firm conclusions yet, as the case mix and chance effects of disease 
activity and sputum production over time are subject to naturally occurring fluctuations 26.

When colistin sulphate was administered by nebulization, its concentration in 
the pulmonary epithelial lining fluid in rats was 1800 times higher than when it was 
administered intravenously 27, suggesting that inhalation provided higher lung concentration 
while reducing systemic concentration and side effects. Previous reports also showed that 
concentrations of intravenous colistin in serum and bronchoalveolar lavage fluid in patients 
were suboptimal 28,29. There was concern regarding the sufficient level of colistin concentration 
in lung to potentiate anti-TB drugs, considering that colistin activity in-vitro was decreased 
by pulmonary surfactant 11,30. However, one report showed that the use of 55 mg colistin s.s. 
DPI next to high dose isoniazid resulted in a favorable outcome in a patient with XDR-TB 14, 
thus indicating that this dose was adequate in generating sufficient concentration in lung.

Another advantage from drugs’ synergism is to reduce the total dose of drugs thus also 
reduce drugs’ systemic side effects. Besides, colistin in combination with other anti-TB drugs 
may be used to clear the upper airways, as the risk of building resistance for colistin is low 31.

Kanamycin had high bactericidal activity in the two participants receiving this drug 
alone, while other drugs in the aminoglycoside group, i.e. amikacin and streptomycin, 
showed low bactericidal activity in patients with pulmonary TB 16,25. However, it corresponds 
with a previous in-vitro study that streptomycin, kanamycin, capreomycin, and amikacin 
were highly bactericidal against M. tuberculosis 17. The bactericidal activity of Kanamycin was 
higher in the first days of study (day 0 to 2) than day 2 to 14. Indeed, in a mouse model with 
acute TB, high doses of amikacin or streptomycin were only bactericidal during the initial 
period of treatment 16.  Recently, the overall effect of kanamycin in MDR-TB (typically given for 
5-7 months) was actually associated with impaired outcome 32 and WHO have subsequently 
changed the treatment guidelines for MDR-TB 33.

The increased trend of Leicester cough scale score in patients who obtained Colistin s.s. 
DPI, either alone or in the combination with Kanamycin i.v., in comparison with the negative 
control (untreated group) shows that Colistin s.s. DPI contributed to reducing chronic cough 
in patients, although not as substantial as in patients who received first line TB drugs (HRZE). 
St. George Respiratory Questionnaire was designed to assess patients’ perception of their 
recent respiratory problems, and measures disturbances to patients daily physical activity 
and psycho-social function 22. Colistin s.s. DPI alone seemed to not affect patients’ respiratory 
health status, but the addition of Kanamycin i.v. improved it. The result of this questionnaire 
in this study corresponds with the result of the bactericidal activity, in which drugs that 
reduced the CFU/ml also reduced the respiratory complaints and their impacts on patients’ 
daily activities. 

In this pilot study we found that the untreated group also experienced reduction of 
the log10 CFU/ml from day 0 to 2, which was also shown in previous studies 16,34. However, 

Figure 4. The Leicester cough scale scores for each group, per day. Higher score shows better health 
related quality of life.

Figure 4. The Leicester cough scale scores for each group, per day. Higher score shows 
better health related quality of life. 

	

Figure 5. The St. George Respiratory Questionnaire scores for each group, per day. Scores are expressed 
as a percentage of overall impairment where 100 represents worst possible health status and 0 indicates 
best possible health status.

DISCUSSION
We provide evidence that in our setting using solid culture media, using dilutions to estimate 
dynamics in CFU/mL of sputum over time, EBA studies can be reliably and safely conducted. 

In this small-sized proof of principle EBA study over 14 days, Colistin sulphomethate 
sodium DPI alone demonstrated no bactericidal activity, in accordance with the study by 
van Breda et al. 11. The bactericidal activity of Colistin sulphomethate sodium DPI increased 
when it was combined with Kanamycin i.v. However, it is striking that Kanamycin i.v. alone 
had higher EBA than the combination of Kanamycin i.v. with Colistin sulphomethate sodium 
DPI, suggesting that the addition of Colistin s.s. DPI might have an antagonistic effect to 
the bactericidal activity of Kanamycin. Meanwhile, a previous study showed that combination 



CHAPTER 7 EARLY BACTERICIDAL ACTIVITY OF COLISTIN SULPHOMETHATE SODIUM DRY POWDER INHALATION

134 135

77

the reduction of the log10 CFU/ml for the untreated group in this study was higher than 
in other EBA studies. There might be several reasons, firstly, the sputum is more liquid in 
the last days due to administration of ambroxol/GG/acetylcystein to help patients expel their 
sputum, thus the number of bacilli was therefore reduced by dilution. However, the effect 
of these drugs also affected the other groups because we used these drugs for all patients. 
Secondly, one of the patients in this group had a sore throat, thus probably in the last days 
he could not expel sputum maximally, causing lower quality of sputum. Thirdly, there might 
have been sputum collection errors (the sputum container was not closed immediately after 
coughing sputum, the sputum container was put under a window where sunshine entered, 
or other errors that we might not have controlled for). Lastly, there may be a chance effect 
resulting from patients’ immunity resulting in a fluctuating pattern of excretion and growth 
of bacilli 16.

An EBA study for 14 days allows supervised treatment and standardized measurements 
in a relatively small number of hospitalized and highly selected individuals; however, such 
study cannot explore long-term toxicity or the sterilizing activity of a drug or regimen. 
Nonetheless, we did not observe specific toxicity of Colistin sulphomethate sodium in  
this study. 

CONCLUSION
We have shown that in our system using solid media and semi-induced sputum, we were 
able to perform an EBA study effectively. Although the number of study participants was 
too low to draw any robust conclusions, we found that bactericidal activity of Colistin 
sulphomethate sodium DPI increased when it was combined with Kanamycin i.v, but was less 
than Kanamycin i.v. alone. Colistin sulphomethate sodium DPI contributed to reduce chronic 
cough, but did not affect patients’ respiratory health status. There were no serious adverse 
events from the administration of Colistin sulphomethate sodium DPI and Kanamycin 
i.v. A future well-powered and long-term study should follow these first experiments to 
investigate further the EBA of Colistin sulphomethate sodium DPI combined with a second 
bactericidal agent, or any of the current first choice agents used to combat MDR-TB.
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TB service can be portrayed as a chain of sequential factors, in which the strength of the chain 
is determined by its weakest link. This thesis presents the efforts to improve some of these 
weak links in the diagnosis and treatment of TB, as early diagnosis and effective treatment 
are essential in global TB control. Indeed, to end TB, a target set for 2035 by WHO 1, all factors 
in the TB service should work efficiently, flawlessly and simultaneously.

Delayed diagnosis of TB might explain why TB incidence has not declined more 
rapidly, despite the global scale-up of Directly Observed Treatment Short Course (DOTS). 
Considering that an estimated 3.4 million cases of tuberculosis remained undetected and 
unreported in 2017 2, an effort to increase the detection and diagnosis of TB is urgently 
needed. In the Yogyakarta area alone, the case detection rate has only been 30.7% [Suharna, 
TB program manager of Yogyakarta Provincial Health Office, personal communication], and 
approximately 30% of active TB cases remain undetected at a national level by the Indonesian 
national health care system 3. Earlier detection can prevent more advanced and severe forms 
of TB. It might reduce sequelae in survivors, improve overall survival rates and may prevent 
ongoing transmission by reducing the numbers of untreated active contagious TB patients 
in the community. 

In high TB-burden and low and middle-income countries, the associated problems of 
stigma, neglect, low educational level, socio-economic barriers, and long travel distance to 
health facilities increase patient delay and undermine the global TB control effort. The notion 
of an Inverse Care Law – stating that available health care is inversely related to what is needed 
for the populations served – was first noted almost half a century ago, still applies today 4.  
Earlier case finding using a rapid, point-of-care, easy to use instrument therefore would 
be an important asset. In our study, we found that the electronic nose generates modest 
diagnostic sensitivity (78%) and low specificity (43%) for the diagnosis of pulmonary TB. 
However, if approximately 78% of individuals with active TB were detected at the community 
level, the possibility to reduce undiagnosed TB in the community is nonetheless significant, 
especially if densely crowded communities with high TB incidence are targeted. Based on 
figures from the last TB incidence report 2, this test will improve findings by as many as 
67,360 cases. Lower sensitivity might also be acceptable for technologies that increase case 
finding. Considering the severe health implications of TB, such an increase in case finding is 
clinically important. Furthermore, this test has higher sensitivity than symptoms screening 
(63% sensitivity in our data, or 70% sensitivity from a previous systematic review) 5. With 
a further improvement of quality of the electronic nose, these results will even be better. In 
our meta-analysis, we found that the pooled sensitivity and specificity of electronic-nose in 
6 previous studies were high, although these studies had moderate strength of evidence. 
As a point-of-care test, electronic-nose equipment conceptually provides results in a very 
short period of time at or near the location of the patient, thus the treatment plan can be 
adjusted according to the patients’ need even before the patient leaves the health center 
or during a homecare visit. Apart from further improving the device, larger learning sets, 
i.e. true-positive group to show variety of true cases, may aid in improving sensitivity. 
The challenges in the future for novel diagnostic tools like breath test are to detect TB cases 
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with negative sputum smear, to determine specific VOCs in different stages of the disease, to 
investigate its accuracy in children, and to investigate its role in accelerating the diagnostic 
process at an affordable cost. Eventually, head-to-head comparisons with other screening 
instruments either based on exhaled breath, or other matrices and technologies, e.g. urine 
lipoarabinomannan detection tests 6,7, or PCR-based detection using tongue swabs 8 may 
lead to an improvement in TB screening in the community. Conceptually, various tests might 
even be combined as they might be complimentary. 

While waiting for a point-of-care, fast, accurate, and easy-to-use TB diagnostic tool, we 
could improve case finding by mass campaigns, bill boards, sensitizing the community, with 
attempts to reduce stigma and increase outreach activities in areas with suspected high 
caseloads (e.g. slum areas with crowded living conditions and suspected high transmission). 
We observed that the diagnostic process based on the current work-up (using clinical 
evaluation, sputum smear microscopy, and chest radiography all together) in the Lung 
Clinics was highly precise (95.6% diagnoses were correct). Given that the diagnostic work-up 
following referral of an individual suspected to have TB was reliable, we considered that active 
case finding could be an important method to reduce the prevalence of active pulmonary 
TB in the community. This activity might importantly support TB control with a potentially 
large impact on TB transmission and incidence. It is critically important that while expanding 
reach-out, the health care team members are not only trained in the biomedical aspects of 
TB control, including personal protection measures, but also receive training in behavioural, 
psychological and cultural aspects. This should include stigma reduction 9, a compassionate 
and warm attitude, commitment and dedication to serve the victims of TB the best way 
possible, thereby reducing default and enhancing adherence to therapy 10.

Besides a prompt and correct diagnosis, another important link in the chain of effective 
tuberculosis control is the pharmacokinetic exposure to (1st-line) tuberculosis drugs. Indeed, 
previous studies have argued that perhaps low drug exposure in a minority of patients 
treated with 1st line TB drugs in fact results in monotherapy, and is a risk factor for drug 
resistance 11,12. Selective antimicrobial pressure allows resistant mutants to repopulate 
lesions producing mono-resistance; if this process is repeated, multi-drug resistance 
ensues. Low TB drug exposure has also been associated with poor treatment outcome 12.  
Many factors influence the bioavailability of any orally administered TB drug, such as 
body composition, comorbidities, genetic polymorphisms, malnutrition, pharmacokinetic 
drug-drug interactions, and concomitant food intake 13,14. Besides host factors, also factors 
related to the offending M. tuberculosis isolate determine overall efficacy, especially if MIC 
is close to the breakpoint 15. To achieve a successful treatment, an individual approach is 
required for patients who are prone to low drug exposure relative to the susceptibility of 
the M. tuberculosis isolate 11,16. 

Therapeutic Drug Monitoring (TDM) has been proposed to improve treatment response 
in individual TB patients 17. To implement this approach, an Optimal Sampling Strategy (OSS) 
may be used to reduce cost and time, and increase the feasibility and comfort for the patients. 

In our study we developed an OSS for all first-line TB drugs in fasting and fed conditions, as 
well as intravenous administration, using multiple regression analysis. Future studies need to 
show the comparison of OSS development using other methods such as Bayesian analysis 18, 
as each method has its own advantages and disadvantages. Future studies are also required 
to address the development of OSS of first line TB drugs simultaneously in patients who 
may have risk factors for abnormal pharmacokinetics. One big challenge is to develop OSS 
with only two time points that are appropriate for all drugs in the treatment schedule that 
requires monitoring. It is conceivable that there needs to be some trade-off with slightly 
reduced optimal time points for some drugs in the schedule to safeguard the comfort  
of patients. 

The last but not least important link discussed in this thesis is the innovation of 
treatment for TB. The inhalation route is much less challenging compared to other routes, 
such as the oral route, as solubility, dissolution rate, permeation through the membranes 
and bio-stability become less problematic 19. Lower doses of drugs can be given because 
it avoids the first-pass metabolism and enables direct delivery to the lungs, and the drug 
concentration in the infected site of the lung might be high enough to overcome drug-
resistant TB 20. The inhalation route is also less invasive compared to the injection route. In 
addition, it may prevent drug-drug interactions which more likely happen in the systemic 
administration of multiple antibiotics 19. Thus, it reduces systemic exposure and side effects, 
and eventually could optimize the fixed-dose combination therapy. 

Inhaled particles need to overcome several barriers to achieve the desired 
pharmacodynamic effect, i.e. aerosol delivery, lung deposition, and clearance 21. Many 
factors influence the success of inhalation therapies, not only the complex host-pathogen 
relationship, but also breathing pattern, patient’s age, lung morphology and physiopathology 
22. Our small-sized proof of principle EBA study over 14 days found that the bactericidal 
activity of colistin sulphomethate sodium inhalation increased when it was combined 
with kanamycin i.v., even though in the two patients tested, it was still lower compared to 
the bactericidal activity of kanamycin i.v. alone. However, our study was not powered to draw 
any firm conclusions yet, as the case mix and chance effects of disease activity and sputum 
production over time are subject to naturally occurring fluctuations 23. After our pilot study 
was completed, the WHO issued a rapid communication recommending discontinuation of 
kanamycin i.v. and capreomycin i.v., due to increased risk of treatment failure and relapse 
associated with their use in MDR-TB regimens 24. A future well-powered and long-term study 
is planned to investigate further the EBA of colistin sulphomethate sodium DPI combined 
with another second bactericidal agent, or any of the current first choice agents used to 
combat MDR-TB. In theory, if colistin sulphomethate sodium and any of these drugs can 
work synergistically, the total dose of drugs might even be reduced. 

In the rapid communication, WHO also recommended oral treatment for MDR-TB with 
novel and repurposed drugs, and limited the use of injectable agents 24. The development 
of inhaled therapies will further improve safety and convenience of MDR-TB regimens. Once 
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developed successfully, it might become an option to replace the painful and more toxic 
intramuscular injection.

One of the challenges of inhalation therapy is to provide multiple anti-TB drugs in one 
inhaler device, as TB treatment always involves administration of multiple drugs. Another 
challenge is to enhance a peripheral deposition, as only one third of drugs was deposited 
in the peripheral lung, while the peripheral surface area is much larger than the upper 
airways or central airways 25. The price of the inhaler would also need consideration, as high 
TB-burden countries usually are low or middle income countries, so that an effective but 
affordable inhaler technology is highly desirable.

To sum up, we believe that the diagnosis and treatment of pulmonary TB may be improved 
by using the inhalation route, i.e. breath test by an electronic nose, and administration of 
TB drugs by inhalation. While waiting for a point-of-care, fast, accurate, and easy-to-use TB 
diagnostic tool, we could incorporate active case finding and maximize the diagnosis by 
using clinical evaluation, sputum smear microscopy, and chest radiography all together to 
reduce the prevalence of active pulmonary TB in the community. Tailoring TB treatment 
to individual needs is another important aspect, because many factors influence the drug 
exposure, which eventually change the treatment outcome. For this, an OSS can be a useful 
tool in therapeutic drug monitoring to adjust the drug dosage according to individual needs. 
Eventually, with correct diagnosis and treatment, patient care will be optimized; this should 
result to help end TB in our life time.
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SUMMARY 
Tuberculosis (TB) is one of the oldest and deadliest infectious diseases in the world. 
The bacteria which cause TB, Mycobacterium tuberculosis, can live in dormant state and 
avoid the human immune system. Due to unknown reason, M. tuberculosis could reactivate 
and cause an active TB disease. A person who suffers from TB can spread the  bacteria 
through the air by coughing, sneezing, or shouting. A prompt diagnosis may reduce 
the transmission of TB in the community, and an effective treatment may cure the patient 
and reduce the contagiousness of the disease. TB may happen to anyone in any country, 
but in high density population and low and middle income countries, such as Indonesia,  
the possibility increases.

Currently, drug sensitive TB is treated with the combination of first-line TB drugs, which are 
isoniazid, rifampicin, pyrazinamide, and ethambutol. However, the treatment is not always 
success, and is challenged by the emergence of drug resistance. Low TB drug exposure has 
increasingly been associated with poor treatment outcome and the emergence of multi-
drug resistant tuberculosis (MDR-TB). Several factors may cause low drug exposure, such as 
malabsorption, pharmacogenetics factor, or intraindividual differences in pharmacokinetics 
of the drugs. The treatment for MDR-TB needs long duration and uses combination of many 
drugs with many side effects. 

In this thesis, we presented the effort to improve diagnosis and treatment of pulmonary 
TB by using the inhalation route, considering that most TB cases happen in the lung. Besides, 
we investigated whether food influences the pharmacokinetics of first-line TB drugs in 
treatment-naïve TB patients. Based on the drug exposure data, we developed an optimal 
sampling strategy (OSS) to support the therapeutic drug monitoring programmes aiming to 
improve treatment response in patients at high risk of treatment failure or delayed response.

In Chapter 2, a sensitivity and specificity of routine diagnostic work-up for tuberculosis 
in lung clinics in Yogyakarta, Indonesia -which used combination of clinical evaluation, 
sputum smear microscopy, and chest radiography- was investigated, and possible ways to 
improve the current diagnostic standards were explored. As a reference standard, we used 
the combination of clinical symptoms, culture, sputum smear examination, chest X-ray 
results, and clinical follow-up (refered as ‘composite reference standard’). We found that 
the routine diagnostic work-up had high sensitivity and specificity; in only 4.4% the diagnosis 
was incorrect. Considering that there is a high gap (estimated around 47%) between 
notification and the estimation of incident TB cases due to undetected and underreported 
cases in Indonesia, including Yogyakarta, replicating the TB diagnostic process in the lung 
clinics to the primary health centers could be one of ways to improve the detection rate and 
reduce further TB transmission in the community.

In Chapter 3, we evaluated the diagnostic accuracy of breath test using an electronic nose 
for pulmonary TB among patients with suspected pulmonary tuberculosis in Yogyakarta, 
Indonesia. We used the composite reference standard that was described in Chapter 2 to 
evaluate the sensitivity and specificity of this electronic nose. We found moderate sensitivity 
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(78%; 95%CI=70-85%) and low specificity (43%; 95%CI=35-51%) of electronic nose in 
diagnosing pulmonary TB. This current sensitivity means 22% of patients would be missed, 
which is higher than screening by CXR which has 87% sensitivity. However, the breath test 
has advantages of being portable, easy-to-use, and without radiation exposure making it 
suitable as a repeatable screening test. This test also has higher sensitivity than symptoms 
screening, which is commonly used in Indonesia. Therefore, its potency as a screening test 
warrants investigation. In addition, as calculated within the last TB incidence, this test will 
improve case finding by as many as 67,360 cases. Considering the severe health implications 
of TB, such an increase in case finding is clinically important. To improve the sensitivity, apart 
from further improving the device, larger learning sets, i.e. true-positive group to show 
variety of true cases, needs to be included. 

In Chapter 4, we presented a systematic review and meta-analysis of the diagnostic 
accuracy of breath test with electronic-nose and other devices using culture or other 
tests for TB (sputum smear microscopy, chest radiography, Gene Xpert, pleural biopsy, or 
combination of these tests) as reference standards. We included 14 studies, which had low 
to moderate strength of evidence. These studies showed that breath tests had potential to 
be a screening or diagnostic tool for TB. The pooled sensitivity and specificity of electronic 
nose in diagnosing TB, either pulmonary or extrapulmonary, were high, while other devices 
had moderate to high sensitivity and low to moderate specificity. However, it still needs 
further improvement, such as to have a robust trained artificial neural networks to give 
real-time measurements, and some challenges need to be addressed if this test would like 
to play a role in improving TB diagnostic, such as detecting TB cases with negative sputum 
smear, identifying specific volatile organic compounds in different stages of the disease, 
determining its accuracy in children, and investigating its role in accelerating the diagnostic 
process at an affordable cost.

As explained above, adequate drug exposure is critical to prevent the emergence of 
drug-resistant mutants. Therefore, in Chapter 5, we quantified the influence of food on 
the pharmacokinetics of isoniazid, rifampicin, ethambutol, and pyrazinamide in treatment-
naïve TB patients starting with anti-TB treatment, in a prospective randomized crossover 
pharmacokinetic study in Yogyakarta, Indonesia. We compared the pharmacokinetics of 
these drugs among fasting condition, fed condition, or intravenous administration. Food 
decreased absolute bioavailability, AUC0-24h and Cmax of isoniazid and rifampicin in treatment-
naïve TB patients, while only Cmax of pyrazinamide was decreased by a high carbohydrate 
meal, and pharmacokinetics of ethambutol were unaffected by food. However, the decreased 
drug exposure in fed patients may pose them more at risk for poor treatment outcome or 
acquired drug resistance. 

To optimize drug exposure, especially in patients at high risk of treatment failure due 
to several factors, such as food as described in Chapter 5, therapeutic drug monitoring has 
been shown to be beneficial. However, to reduce the burden for patients, as sampling up 
to 10 times during the dosing interval is needed, we developed an OSS in Chapter 6 based 

on the drug exposure data in Chapter 5. This OSS was developed with best-subset multiple 
linear regression. We discovered that OSS2-4-8 accurately estimated AUC24 for first-line anti-TB 
drugs after oral administration (both in fasting and fed condition) in early treatment. This 
OSS also showed bias and imprecision that was comparable with the best OSS in intravenous 
administration (OSS0-5-8), indicating that OSS2-4-8 was also suitable for accurately estimating 
the AUC24 for intravenous isoniazid, rifampicin and ethambutol. In the external validation 
group which was in the steady state of treatment, OSS2-4-8 was unable to accurately predict 
AUC24 of rifampicin, but it could predict the AUC24 of ethambutol and pyrazinamide with 
sufficient accuracy and precision. The external validation group for isoniazid was too small 
to draw a conclusion. We believe that performing TDM early on in the treatment phase could 
be of importance for isoniazid as this drug is most active in the first 3 days of treatment 
because of its high early bactericidal activity.

As most cases of TB are pulmonary TB, we were interested in investigating an early 
bactericidal activity (EBA) of an inhalation drug for TB. For the drug, we used Colistin 
sulphomethate sodium dry powder inhalation (DPI) as a potentiator of the current MDR-TB 
regimen. We conducted a proof-of-principle randomized trial with 10 patients randomized 
into 5 groups (14 days of colistin sulphomethate sodium DPI alone, or kanamycin alone, or 
combination of colistin sulphomethate sodium DPI and kanamycin, or patients who obtained 
combination of isoniazid, rifampicin, pyrazinamide, and ethambutol - as a positive control, or 
patients who were not treated with any TB drugs for 3 days - as a negative control). Kanamycin 
intravenous, one of the MDR-TB drugs, was used because it has similar bactericidal activity as 
amikacin, while amikacin has low EBA, thus kanamycin would not mask the effect of Colistin 
sulphomethate sodium DPI. In Chapter 7, we presented the result. This study was also an 
evidence that in our setting using solid culture media (7H11S) and dilutions to estimate 
dynamics in CFU/mL of sputum over time, EBA studies can be reliably and safely conducted. 
We observed that bactericidal activity of Colistin sulphomethate sodium DPI increased 
when it was combined with Kanamycin i.v, but was less than Kanamycin i.v. alone. Colistin 
sulphomethate sodium DPI contributed to reduce chronic cough, but did not affect patients’ 
respiratory health status. However, our study was not powered to draw a robust conclusion. In 
addition, after our study was completed, WHO changed the treatment guidelines for MDR-TB 
as the last evidence showed an impaired outcome with the administration of kanamycin in 
MDR-TB regimen for 5-7 months. A future well-powered and long-term study is planned 
to continue this first experiment, to investigate further the EBA of Colistin sulphomethate 
sodium DPI combined with other second bactericidal agent, or any of the current first choice 
agents used to combat MDR-TB.

In Chapter 8, we discussed the outcome of research in this thesis and presented the future 
perspectives. We portrayed TB service as a chain of sequential factors, in which the strength 
of the chain is determined by its weakest link. To improve these weak links in the diagnostic 
aspect of TB service, point-of-care, fast, accurate, and easy-to-use TB diagnostic tools are 
needed. While waiting for these tools, we could incorporate active case finding and maximize 
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the diagnosis by using clinical evaluation, sputum smear microscopy, and chest radiography 
all together. To improve the weak links in the treatment aspect of TB service, we need to tailor 
the treatment according to the needs of an individual patient, as many factors influence 
the drug exposure, which eventually change the treatment outcome. For this, an OSS can 
be a useful tool to adjust the drug dosage. Administering TB drugs through inhalation route 
may help to improve safety and convenience of MDR-TB regimens, also reduce drug dosage 
and drug toxicity, although further developments for inhalation TB drugs are still needed. 
Eventually, a fast and correct diagnosis, together with safe and effective treatment, may 
contribute to control TB globally and help eliminate TB.

SAMENVATTING
Tuberculose (TB) is wereldwijd een van de oudste en tevens dodelijkste infectieziekten.  
De bacterie die TB veroorzaakt, Mycobacterium tuberculosis, heeft de menselijke gastheer 
nodig om voort te bestaan. M. tuberculosis behoort tot de grote groep van mycobacteriën 
die overal in de natuur voorkomen; de meeste zijn niet ziekmakend voor de mens. 
Mycobacteriën delen zich langzamer dan veel andere bacteriën zoals streptokokken die 
in de keelholte, of Gram-negatieve bacteriën die in de darm van de mens leven – deze 
bacteriën delen zich om de 20 min terwijl de tuberkelbacil zich bijvoorbeeld ongeveer 
eenmaal per dag deelt. Daardoor verloopt TB ook meer sluipend, en niet acuut, zoals 
infecties door sneller delende micro-organismen. Na binnendringen in de menselijke 
gastheer kan het immuunsysteem de bacterie uitschakelen, maar vaak lukt dat niet. Er 
ontstaat dan een ‘latente infectie’ waarbij bacteriën wel opgenomen worden in bepaalde 
immuuncellen (macrofagen). Tijdens latente infectie wordt de groei van tuberkelbacillen 
niet volledig onderdrukt; de bacteriën delen zich nog maar sporadisch, ze verkeren in een 
soort ‘winterslaap’. Immuuncellen scheiden signaal-moleculen zoals interferon-gamma en 
tumor necrosisfactor alfa af waardoor de macrofagen actief de infectie onderdrukken. Het 
aantal bacteriën blijft daarmee beperkt, en de gastheer merkt er niets van. Het grootste 
deel – 90-95% - van personen met een latente TB infectie wordt nooit ziek; sommige 
mensen hebben een aangeboren gevoeligheid om TB te ontwikkelen na besmetting. Het 
immuunsysteem kan echter ook door veroudering en ondervoeding verzwakt raken; of 
door een verworven immuunstoornis zoals hiv en aids; of suikerziekte; of bepaalde afweer-
onderdrukkende medicamenten, zoals bij reumatische ziekten of na orgaantransplantatie. 
Dan kan M. tuberculosis reactiveren, weer sneller gaan delen, en zo kan actieve TB ontstaan. 
Een persoon die lijdt aan TB van de longen, de plaats waar de ziekte het meest voorkomt, 
kan de bacterie in druppeltjes via de lucht verspreiden door hoesten, niezen, schreeuwen 
of zingen. 

De diagnose van deze besmettelijke vorm van TB is vanouds gebaseerd op 
microscopisch onderzoek van longslijm (sputum) dat door de patiënt wordt opgehoest. Het 
sputum moet met een speciale techniek gekleurd worden (de rode carbolfuchsine wordt 
met een zure alcohol bewerkt; of er wordt een fluorescerende stof toegevoegd waardoor  
de tuberkelbacillen oplichten tegen een donkere achtergrond). Een nauwkeuriger en 
gevoeliger test is een kweekproef op een speciale voedingsbodem; de sneller delende andere 
bacteriën die in het sputum of de keelholte aanwezig zijn moeten worden geremd. Door 
de trage delingssnelheid duurt de uitslag veel langer dan bij d e meeste andere bacteriële 
infecties. Iets sneller (maar ook duurder) is een vloeibare voedingsbodem; bij voldoende 
bacteriële groei geeft het systeem een signaal (bijvoorbeeld door CO2 productie) waardoor 
direct kan worden bepaald of er inderdaad tuberkelbacillen zijn gegroeid. Moderner is het 
met een snelle moleculaire techniek vaststellen van DNA van tuberkelbacillen; het nadeel 
is de kosten - en het feit dat het DNA ook van dode tuberkelbacillen afkomstig kan zijn.  
De gevoeligheid van deze test is ongeveer zo goed als die van de kweekproef, net zo snel is 
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als microscopie, maar met het voordeel dat direct duidelijk is of de mycobacterie echt een 
tuberkelbacil is; en bij deze test is ook snelle bepaling van de geneesmiddelgevoeligheid 
mogelijk. Voor latente TB is per definitie het aantal TB bacteriën veel te klein om 
aangetoond te kunnen worden; voor de diagnose zijn we afhankelijk van een test waarbij 
gebruik gemaakt wordt van immuun-herkenning door de gastheer. De tuberculine huidtest 
(Mantoux) of de modernere bloedtests afgekort als IGRA: Interferon gamma Release Assays. 
Dit zijn tests, waarbij de interferon gamma productie van de immuuncellen van de gastheer 
wordt gemeten na stimulatie van antigenen van de tuberkelbacil in een reageerbuis in  
het laboratorium.

Soms lukt het een patiënt niet om een goed sputummonster te produceren; ’s ochtends 
is dat meestal het makkelijkst. Patiënten moeten goed geïnstrueerd worden om slijm van 
diep uit de luchtwegen op te hoesten; speeksel is niet geschikt. Een snelle diagnose kan de 
periode waarin TB besmettelijk is verkorten, en een effectieve behandeling kan de patiënt 
meestal genezen. Bij snelle opsporing en behandeling van besmettelijke gevallen van TB 
neemt TB in de bevolking snel af. TB komt overal ter wereld voor, maar in dichtbevolkte 
gebieden en landen met een minder goed ontwikkelde gezondheidszorg – m.n. in 
lagelonenlanden, zoals Indonesië, is de kans om TB-besmetting op te lopen aanzienlijk.  

In de jaren 80 van de vorige eeuw is de behandeling van TB volledig uitgekristalliseerd. 
Met de standaardbehandeling bestaande uit een combinatie van twee krachtige middelen, 
isoniazide en rifampicine gedurende 6 maanden, de eerste twee maanden aangevuld met 
pyrazinamide. Een vierde middel, ethambutol, werd de eerste twee maanden nog toegevoegd 
ter voorkoming van falende behandeling, mocht de tuberkelbacil onverhoopt ongevoelig 
zijn voor een van de middelen; met deze standaard of eerstelijnsbehandeling bleek bij 
bijna iedere patiënt genezing mogelijk. Zolang maar steeds een goede dosering van deze 
geneesmiddelcombinatie wordt gebruikt wordt het ontstaan van geneesmiddelresistentie 
voorkomen. Geleidelijk is de gevoeligheid van tuberkelbacillen wereldwijd afgenomen, en 
is resistentie tegen de eerstelijns middelen een toenemend probleem geworden. Resistentie 
ontstaat door sporadisch optredende fouten in de DNA-volgorde, tijdens de celdeling van de 
tuberkelbacil; men spreekt van mutatie, en de gemuteerde bacillen heten ook wel mutanten. 
Als tegelijkertijd maar voldoende andere actieve middelen gegeven worden kunnen deze 
mutanten niet uitgroeien, en worden ze voldoende uitgeschakeld door de andere middelen 
in het behandelregime. Als de medicatie foutief wordt ingenomen – vooral als maar één 
actief middel gegeven wordt – ontstaat grote kans op resistentie tegen dat ene middel. 
Als die fout herhaald wordt voor een tweede middel is de tuberkelbacil inmiddels resistent 
geworden tegen twee middelen tegelijk. Als daarmee de twee krachtigste medicijnen – 
rifampicine en isoniazide - onbruikbaar zijn geworden spreekt men van ‘multi-drug resistant’ 
TB, of MDR-TB. 

Zelfs als de medicatie precies volgens voorschrift gegeven wordt, kan resistentie 
nog steeds ontstaan als ondanks de gebruikelijke dosering toch de blootstelling aan 
TB-medicatie verminderd is. Er kan dan een situatie ontstaan waarbij in feite maar 
één middel in voldoende concentratie in het bloed verschijnt, waardoor de resistente 

mutant tegen dat middel kan uitgroeien en waardoor de behandeling kan falen, en 

waarbij die patiënt vervolgens zelf de bron wordt van besmettingen met die resistente 

tuberkelbacil. De geneesmiddelblootstelling wordt ook wel de farmacokinetiek genoemd;  

farmacokinetiek beschrijft de wijze waarop geneesmiddelen in het lichaam opgenomen 

worden, verdeeld worden over de compartimenten, omgezet worden en uiteindelijk 

uitgescheiden worden. Er bestaan natuurlijk voorkomende variaties in de mate waarin 

geneesmiddelen via de darm in het bloed worden opgenomen; de mate waarin 

geneesmiddelen zich in het lichaam verdelen; de mate waarin geneesmiddelen omgezet 

worden in de lever in niet meer actieve stoffen; en de mate waarin geneesmiddelen via  

de nier in de urine, of via de gal in de darm worden uitgescheiden. Die farmaco-kinetische 

variaties zijn samen een belangrijke oorzaak gebleken voor het wereldwijd ontstaan van 

resistentie TB. 

MDR-TB is wereldwijd een toenemend probleem; de behandeling van MDR-TB is 

lastig, er zijn doorgaans alleen zwakkere middelen beschikbaar, en de behandeling is veel 

langduriger – niet 6 maar meestal 18 maanden of soms nog langer.  De combinaties van 

verschillende medicamenten die dan ingezet worden zijn minder krachtig, en hebben veel 

meer bijwerkingen.  

Bij een effectief TB programma worden patiënten met hoestklachten snel gezien en 

onderzocht; de diagnose wordt vlot gesteld, zonder mislukkingen door technisch of 

menselijk falen; de geneesmiddelen zijn voorradig, van goede kwaliteit, de dosering is 

voldoende om voldoende blootstelling te krijgen; eventueel wordt die blootstelling nog 

apart gemeten, zeker bij twijfel of bij uitblijven van verbetering op behandeling; de therapie 

wordt trouw gevolgd, zonder onderbrekingen; en bijwerkingen en complicaties worden 

tijdig ontdekt. Hoewel geneesmiddel-gevoelige TB theoretisch prima te behandelen is gaat 

er in de praktijk nog altijd veel mis – ergens in de keten is er een zwakke schakel. Deze keten 

in de zorg voor TB patiënten is zo sterk als de zwakste schakel: dit proefschrift levert een 

bijdrage aan de versterking van sommige van deze schakels.

De eerste schakel waar in dit proefschrift onderzoek naar is gedaan is de diagnostiek. 

Een goed sputummonster blijft moeilijk, zowel voor patiënten die het lastig vinden om 

een goed sputummonster op te hoesten, als voor gezondheidswerkers om de patiënt goed  

te instrueren. We hebben ons hierbij geconcentreerd op patiënten met besmettelijke TB: 

TB van de long. We hebben een nieuwe TB ademtest onderzocht. Met deze wordt in een 

monster van uitgeademde lucht met kunstmatige intelligentie gezocht naar patronen van 

signalen die TB patiënten kunnen onderscheiden van gezonden; maar belangrijker nog, van 

andere patiënten met een longziekte die misschien op basis van de klachten lijkt op TB maar 

dat niet is.  We hebben ook de wetenschappelijke literatuur uitgebreid onderzocht over 

ademtests voor TB. Om die tests te kunnen beoordelen moesten we een goede referentie-

test hebben om betrouwbaar patiënten met en zonder TB te kunnen onderscheiden. We 

hebben daartoe eerst de betrouwbaarheid onderzocht van de standaard diagnostiek van 

TB in Yogyakarta.
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In hoofdstuk 2 onderzochten we de sensitiviteit (worden alle gevallen van TB opgepikt?) 
en specificiteit (zijn alle patiënten die een andere diagnose kregen, inderdaad geen TB?) 
van de routinematige stappen in de diagnostiek voor TB in longklinieken in Yogyakarta, 
Indonesië. Die tests zijn een combinatie van klinische evaluatie, microscopisch onderzoek 
van sputum en de röntgenfoto van de borstkas. Daarnaast werden mogelijke manieren 
om de huidige diagnostische standaarden te verbeteren onderzocht. De combinatie 
van klinische symptomen, kweek en microscopisch onderzoek van sputum, resultaten 
van röntgenfoto’s en klinisch follow-up werd als referentie of standaard gebruikt om  
de diagnose te stellen of te verwerpen. De routine diagnostiek in Yogyakarta bleek 
een hoge sensitiviteit en specificiteit te hebben; in slechts 4.4% van de gevallen was  
de diagnose incorrect. Hierbij moet in acht worden genomen dat er een groot gat is (geschat 
op ongeveer 47%) tussen de melding en schatting van incidentele TB gevallen, vanwege 
de niet ontdekte en niet gerapporteerde TB gevallen in Indonesië, we gaan er van uit dat 
die getallen ook voor Yogyakarta gelden. Als  de diagnostiek voor TB van de longklinieken 
in Yogyakarta kon worden vertaald naar de situatie in de eerstelijns-zorg in de dorpen en 
stadswijken (‘puskesmas’) zou er een enorme winst zijn om TB sneller en betrouwbaarder 
vast te stellen en behandelen en daarmee zou de strijd tegen TB in dorpen en steden enorm 
verbeterd kunnen worden.   

In hoofdstuk 3 evalueerden we de diagnostische nauwkeurigheid van de ademtest 
door het gebruik van een elektronische neus voor long-TB onder patiënten die verdacht 
werden van long-TB in Yogyakarta, Indonesië. We gebruikten de samengestelde referentie 
standaard, zoals omschreven in hoofdstuk 2, om de sensitiviteit en specificiteit te evalueren 
van deze elektronische neus. We vonden een matige sensitiviteit (78%; 95%CI=70-85%) 
en lage specificiteit (43%; 95%CI=35-51%) van de elektronische neus in de diagnostiek 
van long-TB. Deze sensitiviteit houdt in dat bij screenen van de bevolking op TB, 22% van  
de TB patiënten gemist zal worden; dit is een hoger percentage dan bij screenen met 
behulp van een röntgenfoto, met 87% sensitiviteit. De ademtest heeft als voordeel dat 
het een draagbaar apparaat is, dat makkelijk te gebruiken is zonder blootstelling aan 
ioniserende straling. Dit alles maakt het tot een veelbelovend instrument om eventueel bij 
herhaling te screenen. Deze test heeft ook een hogere sensitiviteit dan alleen het screenen 
op klachten, wat nu de werkwijze is in Indonesië. Verder onderzoek is nodig voordat dit 
instrument als screening test grootschalig kan worden ingezet. In potentie zijn met deze 
techniek 67 360 extra patiënten op te sporen die nu nog onder de radar blijven. TB is een 
ernstige ziekte die veel schade en menselijk leed veroorzaakt; het vinden van zoveel extra 
gevallen van long-TB zou een enorme verbetering brengen voor de gezondheidszorg als 
ook voor individuele mensen bij wie veel leed gespaard kan blijven. Om de sensitiviteit  
te verbeteren, moet naast verdere verbeteringen van het apparaat zelf, grotere aantallen TB 
patiënten worden geïncludeerd om de sensitiviteit van het apparaat te verbeteren. 

Hoofdstuk 4 is een ‘systematisch review en meta-analyse’ van de diagnostische 
nauwkeurigheid van ademtests met elektronische neuzen en vergelijkbare testsystemen. 

We hebben 14 studies geincludeerd, die samen matige bewijskracht opleverden. We 
lieten deze studies zien dat ademtests een goede toegevoegde waarde hebben als 
screeningsinstrument voor TB. Als de sensitiviteit en specificiteit van elektronische neuzen 
om TB (zowel in als buiten de long) vast te stellen samen werden beschouwd waren die 
hoog waarbij andere instrumenten een matige tot hoge sensitiviteit, en lage tot matige 
specificiteit hadden. Verdere verbetering is nodig, m.n. om de neurale netwerken krachtig  
te trainen om direct goede resultaten te kunnen geven. Daarnaast zijn er nog vele 
uitdagingen, om ook patiënten bij wie we de diagnose nu nog missen doordat de sputum 
microscopie onvoldoende gevoelig is. Verder zou het denkbaar zijn dat in de loop van 
de behandeling het gemeten adempatroon wisselt in de tijd. Of de test toepasbaar is bij 
kinderen is nog helemaal niet onderzocht. Tenslotte moet uiteindelijk gekeken worden of 
toevoegen van deze test kosten-effectief is.  

De tweede zwakke schakel in de TB-zorg is de behandeling met eerstelijns 
geneesmiddelen. Blootstelling wordt niet als routine bepaald, en in de literatuur was 
onduidelijk wat precies de invloed is op de blootstelling als de geneesmiddelen niet op 
de nuchtere maag, maar tegelijk met een maaltijd worden ingenomen. De aanbevelingen 
daarover berustten niet op gedegen wetenschappelijk onderzoek. 

In hoofdstuk 5 onderzochten we of voeding invloed heeft op de farmacokinetiek van  
de eerstelijns TB medicatie bij patiënten die nog niet begonnen waren met de TB 
behandeling. We maten de invloed van voedselinname op de farmacokinetiek van 
isoniazide, rifampicine, ethambutol, and pyrazinamide in een prospective gerandomizeerde 
‘crossover’ (d.w.z., patiënten waren hun eigen controle) farmaco-kinetische studie in 
Yogyakarta, Indonesië. We vergeleken de farmacokintiek van deze middelen bij inname 
op de nuchtere maag en tijdens innemen van een gestandaardiseerd ontbijt; we 
vergeleken dit met de ‘goudstandaard’ – door bij alle patiënten die meededen met dit 
onderzoek de blootstelling op de eerste dag te maten na toediening van de medicatie via 
een infuus, rechtstreeks in de bloedbaan.   Voedselinname deed de blootstelling als ook  
de piek-concentratie voor isoniazide en rifampicine dalen Alleen de piekconcentratie 
van pyrazinamide daalde bij innemen na het ontbijt; de farmacokinetiek van ethambutol 
veranderde niet door voedselinname.  Medicatie met de maaltijd heeft dus een risico op 
verlaagde blootstelling en dus ook op het ontstaan van geneesmiddelresistentie. 

Om die blootstelling uiterst betrouwbaar te meten zouden er theoretisch oneindig 
veel bloedmonsters in de tijd na inname van met middel moeten worden bepaald om een 
precies curve te kunnen maken van geneesmiddelconcentraties in de tijd. In de praktijk 
wordt de curve getrokken door tien meetpunten de verbinden; tien bloedafnames is 
belastend voor patiënten en duur voor de gezondheidszorg. 

In hoofdstuk 6 hebben we met wiskundige modellen een strategie ontwikkeld om tot een 
voldoende betrouwbare meting te komen met een zo beperkt mogelijk aantal meetpunten 
en bloedafnames; we ontwikkelden een geoptimaliseerde wijze van monsterafname -  
optimal sampling strategy (OSS), gebaseerd op de gegevens van de eerdere studie over 
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blootstelling aan medicatie. Met een bepaalde wiskundige techniek – multipele lineaire 
regressie – ontdekten we dat bloedafname op 2, 4 en 8 u na inname de beste inschatting 
voor geneesmiddelblootstelling voor de eerstelijns middelen opleverde voor patiënten 
die zojuist gestart zijn met de behandeling. Deze OSS kan programma’s ondersteunen die 
zich richten op het verbeteren van de behandeling van patiënten met een verhoogd risico 
op falen van de behandeling. Bij toediening per infuus leken de tijdstippen 0, 5 en 8u na 
toediening het beste maar de afnames op 2, 4 en 8u waren ook heel goed; daarmee is dat 
laatste schema te verkiezen omdat het toepasbaar is voor zowel toediening per infuus als 
oraal (als tablet ingeslikt via de mond). 

De betrouwbaarheid bij het afnameschema 2, 4 en 8u lijkt niet rechtstreeks toepasbaar 
voor rifampicine als rifampicine al enige tijd wordt gebruikt; rifampicine zet namelijk 
enzymen in de lever aan waardoor na enige tijd de afbraak van het medicament versneld 
wordt. Voor pyrazinamide en ethambutol is dit schema ook later in de behandeling 
betrouwbaar; voor isoniazide waren er te weinig waarnemingen in de literatuur om hierover 
betrouwbare uitspraken te doen.

Dit onderzoek laat een nieuw licht schijnen op de farmacokinetiek van eerstelijns TB-
middelen in de vroege fase van de behandeling; in die fase treedt een sterke vermindering 
op van het aantal bacteriën en die fase is extreem belangrijk omdat dan nog de kans op 
resistentievorming aanwezig is, vanwege het enorm grote aantal bacteriën dat nog een 
mutatie kan ondergaan. Meten van de farmacokinetiek is in die fase daarom waarschijnlijk 
heel belangrijk om therapie falen te voorkomen.

Hoofdstuk 7 beschrijft een eerste verkennende studie naar een nieuw gebruik van een 
antibioticum bij TB: colistine, toegediend via de luchtwegen, via een poederinhalatiesysteem 
zoals we dat kennen bij de behandeling van astma. Hoewel colistine geen direct effect 
heeft op de groei van tuberkelbacillen in een kweek, toch zijn er aanwijzingen dat als dit 
middel toegevoegd wordt aan andere TB-middelen, er een versterkend behandeleffect van 
uit gaat.

Tien patiënten met long-TB deden mee met dit eerste verkennende onderzoek; zij 
werden verdeeld in 5 groepen van steeds twee proefpersonen. Twee personen kregen 
gedurende 14d alleen colistine poeder inhalatie; twee kregen met anti-TB medicijn 
kanamycine via een injectie; twee kregen zowel kanamycine als colistine; twee kregen 
de standaard behandeling met alle eerstelijns middelen; en twee werden gedurende 
drie dagen vervolgd terwijl zij nog even geen medicatie kregen. Sputum werd dagelijks 
verzameld; de monsters werden in een verdunningsreeks op een speciaal kweekmedium 
(7H11S) in het lab gekweekt; het aantal kolonie-vormende eenheden, telkens een zichtbaar 
aantal bacteriën ontstaan vanuit één levende tuberkelbacil in het sputum monster, levert 
een uitleesmaat op voor het aantal levende bacillen dat per ml sputum nog aanwezig is. 
Een snelle daling in de eerste 14d van de behandeling van het aantal kolonievormende 
eenheden per ml sputum is aanwijzing voor een sterke daling in het aantal levende 
bacteriën bij de patiënt: een vroege doding van bacteriën; ‘early bactericidal activity’ of EBA. 

Ook werden vragenlijsten bijgehouden omdat bij deze studie het belangrijk was om vast  
te stellen of patiënten de behandeling goed konden verdragen.

De EBA van colistinepoeder alleen leek de hoestklachten wat te verminderen maar  
de gezondheidsklachten als geheel woerden niet beïnvloed. Er leek geen EBA effect 
aanwezig van colistinepoeder alleen, wel van de combinatie met kanamycine, maar  
de aantallen proefpersonen was te klein om betrouwbare conclusies te trekken.  Inmiddels 
in kanamycine niet meer het beste middel voor injectie gebleken om bij TB te gebruiken; 
in de toekomst moeten grotere studies met andere combinaties gekozen worden om 
betrouwbaar de eventuele toegevoegde waarde van colistine poederinhalatie bij TB vast 
te stellen. Wel is duidelijk geworden dat EBA-studies ook in de setting van Yogyakarta 
haalbaar, uitvoerbaar en betrouwbaar zijn.

In hoofstuk 8 bespreken we het onderzoek in dit proefschrift en richten we onze blik 
op de toekomst.  De zorg voor TB-patiënten is en keten van diagnostiek, behandeling en 
begeleiding die als een keten kan worden gezien; iedere schakel in die keten is belangrijk, 
en de keten is niet sterker dan de zwakste schakel. Voor de diagnostiek is een snelle, 
nauwkeurige en makkelijk te gebruiken test nodig, dicht bij waar de patiënt woont en 
leeft. Tot dat we zo’n test hebben kunnen we het gebruik van de huidige voorzieningen 
aanmoedigen en te intensiveren, omdat die diagnostische methodes betrouwbaar en 
effectief zijn gebleken; het betreft en combinatie van klinische beoordeling, microscopisch 
onderzoek van sputum, en een röntgenfoto.

Bij de behandeling is het belangrijk dat verder onderzoek wordt gedaan naar 
personen met een verhoogd risico op te lage blootstelling ook en vooral in de vroege fase 
van de behandeling.  

Ook in de behandelingsfase zijn er zwakke schakels in het systeem. Het zou 
ideaal zijn als voor iedere patiënt maatwerk geleverd kon worden, met meting van 
geneesmiddelblootstelling, al in de vroege fase van behandeling. Gebruikmakend van 
het algoritme dat wij ontwikkelden om te komen tot een beperkt aantal meetpunten, 
zouden bij die patiënten die te weinig blootstelling krijgen aan eerstelijns geneesmiddelen  
de dosering tijdig kunnen worden aangepast om zodoende therapie falen en ontwikkeling 
van geneesmiddelresistentie te voorkomen. Inhalatie van geneesmiddelen zou de periode 
waarin patiënten nog besmettelijk zijn kunnen verkorten, ook als zij effectief behandeld 
kunnen worden met eerstelijns-middelen. 

Snellere diagnostiek in combinatie met veilige en effectieve therapie zal moeten 
leiden tot het verwerkelijken van de doelen gesteld door de UNION en de WHO om TB  
te elimineren. Daarvoor is naast politieke wil om de noodzakelijke fondsen vrij te maken, 
ook een grote toewijding en vastberadenheid van de behandelaars nodig. Behandelaars 
hebben daarnaast antwoorden nodig op vragen die alleen verkregen kunnen worden door 
voortgaand toegepast wetenschappelijk onderzoek in lagelonenlanden zoals Indonesië.  
Lokale universiteiten moeten daarin een unieke rol vervullen.
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RINGKASAN
Tuberkulosis adalah salah satu penyakit infeksi tertua dan paling mematikan di dunia. 
Bakteri penyebab TB, Mycobacterium tuberculosis, dapat hidup dalam fase dormant dan 
menghindar dari sistem imun manusia. Karena alasan yang tidak diketahui, M. tuberculosis 
dapat aktif kembali dan menyebabkan penyakit TB aktif. Seseorang yang menderita TB 
dapat menyebarkan bakteri TB di udara dengan batuk, bersin, ataupun berteriak. Diagnosis 
yang cepat dapat mengurangi penyebaran penyakit TB di masyarakat, dan terapi yang 
efektif dapat menyembuhkan pasien dan mengurangi penularan penyakit. TB dapat terjadi 
pada siapapun di negara manapun, namun pada negara dengan populasi yang padat, 
dan berpenghasilan menengah rendah, seperti Indonesia, kemungkinan untuk menderita 
penyakit TB meningkat.

Saat ini TB yang sensitif obat diterapi dengan kombinasi obat TB lini pertama, yaitu 
isoniazid, rifampicin, pyrazinamide, and ethambutol, namun pengobatan ini tidak selalu 
berhasil, dan muncul tantangan resistensi obat. Kadar obat TB yang rendah berhubungan 
dengan hasil pengobatan yang kurang baik, dan berhubungan dengan munculnya 
tuberkulosis resisten obat (MDR-TB). Beberapa faktor dapat menyebabkan kadar obat TB 
yang rendah, seperti malabsorpsi, factor farmakogenetik, atau perbedaan intraindividual 
dalam farmakokinetik obat. Pengobatan MDR-TB memerlukan waktu yang lama dan 
menggunakan kombinasi banyak obat dengan banyak efek samping.

Dalam tesis ini, kami menyajikan usaha peningkatan diagnosis dan terapi TB paru 
dengan menggunakan rute inhalasi, dengan pertimbangan bahwa kebanyakan kasus TB 
terjadi di paru-paru. Selain itu, kami menginvestigasi apakah makanan mempengaruhi 
farmakokinetik obat lini pertama TB pada pasien TB yang belum pernah mendapatkan 
pengobatan. Berdasarkan data paparan obat, kami mengembangkan strategi pengambilan 
sampel optimal untuk mendukung program pemantauan kadar obat (therapeutic drug 
monitoring) yang bertujuan untuk meningkatkan respon terapi pada pasien yang memiliki 
resiko kegagalan pengobatan yang tinggi atau respon terapi yang lambat.

Dalam Bab 2, kami menginvestigasi sensitivitas dan spesifisitas diagnosis rutin 
tuberkulosis di Balai Pengobatan Paru-Paru di Yogyakarta, Indonesia, yang menggunakan 
kombinasi evaluasi klinis, pemeriksaan dahak mikroskopis, dan foto rontgen dada. Sebagai 
standar referensi, kami menggunakan kombinasi gejala klinis, kultur, pemeriksaan dahak 
mikroskopis, hasil rontgen dada, dan follow-up klinis (disebut sebagai ‘composite reference 
standard’). Kami menemukan bahwa diagnosis rutin TB mempunyai sensitivitas dan 
spesifisitas tinggi, dimana hanya 4,4% diagnosis tidak benar. Mempertimbangkan bahwa 
kesenjangan antara notifikasi dan estimasi insiden kasus TB tinggi (sekitar 47%) yang 
disebabkan oleh kasus yang tidak terdeteksi dan tidak dilaporkan di Indonesia, termasuk 
Yogyakarta, mengaplikasikan proses diagnosis TB dari Balai Pengobatan Paru-Paru ke 
Puskesmas dapat menjadi cara untuk meningkatkan angka deteksi dan mengurangi 
transmisi TB selanjutnya di komunitas. 

Dalam Bab 3 kami mengevaluasi sensitivitas dan spesifisitas tes nafas menggunakan 
alat penghidu nafas elektrik (electronic nose) untuk TB paru di antara pasien dengan suspek 
TB paru di Yogyakarta, Indonesia. Kami menggunakan composite reference standard yang 
dideskripsikan di Bab 2 untuk mengevaluasi sensitivitas dan spesifisitas electronic nose. Kami 
menemukan sensitivitas yang sedang (78%; 95%CI=70-85%) dan spesifisitas yang rendah 
(43%; 95%CI=35-51%) dari electronic nose dalam mendiagnosis TB paru. Dengan sensitivitas 
saat ini, 22% pasien akan tidak terdiagnosis, suatu angka yang lebih tinggi dibandingkan 
skrining dengan foto rontgen dada yang mempunyai sensitivitas 87%. Namun, tes nafas 
mempunyai keuntungan karena mudah dipindahkan, mudah digunakan, dan tanpa pajanan 
radiasi, sehingga dapat menjadi alat skrining yang dapat dilakukan berulang kali. Tes ini 
juga mempunyai sensitivitas yang lebih tinggi dibandingkan skrining gejala, yang biasanya 
digunakan di Indonesia. Oleh karena itu, potensi tes nafas sebagai tes skrining layak untuk 
diinvestigasi. Selain itu, sebagaimana dihitung dalam insidensi TB terakhir, tes ini akan 
meningkatkan penemuan kasus sebanyak 67,360 kasus. Mempertimbangkan implikasi 
kesehatan TB yang besar, peningkatan penemuan kasus tersebut sangat penting secara 
klinis. Untuk meningkatkan sensitivitas, selain mengembangkan alat, perlu melibatkan 
lebih banyak sampel dan lebih banyak variasi kasus TB dalam grup yang benar TB positif  
(true-positive).

Pada Bab 4, kami mempresentasikan systematic review dan meta-analysis keakuratan 
diagnosis tes nafas dengan electronic nose dan alat lain, dengan standar referensi kultur dan 
tes lain untuk TB (pemeriksaan dahak mikroskopik, foto rontgen dada, Gene Xpert, biopsi 
pleura, atau kombinasi tes-tes ini). Kami memasukkan 14 penelitian yang memiliki bukti 
ilmiah rendah ke sedang. Penelitian-penelitian ini menunjukkan bahwa tes nafas mempunyai 
potensi untuk menjadi alat skrining atau diagnosis untuk TB. Sensitivitas dan spesifisitas 
gabungan dari electronic nose dalam mendiagnosis TB, baik paru maupun ekstra paru, tinggi, 
sedangkan alat lain mempunyai sensitivitas sedang ke tinggi dan spesifisitas rendah ke 
sedang. Namun, tes nafas masih memerlukan pengembangan lebih lanjut, seperti jaringan 
saraf buatan (artificial neural networks) yang sudah terlatih untuk memberikan pengukuran 
yang real-time. Beberapa tantangan lain perlu diatasi bila tes ini ingin mengambil peran 
dalam peningkatan diagnosis TB, seperti mendeteksi kasus TB BTA (Bakteri Tahan Asam) 
negatif, mengidentifikasi volatile organic compounds yang spesifik pada tingkatan penyakit 
yang berbeda, menentukan keakuratan diagnosis pada anak-anak, dan menyelidiki peran 
tes nafas dalam mempercepat proses diagnosis dengan biaya yang terjangkau.

Sebagaimana dijelaskan di atas, paparan obat yang adekuat sangat kritis untuk 
mencegah timbulnya mutan bakteri TB yang resisten. Oleh karena itu, dalam Bab 5, kami 
menghitung pengaruh makanan pada farmakokinetik isoniazid, rifampicin, ethambutol, dan 
pyrazinamide pada pasien TB baru yang memulai pengobatan, dalam studi farmakokinetik 
acak prospektif di Yogyakarta, Indonesia. Kami membandingkan farmakokinetik obat-obat 
ini dalam kondisi puasa, makan, atau intravena. Makanan mengurangi bioavailabilitas 
absolut, AUC0-24h, dan Cmax isoniazid dan rifampicin pada pasien TB yang belum pernah 
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mendapatkan pengobatan, namun hanya Cmax pyrazinamide yang berkurang dengan 
makanan tinggi karbohidrat, dan farmakokinetik ethambutol tidak dipengaruhi makanan. 
Namun demikian, berkurangnya kadar obat pada pasien yang minum obat setelah makan 
dapat menyebabkan hasil pengobatan yang tidak baik atau resistensi obat.

Untuk mengoptimalkan kadar obat, khususnya di pasien yang mempunyai resiko tinggi 
gagal pengobatan karena beberapa faktor, seperti makanan, seperti yang dideskripsikan 
di Bab 5, diperlukan pemantauan kadar obat. Namun, untuk mengurangi beban bagi 
pasien, karena pada umumnya untuk mengetahui kadar suatu obat, pengambilan sampel 
harus dilakukan hingga 10 kali, kami mengembangkan optimal sampling strategy (strategi 
pengambilan darah yang optimal) di Bab 6 berdasarkan data paparan obat di Bab 5. 
Strategi ini dikembangkan dengan best-subset multiple linear regression. Kami menemukan 
bahwa OSS2-4-8 secara akurat dapat menggambarkan AUC24 untuk isoniazid, rifampicin, 
dan ethambutol intravena. Pada grup validasi eksternal yang berada dalam fase steady 
pengobatan dimana kadar obat sudah stabil, OSS2-4-8 tidak dapat memprediksi AUC24 
rifampicin secara akurat, namun dapat memprediksi AUC24 ethambutol dan pyrazinamide 
dengan ketepatan dan ketelitian yang cukup. Jumlah kasus dalam grup validasi eksternal 
untuk isoniazid terlalu sedikit untuk dapat ditarik kesimpulan. Kami percaya bahwa 
melakukan pengawasan kadar obat di awal terapi penting bagi isoniazid karena obat ini 
paling aktif dalam 3 hari awal pengobatan sehubungan dengan aktivitas anti bakterinya 
yang tinggi.

Karena kebanyakan kasus TB adalah TB paru, kami tertarik untuk menyelidiki aktivitas 
anti bakteri awal obat inhalasi untuk TB. Kami menggunakan Colistin sulphomethate sodium 
inhalasi kering sebagai obat yang meningkatkan potensi regimen MDR-TB saat ini. Kami 
melakukan uji acak sebagai tahap pembuktian hipotesis dengan 10 pasien yang kami acak 
ke dalam 5 kelompok (14 hari colistin sulphomethate sodium DPI sendiri; kanamisin sendiri; 
kombinasi colistin sulphomethate sodium inhalasi kering dan kanamisin; kombinasi isoniazid, 
rifampicin, pyrazinamide, and ethambutol sebagai kontrol positif; atau pasien yang tidak 
diterapi dengan obat TB apapun selama 3 hari sebagai kontrol negatif ). Kanamisin intravena, 
salah satu obat MDR-TB, digunakan karena obat itu mempunyai aktivitas bakteri awal yang 
mirip dengan amikasin, sedangkan amikasin mempunyai aktivitas anti bakteri yang rendah, 
sehingga kanamisin tidak akan menutupi efek Colistin sulphomethate sodium inhalasi 
kering. Dalam Bab 7, kami mempresentasikan hasilnya. Penelitian ini juga menjadi bukti 
bahwa dalam kondisi laboratorium di Yogyakarta, Indonesia, dengan menggunakan media 
kultur solid (7H11S) dan dilusi untuk memperkirakan perubahan CFU/mL dalam dahak, studi 
EBA dapat dilakukan dengan aman dan terpercaya. Kami mengamati bahwa aktivitas bakteri 
Colistin sulphomethate sodium inhalasi kering meningkat ketika obat itu dikombinasikan 
dengan Kanamycin intravena, namun aktivitasnya lebih rendah dibandingkan Kanamycin 
intravena sendirian. Colistin sulphomethate sodium inhalasi kering berkontribusi untuk 
mengurangi batuk kronik, namun tidak mempengaruhi status kesehatan pernafasan pasien. 
Namun demikian, penelitian kami tidak ditujukan untuk menarik kesimpulan yang kuat. 

Sebagai tambahan, setelah penelitian kami selesai, Badan Kesehatan Dunia mengubah 
panduan terapi untuk MDR-TB karena bukti terakhir menunjukkan bahwa administrasi 
kanamisin dalam regimen MDR-TB selama 5-7 bulan memberikan hasil yang tidak baik. 
Penelitian lanjutan dengan jumlah sampel yang representatif dan dilakukan dalam 
jangka panjang sedang direncanakan untuk melanjutkan percobaan pertama ini, untuk 
menyelidiki aktivitas antibakteri awal Colistin sulphomethate sodium inhalasi kering yang 
dikombinasikan dengan obat bakterisid lini kedua yang lain, atau dengan obat MDR-TB  
lini pertama.

Dalam Bab 8, kami mendiskusikan mengenai hasil-hasil penelitian dalam tesis ini, dan 
mempresentasikan perspektif masa depan. Kami menggambarkan pelayanan TB sebagai 
sebuah rantai, dimana kekuatan rantai tersebut ditentukan oleh titik terlemahnya. Untuk 
meningkatkan titik terlemah dalam diagnosis pelayanan TB, diperlukan alat diagnosis TB 
yang point-of-care, cepat, akurat, dan mudah digunakan. Sembari menunggu alat diagnosis 
dengan kapasitas yang disebutkan di atas, dapat dilakukan penemuan kasus aktif dan 
memaksimalkan diagnosis dengan evaluasi klinis, pemeriksaan sputum mikroskopis, dan 
foto rontgen dada. Untuk menguatkan rantai terlemah dalam pelayanan TB, diperlukan 
penyesuaian terapi sesuai dengan kebutuhan pasien, karena banyak faktor mempengaruhi 
paparan obat, yang pada akhirnya mempengaruhi hasil pengobatan. Strategi sampling 
optimal dapat menjadi alat yang berguna untuk penyesuaian dosis obat. Pemberian obat TB 
melalui rute inhalasi dapat membantu meningkatkan keamanan dan kenyamanan regimen 
MDR-TB, dan mengurangi dosis obat dan toksisitas obat, meskipun pengembangan lebih 
lanjut untuk terapi TB inhalasi masih diperlukan. Pada akhirnya, diagnosis yang cepat dan 
tepat, bersama dengan pengobatan yang aman dan efektif, akan dapat berkontribusi pada 
kontrol TB di dunia dan membantu mengeliminasiTB.



ACKNOWLEDGMENTS ACKNOWLEDGMENTS

166 167

99

ACKNOWLEDGMENTS
Indonesia has a high number of tuberculosis (TB) cases - in these recent years, Indonesia 
has been always among the top three countries with the highest TB burden in the world. 
Yet, neither in Medical School nor in my daily work during internships and later as an MD, 
TB received the attention it should have until I realized that two of my friends in my medical 
batch passed away due to TB… To embark on TB studies with the guidance of the team 
in Groningen, the Netherlands was truly one of the best decisions that I have ever made. 
This PhD trajectory has indeed been a big leap in my life. I fell in love with Europe since I 
was a small kid, when I saw movies of blue mountains, fabulous architecture, and beautiful 
cultures. And those dreams of a little girl to study in Europe have come true. Additionally, 
I found the happiness of my life in meeting my husband to be in this wonderful continent. 

In the TB Department of the UMCG in Beatrixoord I was shown how the management of TB 
cases could be done holistically, and for that invaluable experience, I feel extremely grateful. 

I thank Prof. Huib Kerstjens who opened the way to study here. My study would never be 
finished without the help and guidance from my respectable supervisors. I am really blessed 
that they provide such a kind mentoring and friendly atmosphere during my study. Prof 
Tjip, thank you for being so warm, lively, full of humor, humble, and kind-hearted. I always 
enjoy spending time with you. Given a chance to work with you allowed me to learn to 
be a better learner and to excel but also to stay humble. Ymkje, thank you for guiding 
me, and giving me an example on how to be a great researcher and a lovely mother of 
two little children. Our cooking experiment and your visit to Indonesia will always be 
beautiful memories. Dr Sumardi, thank you for always being patient, understanding, and 
supporting, those gifts have truly helped me in conducting the research. Dok Yan, you 
have been mentoring me since the very first step in my journey as a researcher. I remember 
the first time I met you when I was your research assistant, I was so nervous. Thank you for 
helping me in evolving myself not only as an academician or clinician, but also as a true  
human being. 

My study has had its ups and downs. In those down moments, I feel blessed that I have good 
friends, both in the Netherlands and Indonesia (and later, in Poland). Thank you Mbak Lia 
and Mas Yayok, for greeting me so warmly in Groningen on my first day of arrival, to treat 
me as a family, and help me to adapt. In that first day I also met Mas Donnie, Mbak Yuyul, 
and their lovely daughter, Kana, who traveled from Rotterdam. Tante Yvonne, my land lady, 
and bang Fanny, my house mate, thanks much for sharing great times in Staringstraat 20. In 
my early years, I enjoyed spending joyful times and travelling with Anita, Klara, Mbak Pitta, 
Ryan, Mbak Marisa, Martin, Gratia, Cath, Ela, mas Ronny, and other Indonesian students in 
Groningen. Later, I found friendship in the Saylod group; Niar (thank you so much for all your 
tips and guidance during my thesis preparation), Mbak Astri, Mbak Lia, Mas Yayok, Putri, Ferro, 

Doti, Mas Didik, Amirah, Neily, and Aul; thank you for sharing student life together both in 
Groningen and in WA. Mas Panca, you were the one who helped me in the preparation of my 
PhD, thank you so much. Pak Erik, thank you for your help in proofreading my manuscripts. 
Mbak Dita, I am greatly blessed to have you as a place to share feeling and experience, as 
both of us at that time were students who married a (handsome) European man  Good 
friends truly make difficult times more bearable. Mbak Silvi, my great love and kisses for our 
chit chat times, and your willingness to always listen to me. I am so honored that you treat 
me as your younger sister. CLC family, thank you for sharing faith, it continues to strengthen 
me during this journey. Sr Inez, and sr Irene, thank you very much for your spiritual guidance. 
Friends in Poland: Fani and Bartek family, we really share special connections, as Kuba who 
brought Bartek to Fani, and Fani who brought Kuba to me ; Ania and Michal Jonczyk, Tunia 
and Bartek, Mariuzs and Renata, Basia and Przemek, Darek, Tomek, Jacek, Alina and Rafal; 
thank you to make me feel at home in Poland.

I lost one of my best friends during this journey. Yuda, you always inspired me, with your 
positive spirit, you were always easy-going, with such brilliant ideas. I truly miss our enjoyable 
trip and chit chat times. Thank you to come into my life, I am so blessed to have known you 
on this earth. Dearest Harry, it was our dream to have a trip with Yuda, the three of us, in 
Europe. However, we never made it - we were always in Europe at different times. Thank you 
Har, for our friendship, it is truly a great blessing for me. Dearest Ania, as I always say, you are 
my angel. I deeply thank you for supporting me and strengthening me during my times in 
Poland, and in finishing my study. 

My gratitude also goes to the family I met in Groningen without whom I would not feel at 
home; bude Olga and pakde Jan, Tante Indah and om Yon, Mbak Ari and Mas Herman, Mbak 
Erna and Mas Hengky, om Rudie and late tante Silvy, Mbak Siska and Pieter.

My thank also goes to the TB division in the Center of Tropical Medicine, Universitas Gadjah 
Mada for their help: Pak Yodi, Mas Donnie, Mbak Bintari, Mbak Ari, bu Ning, Mbak Sasi, Mbak 
Nia, Mas Rosyid, Mbak Nuzul, Mbak Hasta. Thank you Mbak Bintari for reminding me to put 
the goal of my study for the benefits of the community. I greatly thank the Head of Internal 
Medicine department: Prof. Nyoman, dr. Ibnu, dr. Heru, and Pulmonology subdepartment 
staffs who always supported me: Prof. Barmawi, dr. Sumardi, dr. Eko, dr. Bambang Sigit, 
dr. Heni, dr. Ika, and Mbak Nanda - thank you Mbak Nanda for sharing our struggling and 
experience together.

My study would not go fluently without the help and cooperation from the collaborators 
from the Netherlands and Indonesia: Dr Onno, Dr Marieke, Prof Jan-Willem Alffenaar, Henny, 
Dr Jan-Willem Gerritsen, Prof. Kosterink, Dr. Rob Aarnoutse, Dr Cecile Magis-Escurra, Marcel, 
Paul, Prof. Frijlink, Dr Alewijn Ott, dr. Titik, mas Althaf, Feby, the three musketeers: David, 



ABOUT THE AUTHOR

169

9

ACKNOWLEDGMENTS

168

9

Taufik, and Daniel. I express my utmost gratitude for Prof. Diacon and his team in Cape Town, 
South Africa who happily taught me the CFU counting laboratory method. I also thank Dr 
Onno, Wiel de Lange and Dr. van Altena who showed me how to treat TB patients with their 
holistic approach.

Last but not least, my deepest gratitude is dedicated to my Indonesian and Polish family. 
My father, thank you Bapak, you always strengthen me. I remember when you accompanied 
me to follow-up some patients up to the hill in the remote area in Yogya, someone asked 
what you were doing, and you answered that you deliver someone to reach her PhD. Mama, 
thank you for flying several times to Holland and Poland to help me taking care of Marysia 
and Stasiu. My sisters, Maya and Mela, and their families, thank you for always cheering 
me. Pakdhe Hari, thank you for being such fabulous role model. Mamusia, Dominik, Beata, 
Dominika, Roxana, late Busia, thank you for supporting me in Poland. My most beloved one, 
Jakub Maksymilian Kubacki, I cannot describe how grateful I am for your support, and for 
your willingness to meet me and Marysia every two or three months in a year when I needed 
to run the research program in Indonesia. You are the greatest blessing I have ever had. 
The little angels God has sent for me, Marysia and Stasiu, thank you for cheering my days. 
Marysia, today I realize that you are already a big girl, and have your own independence. You 
are always accompanying me during my study, and I am so thankful for your understanding 
that mama will be able to play with you after mama has finished this thesis. Stasiu, your 
beautiful smile always comforts my heart.

Finishing this trajectory gives great responsibility, but I trust that God will always help me. 
Thank you God, for always keeping me safe in Your hands. “The Lord is my shepherd; I shall 
not want. He makes me lie down in green pastures; He leads me beside quiet waters. He 
restores my soul; He guides me in the paths of righteousness for the sake of His name. Even 
though I walk through the valley of the shadow of death, I fear no evil, for You are with me”. 
(Psalm 23:1-4).

ABOUT THE AUTHOR
Morita Saktiawati was born on March 29, 1984 in Yogyakarta, Indonesia. She grew up there 
and studied medicine at the then Faculty of Medicine, Universitas Gadjah Mada (UGM) (now: 
Faculty of Medicine, Public Health, and Nursing) in 2002. During medical school she was 
active in student journalistic and the student senate; she also volunteered in Widya Mandala 
St. Antonius free-health clinic for poor people. She realized that she likes teaching when 
she became a teaching assistant in the subject of Pathology in her faculty. Shortly after 
gained her medical doctor title in 2008, she started working in the Faculty of Medicine, 
UGM as the executive secretary of the Coordinator Team and Curriculum Committee 
for the undergraduate program in medicine. She joined the Center for Tropical Medicine 
UGM, and started her first international research collaboration, as a research trainee, with 
the University of New South Wales (UNSW), Sydney, Australia, in the end of 2008, where she 
also had opportunity to take graduate certificate program in international public health in 
UNSW. In 2010 she was recruited as a junior lecturer in the Department of Internal Medicine, 
Faculty of Medicine, UGM. 

She received a PhD scholarship from the then Indonesian Ministry of Education and 
Culture (now: Ministry of Research, Higher Education and Technology) in 2011, bursaries 
from the European Respiratory Society for tuberculosis courses in Rumania and Croatia in 
2012 and 2013, and the Faculty for the Future Award from the Schlumberger foundation in 
2014. Currently she is in her specialty training in the Internal Medicine program, UGM.

Morita married Jakub Maksymilian Kubacki in 2015, whom she met in Poland during her 
PhD study, and they have two children, Marysia and Stanislaw. They enjoy cooking, skiing, 
and travelling together. 



LIST OF PUBLICATIONS

170

9

LIST OF PUBLICATIONS
Saktiawati AMI, Putera DD, Setyawan A, et al. Diagnosis of tuberculosis through breath 
test: A systematic review. EBioMedicine. 2019 August 8. https://doi.org/10.1016/j.
ebiom.2019.07.056.

Saktiawati AMI, Stienstra Y, Subronto YW, Rintiswati N, Sumardi, Gerritsen JW, Oord H, 
Akkerman OW, Werf TS. Sensitivity and specificity of an electronic nose in diagnosing pulmonary 
tuberculosis among patients with suspected tuberculosis. Plos One. 2019 June 13. https://doi.
org/10.1371/journal.pone.0217963

Saktiawati AMI, Harkema M, Setyawan A, et al. Optimal sampling strategies for therapeutic drug 
monitoring of first-line tuberculosis drugs in patients with tuberculosis. Clinical Pharmacokinetics 
2019 Apr 17. doi: 10.1007/s40262-019-00763-3. [Epub ahead of print].

Saktiawati AMI, Subronto YW, Stienstra Y, Sumardi, Supit F, Werf TS. Sensitivity and specificity 
of routine diagnostic work-up for tuberculosis in lung clinics in Yogyakarta, Indonesia: a cohort 
study. BMC Public Health. 2019 Apr 2;19(1):363.

Saktiawati AMI, Subronto YW. Influence of Diabetes Mellitus on the Development of Multi Drug 
Resistant-Tuberculosis in Yogyakarta. Acta Med Indones. 2018 Jan;50(1):11-17.

Saktiawati AM, et al. Impact of Food on the Pharmacokinetics of First Line anti-TB Drugs in 
Treatment-naïve TB patients: a randomized cross-over trial. J Antimicrob Chemother. 2016 
Mar;71(3):703-10.

Spooner C, Saktiawati AMI, et al. Impacts of stigma on HIV risk for women who inject drugs in 
Java: A qualitative study. Int J Drug Policy. 2015 Dec; 26(12):1244-50

Saktiawati AMI, Worth H, Lazuardi E, Spooner C, Subronto Y, Padmawati RS. I Just Trust Him: 
The Notion of Consideration as a Barrier to Condom Use amongst Women Who Inject Drugs in 
Central Java. World Journal of AIDS, 2013, 3, 298-304

Lazuardi E, Worth H, Saktiawati AM, Spooner C, Padmawati R, Subronto Y. Boyfriends and 
injecting: the role of intimate male partners in the life of women who inject drugs in Central Java. 
Cult Health Sex. 2012 Apr;14(5):491-503.


