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ABSTRACT 

Background:  New challenges for tuberculosis (TB) control are emerging in the 21st 

century. The deadly combination TB/HIV as well as the development and spread of new 

forms of drug resistance are some examples. In this context, the timely detection of TB 

cases, especially of those with resistant TB is important. Improved laboratory methods can 

contribute to the early detection of such patients. Therefore, this thesis focuses on the 

evaluation of new diagnostic tools and the genetic characterisation of the disease in a low-

middle income setting. 

Aims: The purpose of this work was to increase the knowledge about effectiveness of new 

laboratory assays for early detection of drug-resistant TB. In addition, this thesis aimed to 

increase our understanding of the M. tuberculosis biodiversity and transmission patterns in 

Honduras. 

Methods: The diagnostic accuracy of two low-cost techniques for rapid detection of drug-

resistant TB was assessed. The microscopic-observation drug susceptibility assay (MODS) 

and the nitrate reductase assay (NRA) were compared to the proportion method on 

Lowenstein Jensen medium for detection of multidrug-resistant TB (MDR-TB) directly 

from sputum samples. Furthermore, the indirect NRA was evaluated for detection of 

resistance to selected second-line drugs using as reference standard the BACTEC-460TB. 

Additionally, the frequency and distribution of resistance-related mutations M. tuberculosis 

was explored.  This characterisation was conducted in clinical MDR-TB isolates from 

different geographical settings. Finally, we described the genetic variability of clinical M. 

tuberculosis isolates from Honduran TB patients, using spoligotyping and restriction fragment 

length polymorphism (RFLP).   

Results: Both NRA and MODS were highly sensitive and specific for direct detection of 

resistance against isoniazid and rifampicin. The indirect NRA had an acceptable 

performance for detection of resistance to ofloxacin, with less good results with kanamycin. 

The genotypic detection of drug-resistance in MDR-TB isolates confirmed the prevalence of 

the most common mutations associated with this phenotype. It also showed the differences 

in distribution depending on the geographic origin of the strains. In Honduras, the Latin 

American Mediterranean spoligotype is the most frequent in a M. tuberculosis population with 

high biodiversity. 

Conclusions: MODS could be used for screening of suspected MDR-TB patients. 

However, NRA is the most reliable option for early detection of MDR-TB in resource-

limited settings. NRA also has the potential to be further optimised for detection of 

extensively drug resistant TB. We also confirmed that knowledge about the frequency of 

geographic-specific mutations provides useful information for development and/or 

assessment of new genotypic tools for detection of drug resistance.  The high level of 

genetic variability in the Honduran M. tuberculosis isolates suggests that the transmission of 

the disease in this setting is not caused by clonal spread of a specific strain. Further studies 

are needed to determine whether or not there is an association with TB clinical 

manifestations or HIV status with the genotypes prevalent in the country. 

 

 



 

6 

LIST OF PUBLICATIONS 

 

I.  Mello FQC, Arias MS, Rosales S, Marsico AG, Pavón A, Alvarado-Gálvez C, 
Carvalho Pessoã CL, Pérez M, Andrade MK, Kritski AL, Fonseca LS, Chaisson 
RE, Kimerling ME, Dorman SE. Clinical Evaluation of the Microscopic 
Observation Drug Susceptibility Assay for Detection of Mycobacterium tuberculosis 
Resistance to Isoniazid or Rifampin.  J. Clin. Microbiol. 2007.45 (10):3387–3389 

 

II.  Rosales S, Pineda-García L,  Andino N,  Almendarez N, Membreño H, Hoffner 
SE. Evaluation of the nitrate reductase assay for rapid detection of extensively 
drug-resistant tuberculosis. Int J Tuberc Lung Dis. 2009 13(12):1542–1549 
 

III.  Rosales S, Pineda-García L, Almendarez N, Membreño H, Hoffner SE.  Field 
assessment of the direct nitrate reductase assay for detection of multidrug- 
resistant tuberculosis in a low-income setting. Submitted article. 
 

IV.  Rosales S,  Jureen P, Zalutskaya A, Skrahina A ,  Xu B, Hu Y, Pineda-García 
L, Merza MA, Farnia P, Muntean I, Bwanga F,  Joloba M,  Hoffner SE 
Characterisation of drug-resistance-related mutations in multidrug-resistant M. 
tuberculosis isolates from four continents. Manuscript. 

V.  Rosales S, Pineda-García L, Ghebremichael S, Rastogi N, Hoffner SE. 
Molecular diversity of Mycobacterium tuberculosis isolates from patients with 
tuberculosis in Honduras. BMC Microbiol 2010, 10:208 

 

 



 

  7 

CONTENTS 

1 Background ..................................................................................................................................... 11 

1.1 The natural history of tuberculosis.................................................................................. 11 

1.1.1 The tubercle bacillus ............................................................................................ 11 

1.1.2 The chain of transmission ................................................................................... 11 

1.2 Tuberculosis treatment and drug resistance .................................................................. 12 

1.2.1 TB treatment ......................................................................................................... 12 

1.2.2 Molecular mechanisms of drug resistance ....................................................... 13 

1.2.1 Definitions ............................................................................................................. 13 

1.3 Methods for drug susceptibility testing .......................................................................... 15 

1.3.1 Phenotypic Methods ............................................................................................ 15 

1.3.2 Genotypic methods .............................................................................................. 17 

1.4 Tuberculosis epidemiology ............................................................................................... 17 

1.4.1 Global burden of the disease.............................................................................. 17 

1.4.2 HIV and TB .......................................................................................................... 18 

1.4.3 M/XDR-TB .......................................................................................................... 18 

1.4.4 Strategies for TB control ..................................................................................... 18 

1.5 Molecular epidemiology .................................................................................................... 19 

1.6 Honduras.............................................................................................................................. 21 

1.6.1 General information ............................................................................................ 21 

1.6.2 Health care system ............................................................................................... 21 

1.6.3 National TB Control Programme ..................................................................... 22 

2 About this thesis ............................................................................................................................ 24 

2.1 General aim.......................................................................................................................... 24 

2.2 specific objectives ............................................................................................................... 24 

3 Materials and methods .................................................................................................................. 25 

3.1 Study population ................................................................................................................. 25 

3.2 Collection and storage OF strains ................................................................................... 27 

3.2.1 Primary isolation of M. tuberculosis ................................................................. 27 

3.2.2 Clinical isolates ...................................................................................................... 27 

3.3 Drug susceptibility testing ................................................................................................. 27 

3.3.1 Non-commercial methods .................................................................................. 27 

3.3.2 Conventional reference methods ...................................................................... 27 

3.3.3 Determination of Minimum Inhibitory Concentration ................................ 28 

3.4 Genetic characterisation .................................................................................................... 28 

3.4.1 DNA isolation ....................................................................................................... 28 

3.4.2 DNA sequencing .................................................................................................. 28 

3.4.3 Genotyping techniques ........................................................................................ 28 

3.4.4 Quality assurance .................................................................................................. 28 

3.4.5 Statistical analysis .................................................................................................. 28 

3.4.6 Ethical considerations .......................................................................................... 29 

4 Results .............................................................................................................................................. 30 

4.1 Non-commercial DST methods ...................................................................................... 30 

4.1.1 Detection of resistance to first-line drugs ........................................................ 30 

4.1.1 Detection of resistance to second-line drugs .................................................. 30 

4.1.2 Turnaround time .................................................................................................. 32 



 

8 

4.2 Genetic characterisation .................................................................................................... 32 

4.2.1 Genotypic detection of drug-resistance............................................................ 32 

4.2.2 Biodiversity of M. tuberculosis in Honduras ....................................................... 34 

5 Discussion ....................................................................................................................................... 35 

5.1 Rapid detection of drug resistance using non-commercial DST methods .............. 35 

5.2 Beyond accuracy: challenges for implementation of new dst methods.................... 37 

5.3 Mutations related to drug-resistant tuberculosis ........................................................... 38 

5.4 Genetic diversity of M. tuberculosis in honduras ............................................................. 38 

5.5 Methodological considerations ........................................................................................ 39 

5.5.1 Studies of diagnostic accuracy ............................................................................ 39 

5.5.2 Genetic studies ...................................................................................................... 39 

6 Conclusions ..................................................................................................................................... 41 

7 Recommendations ......................................................................................................................... 42 

8 Future research ............................................................................................................................... 43 

9 Acknowledgements ....................................................................................................................... 44 

10 References ....................................................................................................................................... 46 

 



 

  9 

LIST OF ABBREVIATIONS 

 

AFB Acid fast bacilli 

AMI Amikacin 

DOTS Directly-observed, short course treatment strategy 

DST Drug susceptibility testing 

EMB Ethambutol 

FQ Fluoroquinilones 

HIV Human Immunodeficiency Virus 

INH Isoniazid 

KAN Kanamycin 

LPAs Line probe assays 

LTBI Latent TB infection 

MDR-TB Multidrug-resistant TB 

MODS Microscopic Observation Drug Susceptibility  

MTC Mycobacterium tuberculosis complex 

NRA Nitrate reductase assay 

NRL National TB reference laboratory 

NTP National TB control programme 

OFX Ofloxacin 

PCR Polymerase chain reaction 

PZA Pyrazinamide 

RFLP Restriction Fragment Length Polymorphism 

RIF Rifampicin 

SM Streptomycin 

TAT Turnaround time 

TB Tuberculosis 

WHO World Health Organization 

XDR-TB Extensively drug-resistant TB 

  



 

10 

 



 

  11 

1 BACKGROUND 

 
1.1 THE NATURAL HISTORY OF TUBERCULOSIS 

 

1.1.1 The tubercle bacillus 

Tuberculosis (TB) is an infectious disease caused by bacteria belonging to the Mycobacterium 
tuberculosis complex (MTC). The MTC consists of the following species: M. tuberculosis, M. 
bovis, M. africanum, M. canetti[81], M. microti,[82] M. caprae[9] and M. pinnipedii[26]. These 
pathogens can cause TB both in humans and animals. M. tuberculosis, M. africanum, and M. 
canetti primarily cause disease in the human host whereas M. bovis[37], M. microti[31], M. 
caprae[27, 56] and M. pinnipedii [54] infect cattle, domestic animals, goats, seals and can also 
be transmitted to humans .  

 
The MTC members belong to the genus Mycobacterium from the Mycobacteriaceae family. More 
than 100 species have been described as part of this genus, most of which are non-
pathogenic and free-living organisms. The MTC mycobacteria are able to survive for several 
months on surfaces or in soil. They are sensitive to heat, sunlight and ultraviolet radiation, 
but highly resistant to cold, freezing and desiccation[13, 82] 

 
Mycobacteria are aerobic, non-motile, non-sporulated slightly curve rods with a slow 
proliferation rate (up to 20 hours). The mycobacterial cell wall is constituted by 
peptidoglyclipids, mycolic acids, free lipids and interspersed proteins. The high content of 
lipids in the cell wall confers one of their most predominant features: acid fastness.  This 
property implies that mycobacteria are not decoloured with acid-alcohol solutions after 
being stained with aniline dyes[82].  
 
The tubercle bacillus requires a mesophilic environment with neutral pH and adequate 
nutritional sources. Although it is capable to adapt to different conditions, exposure to harsh 
surroundings triggers its latency state. Based on its growth and metabolic characteristics, 
MTC identification and speciation can be performed in vitro. Utilization of carbon and 
nitrogen sources, production of metabolic intermediates and activity of some enzymes can 
be used for phenotypic speciation and also for detection of drug resistance. For instance, 
typical growth on solid media (non-pigmented, rough, crumbly colonies) as well as the 
microscopic observation of serpentine cords characterizes M. tuberculosis[13]. 
 
From the public health perspective, the most common and clinically relevant etiologic agent 
of TB is M. tuberculosis. Therefore, and considering the focus of this thesis, from now on 
only M. tuberculosis will be referred to in the text.  

 

 

1.1.2 The chain of transmission  

M. tuberculosis spreads person-to-person though inhalation of infectious droplets. Although 
airborne transmission is the main pathway for infection, it is not the only one. M. tuberculosis 
can use less conventional infection routes (digestive, mucocutaneous, placental, inoculation) 
and is also capable to infect any organ in the body [20]. 
 
The primary site of infection is usually the lung. After inhalation of virulent bacilli, there are 
three possible scenarios: 1) the immune system is able to control and clear-out the infection, 
2) the bacilli migrate to another location and start a latency phase that can last years, or 3) 
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the immune response is not able to control the infection and the active disease develops. If 
the second scenario occurs, the human host becomes a reservoir of the pathogen without 
being infectious to others. This is also known as latent TB infection (LTBI). On the other 
hand, if there is a progression to disease, the human host becomes an infection source when 
bacilli are released to the air by coughing, talking or sneezing[20]. 
 
There are several factors conditioning the exposure, infection as well as disease 
development. These factors include environmental conditions, social determinants, age and 
immune status of the susceptible individual, among others. Only 10% of those infected with 
M. tuberculosis will develop the disease at some point of their life; half of them (5%) will 
present symptoms during the first two years after initial infection. For persons co-infected 
with HIV this risk increases to 10% annually [20, 88]. 
 
TB is preventable and curable, but it can lead to death if no actions are taken. In order to 
prevent transmission, it is necessary to identify infectious TB patients in a timely manner. 
Suspected TB patients, that is, persons with persistent cough and expectoration lasting more 
than two weeks, need to be diagnosed promptly. Appropriate chemotherapy must be 
available for treatment of confirmed TB cases and for prophylaxis of those who were in 
closed contact with them. Additionally, identification of subjects with LTBI is also necessary 
since dormant bacilli can be reactivated and cause disease, especially in HIV patients. 
Another measure to prevent infection is the vaccination of newborn, unexposed children.  

  

 
1.2 TUBERCULOSIS TREATMENT AND DRUG RESISTANCE 

 

1.2.1 TB treatment 

The chemotherapy era for TB treatment began in the 1940´s, with the discovery of 
streptomycin(SM) and the p-amino salicylic acid (PAS). It was until 1950 that the combined 
therapy with both drugs was introduced, after an increase in cure rates was demonstrated. 
Since then other drugs have being discovered and used for treatment of TB patients [2, 49]. 
Currently, standard treatment regimens recommended by WHO using first-and second-line 
drugs are used[126]. First-line treatment is indicated to new TB cases, while the second-line 
treatment is used for drug-resistant TB patients. The first-line drugs are rifampicin (RIF), 
isoniazid (INH), ethambutol (EMB) and pyrazinamide (PZA). Second-line treatment 
includes the following drugs: SM, aminoglycosides, such as amikacin (AMI) and kanamycin 
(KAN); capreomycin, fluoroquinolones (FQ) like levofloxacin  and ofloxacin (OFX);PAS, 
ethionamide (ETO) and thioacetazone.[126] 
 
There are two bacteriological principles behind TB chemotherapy: 

1. To  rapidly kill metabolically active bacillary populations, living extra-cellularly 
2. To sterilize and eliminate less-active bacilli living intra-cellularly in acidic and 

anoxic conditions [20]. 

The currently available drugs are active to the above mentioned bacillary populations (table 
1) and need to be used in combination in order to achieve TB chemotherapy´s goal [38]. Up 
to date, there is no drug available that fully successful against dormant bacilli populations 
[20, 72].  
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Box1.  Frequency of 

resistance- conferring 

mutations: 

 

INH 1x 10
5
- 10

6 
bacilli 

RIF 1x 10
7
- 10

8 
bacilli 

SM 1x 10
5
- 10

6 
bacilli 

EMB 1x 10
5
- 10

6 
bacilli 

PZA 1x 10
2
- 10

4 
bacilli 

FLQ 1x 10
5
- 10

6 
bacilli 

 

1.2.2 Molecular mechanisms of drug resistance 

M. tuberculosis characterizes for developing natural resistance 
to anti-TB drugs. This natural resistance is due to random, 
spontaneous mutations and occurs as independent events 
for each anti-TB drug (box 1)[20, 129]. Thus, the 
probability that simultaneous resistance to two drugs 
develops is equal to the product of their respective 
mutation rates. It has been estimated that 1x 104-109 bacilli 
are present within a TB lesion; this amount is below the 
population size needed to observed natural resistance to 
two or more drugs. Therefore, TB drug resistance is result 
of the treatment regimen used. If only one drug is used for 
TB treatment, the resistant mutants will be selected and will 
become the dominant bacillary population [20].  
Several studies have identified different genetic targets 
associated to drug resistance development, as shown in 
Table 1. 

 

 

 

1.2.1 Definitions 

The following are important definitions related to drug-resistant TB according WHO [122, 
125, 126]: 
 
Primary resistance: theoretical concept that refers to transmission of a drug-resistant strain 
to TB patients who have not been previously treated. 
 
Resistance among new cases: drug-resistant TB cases with no or less than one month of 
treatment. This is a proxy for primary or initial resistance. 
 
Acquired resistance: theoretical concept that refers to the development of resistance 
among patients diagnosed with TB who start anti-TB treatment. In the past, resistance 
among previously treated cases was used as a proxy of acquired resistance. Nowadays this 
category also includes patients re-infected with a resistant strain, those with treatment failure 
and relapse. Therefore, the only way to truly defined acquired resistance cases is by 
determining the DST pattern before and after the start of treatment. Furthermore, 
molecular fingerprinting is recommended to avoid misclassification of re-infection with a 
resistant strain. 
 
Multidrug-resistant TB (MDR TB): is defined as resistance to INH and RIF, the most 
effective first-line drugs. 
 
Extensively drug-resistant TB (XDR-TB):  is defined as MDR-TB also resistant to FQ 
and any of the second-line injectable anti-TB drugs (AMI, KAN and/or capreomycin) 
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Table 1. Mechanisms of action and genetic markers of anti-TB drugs [84, 85, 94, 95, 105, 129, 

130] 

 

Drug Mechanism 

of action 

Activity/ bacillary 

population 

Genetic marker of drug resistance Frequency 

of 

mutations 

(%) 

gene Protein  encoded 

INH Inhibits mycolic 

acids synthesis in 

the cell wall 

Bactericidal. Extra 

and intracellular 

replicating bacilli 

katG Catalase 

peroxidase 

42-58 

inhA Enoyl ACP 

reductase 

21-34 

ahpC Akyl hydroperoxide 

reductase 

10-15 

kasA Β-ketoacyl ACP 

synthase 

-- 

ndh NADH 

dehydrogenase 

 

RIF Inhibits 

transcription of 

DNA to RNA 

Bactericidal.  

Replicating and low-

metabolic bacilli 

rpoB β-subunit of RNA 

polymerase 

96-100 

PZA Affects membrane 

energy 

metabolism 

Bactericidal. 

Intracellular, semi-

dormant bacilli in 

acidic environment 

pncA pyrazinamidase 72-97 

SM Decreases 

ribosomal protein 

synthesis 

Bactericidal. 

Extracellular, 

actively replicating 

bacilli 

rpsL  S12 ribosomal 

protein 

52-59 

rrs 16S rRNA  

EMB Inhibits cell wall 

synthesis 

Bacteriostatic. 

Actively replicating 

bacilli 

embCAB Arabinosyl 

transferase 

47-65 

AMI /KAN Reduces 

ribosomal protein 

synthesis 

Bactericidal. 

Replicating bacilli 

rrs 16srRNA 76 

ETO Inhibits cell wall 

synthesis 

Bacteriostatic. Extra 

and intracellular 

bacilli 

inhA Enoyl ACP 

reductase 

-- 

FQ Inhibit DNA gyrase Bactericidal gyrA DNA gyrase 75-94 
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1.3 METHODS FOR DRUG SUSCEPTIBILITY TESTING 

 
Since the discovery of the tubercle bacillus by Robert Koch in 1882, the diagnosis of TB has 
relied on the microscopic observation of the pathogen. The smear microscopy uses a 
staining procedure based on the acid fastness of M. tuberculosis to determine if acid-fast bacilli 
(AFB) are present in a clinical specimen. This technique, although simple and inexpensive, 
has a low sensitivity since it requires 5000-10000 AFB/ml to be positive. Additionally, it 
cannot differentiate between MTC and non-tuberculous mycobacteria.[2, 82] 
 
Therefore, culture of concentrated and decontaminated clinical samples is necessary to 
isolate and identify M. tuberculosis. The culture has the advantage of being very sensitive (it 
detects 10-100 AFB/ml) but it needs up to eight weeks to observe visible growth. The 
identification process takes into account the slow growth and the colony morphology in 
solid culture medium. The species identification is also based on the metabolic profile of 
mycobacteria, determined by using biochemical tests. M. tuberculosis characterizes for having 
slow-growing, non-pigmented, rough colonies capable to produce niacin, reduce nitrate and 
use a thermo labile catalase [82].  

 
Determination of drug-susceptibility profiles generally requires primary isolation of M. 
tuberculosis in order to standardize the inoculum to be seeded on culture medium with and 
without the drugs of interest. This type of DST is known as indirect method. It is also 
possible to directly inoculate decontaminated clinical specimens using direct DST methods. 
Most of the conventional and widely used DST methods are indirect techniques. DST 
methods can also be categorised as phenotypic or genotypic, as it will be described below. 

 

 

1.3.1 Phenotypic Methods 

Phenotypic methods assess inhibition or detection of M. tuberculosis growth in the presence 
of anti-TB drugs to distinguish between susceptible and resistant strains. These are the 
phenotypic techniques considered as reference methods for DST: 

 Proportion method: It is a widely used method, especially in resource-limited settings 
(RLS). It uses solid media, either Lowenstein-Jensen or Middlebrook agar, to determine 
the proportion of resistant mutants to a given drug. Its turnaround time (TAT) is 
between 4-6 weeks and can be used both as direct or indirect method [22, 23]. 

 Absolute concentration method: The resistance of a strain is expressed in terms of the 
lowest concentration of a certain drug that inhibits all or almost all the growth of the 
strain. This is an indirect method on solid media with a TAT of 4 weeks[23, 53] 

 Resistance ratio method: In this method the unknown clinical isolate is compared with 
a susceptible standard laboratory strain. It is also performed as an indirect method on 
solid media, with a TAT of 4 weeks[22]. 

 BACTEC 460 TB: it is a commercial semi-automated liquid system (Becton Dickinson, 
Sparks, MD) that uses radiometric detection of 14CO2 as growth indicator. The 
principle behind BACTEC 460TB is the same used in proportion method. Its TAT is 
5-7 days[91]. 

 Mycobacterial Growth Indicator Tube (MGIT): The MGIT 960 system (Becton 
Dickinson, Sparks, MD), uses a modified Middlebrook 7H9 broth combined with 
fluorescence quenching-based oxygen sensor to detect growth. The indicator fluoresces 
under UV light if there is viable growth. The method can be used as a manual or 
automated technique. [87] 
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These conventional phenotypic methods although reliable and accurate, are time-
consuming, cumbersome and have prolonged TATs. The BACTEC 460TB, due to the fact 
that uses liquid media has the advantage of a reduced TAT. However, it is an expensive 
method that requires especial conditions for the management of the radioactive waste 
generated. New automated broth-based methods such as the BACTEC-MGIT960 and the 
BacT/Alert 3D system (bioMeriux, Durham, NC, USA)[8] have been developed to replace 
the BACTEC460TB. Then again, the high cost related to the acquisition of the equipment 
and supplies is an important barrier for their implementation in RLS. 
 
The need of rapid and affordable DST techniques for implementation in RLS has lead to 
the development of alternative, low-cost, non-commercial methods. Based on their principle 
for detection of growth, the non-commercial DST methods can be categorised as follows: 
 

 Colorimetric methods: these methods use either an oxidation-reduction indicator or 
nitrate reduction detection. For instance, the alamar blue, the tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and resazurin have 
been used as redox-indicators that change colour in presence of viable mycobacteria 
in the medium[74, 79]. The oxidation-reduction assays use liquid media in a 
microplate format, which allows easy determination of minimum inhibitory 
concentration. They have been evaluated for detection of resistance to first- and 
second-line drugs, demonstrating a high sensitivity and specificity (>95%) in different 
settings. Furthermore, their TAT is comparable to the one obtained with automated 
broth-based systems[68]. 

On the other hand, the nitrate reductase assay (NRA) is based on the ability of M. 
tuberculosis to reduce nitrate to nitrite, which is detected as a colour change after 
adding commonly available chemical reagents[7]. NRA has demonstrated its high 
reproducibility as well as its good sensitivity for detection of resistance to RIF and 
INH (> 94% and 92% respectively)[66]. It has the advantage of using Lowenstein-
Jensen (LJ) medium and the same breakpoint concentrations as the proportion 
method (PM), which can facilitate its implementation in RLS where PM is already 
used. NRA was originally developed as an indirect DST on solid media, but it has also 
being used as direct DST using liquid media [4, 5, 103]. The TAT for the indirect 
NRA is 10 days, when solid media is used, and 5 days using liquid media. Recently it 
also has being adapted for detection of second-line drugs and PZA [63, 65, 102]. 
 

 Micro-colony-detection assays:  These methods rely on the visual detection of M. 
tuberculosis micro-colonies either on solid or liquid medium. More specifically, the 
cord-formation capacity of M. tuberculosis is used in the microscopic-observation drug-
susceptibility assay (MODS). MODS has been primarily used for TB diagnosis, and it 
has been adapted for direct detection of resistance to first-line drugs in liquid 
medium.  MODS requires the use of an inverted microscope to examine the 
microplates containing specimen-inoculated medium. It has been demonstrated 
MODS capacity for rapid detection of resistance (7-14 days) with acceptable 
performance parameters (sensitivity >86%).[10, 24, 69, 70, 80] 
Another technique within this category is the thin-layer agar (TLA). The principle of 
detection relies on the microscopic detection of micro-colonies in solid media. And 
advantage of TLA compared to MODS, is that it uses a standard microscope instead 
of an inverted one [92]. 
 

 Phage-based assays: They are based on the ability of mycobacteriophages to infect 
and replicate within viable M. tuberculosis bacilli. Propagation and replication of these 



 

  17 

mycobacteriophages in rapidly-growing mycobacteria will be directly proportional to 
number of M. tuberculosis bacilli[67]. 

 

1.3.2 Genotypic methods  

Genotypic DST methods rely on the detection of genetic markers related to phenotypic 
drug resistance. Generally, these are polymerase chain reaction (PCR)-based methods 
targeting well characterised resistance-related mutations.  Currently there are two 
commercially available, solid-phase hybridization techniques, commonly referred as line 
probe assays (LPAs).  The INNO-LiPA Rif TB Assay, (Innogenetics, Ghent, Belgium)[50, 
93] and the GenoType® MTBDRplus assay (Hain Lifesciences, Nehren, Germany)[43] 
have been shown to have high sensitivity for detection of RIF-resistance (>95%). 
Sensitivity for INH-resistance using GenoType MTBDRplus has improved, in 
comparison with the previous version of this test, but still is variable (70-100%)[61]. 
 
Among other techniques used for detection of conferring–resistance mutations can be 
mentioned the real-time PCR[107], the automated DNA sequencing[97] and 
microarrays[34, 104]. Recently, a new automated one-step system for direct detection of 
tuberculosis and RIF-resistance in sputum samples has been developed. The Xpert 
MTB/RIF system (Cepheid, Sunnyvale, CA, USA)[14, 41] has been evaluated in a 
multicenter study demonstrating its potential for rapid and accurate detection of drug 
resistance in RLS. 
 
In general, genotypic DST methods offer a shorter TAT than the phenotypic alternatives 
currently available (1-2 days vs. 1-4 weeks) and can be used directly on clinical specimens.  

 

 
1.4 TUBERCULOSIS EPIDEMIOLOGY 

 

1.4.1 Global burden of the disease 

TB remains as one of the main public health problems worldwide. In 2009, WHO estimated 
9.4 million of new TB cases globally (incidence rate of 137/100000 population). Of those, 
only 5.8 million cases were notified; that is equivalent to a case detection rate of 63%. The 
TB burden is concentrated in developing countries (95% of the cases) and more specifically, 
in 22 high-incidence settings that account for 81% of the cases.  Most of the estimated cases 
occurred in Africa and Asia, as shown in figure 1. The prevalence rate was estimated to be 
200/100000 population, which is equivalent to 14 million TB cases [120].  

Figure 1. Estimated TB incidence, by country. 2009.WHO [120] 
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1.4.2 HIV and TB 

The HIV-TB co-infection represents one of the main challenges in TB control especially in 
sub-Saharan countries [120]. HIV is the strongest risk factor for developing active TB 
among those with LTBI [88]. On the other hand, TB is one of the main causes of mortality 
in people living with HIV. In 2009 TB mortality among HIV-positive people was estimated 
in 1.3 million and 0.38 million, respectively. Only 22% of TB patients knew their HIV 
status. The magnitude of this deathly association is even more worrisome taking into 
account the significant association of drug-resistant TB and HIV-infection [33]. 
 
 

1.4.3 M/XDR-TB 

As previously mention, development and diagnosis of drug resistance is another main topic 
that needs attention. In 2009 only 12% of the estimated MDR-TB cases were notified. The 
MDR-TB incidence cases are estimated in 440,000 (2008), 5.4% of which are estimated to 
have XDR-TB.  By March 2010, 58 countries have reported at least one XDR-TB case 
[120]. 
 

1.4.4 Strategies for TB control  

The main objective of TB control is to reduce mortality, morbidity and disease 
transmission, while avoiding drug-resistance development. 

 

After TB was declared as a global emergency in 1993, WHO proposed a global strategy 
for control TB. The directly observed treatment, short course (DOTS) strategy was 
implemented in 1995. DOTS is based on 5 key elements (box 2) [127] to assure access to 
diagnosis and treatment. Within this approach, two major targets were defined:  to achieve 
a case detection rate of 70% and to cure 85% of the new TB cases detected 

 
Case detection rates and treatment outcomes improved after DOTS introduction.  A similar 
approach was adapted for MDR-TB treatment called DOTS-plus. WHO created the Green 
Light Committee (GLC) in 2000 as a mechanism to facilitate access to affordable, high-
quality, second-line anti-TB drugs for the treatment of MDR-TB in RLS [121]. 
 
New challenges and inherent limitations of the DOTS strategy prompted the 
implementation of an improved strategy lead by WHO´s Stop TB Partnership in 2006 
[118]. The Stop TB strategy comprises 6 components (box 3) and together with the 
United Nations Millenium Development Goals (MDG), has proposed the long-term 
targets for TB control in the Global Plan to Stop TB 2006-2015 (box 4)[118, 120]. 
 
Recently, a mid-point update of the Global Plan to Stop TB 2006-2015 has been 
presented[119]. This updated version for the period 2011-2015 still focuses on the 2015 
targets but also takes into account the progress made since 2006 and the changes in TB 

 Box 2. DOTS components. 

 

1. Political commitment to sustained TB control activities 

2. Case detection through direct sputum smear microscopy 

3. Standardized short-course treatment with direct observation of patient´s drugs-intake  

4. An effective drug supply and management system 

5. Monitoring and evaluation  system and impact measurement 
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policy and epidemiology. Low- and middle-income settings are still prioritized within the 
global plan for TB control.  
 

 
 
One of the major components that has been incorporated in the new plan is laboratory 
strengthening.  It has been acknowledged that the TB laboratory capacity available 
worldwide is insufficient to address the diagnostic challenges related to HIV- associated TB 
and drug –resistant TB.  Consequently, the Global Laboratory Initiative (GLI) was created 
and subsequently established as a new Working Group of the Stop TB Partnership in 
2008.  GLI has as main purpose to expand access to quality assured TB diagnostic services 
within integrated laboratory systems [117]. 

 

 

 

 

1.5 MOLECULAR EPIDEMIOLOGY 

Molecular epidemiology has become an important tool for TB transmission surveillance.  
Through molecular epidemiology techniques is possible to confirm whether or not a 
patient has being the source of infection for another TB case. It also allows us to 
discriminate between reinfections and relapses as well as to detect cross- contamination of 
specimens in the laboratory[110]. 
 
The identification of several genetic markers useful for strain typing of M. tuberculosis in the 
early 1990´s led to the development of standardized methods [42, 55]. The restriction 
fragment length polymorphism (RFLP) is still considered the gold standard for M. 
tuberculosis genotyping due to its high discriminatory power. RFLP uses the insertion 
sequence (IS) 6110 as genetic marker. IS 6110 is specific for the MTC mycobacteria and 
the number of copies of this mobile element differs from one strain to the other. The 

Box 4. Global TB Control targets: 

 

Millennium development goals (MDG):  

 To have halted and begun to reverse the incidence by 2015,in comparison with 1990 

STOP TB partnership:  

 

 To have halved deaths by 2015 in comparison to 1990 

 To have reduced  the global incidence of active TB cases to < 1 case per million per year by 

2050      

 Box 3. Components of the Stop TB strategy: 

 

1. To pursue high-quality DOTS expansion and enhancement. 

2. To address TB/HIV, MDR-TB and the needs of the poor and vulnerable populations. 

3. To contribute to health-system strengthening based on primary health care 

4. To engage all health providers 

5. To empower people with TB and communities through partnerships 

6. To enable and promote research. 
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technique uses chromosomal DNA extracted from the M. tuberculosis clinical isolates. After 
digestion with a restriction enzyme (PvuII), the DNA is separated by gel electrophoresis 
and transferred to a membrane by southern-blot. The individual patterns are detected by 
chemiluminiscence and further analyzed with bioinformatics software.  The grade of 
similarity of the different isolates determines the relatedness of the TB cases [108]. 
 
Some M. tuberculosis strains have low-copy numbers (<5) of the IS6110, therefore RFLP 
discriminatory power among this type of strains decreases [99]. Additionally, RFLP 
requires sufficient bacterial growth to ensure high-quality DNA extraction and is a 
laborious method. 
 
Another DNA-fingerprinting tool is spoligotyping. This PCR-based technique relies on 
the detection of 43 short non-repetitive oligonucleotide sequences interspersed within the 
direct repeat (DR) region of the MTC genome. The number of spacer sequences varies 
between the different strains, allowing the strain-typing. Spoligotyping is available as a 
commercial kit, and uses solid-hybridization of the biotin-labelled products obtained after 
the PCR amplification [51]. The detection and analysis of the spoligopatterns is similar to 
the procedure used for RFLP. 
 
Besides of being a fast, simple and robust tool, spoligotyping allows easy international 
comparison of the fingerprints. The SpolD4 database [17] was developed as an open-
access, internet-available, international database that facilitates the identification of major 
M. tuberculosis genetic lineages or families according spoligotyping. The SITVIT2 database 
is the updated version of SpolDB4 and comprises more the 70,000 spoligopatterns from 
160 countries.  
 
The latest molecular epidemiology tool is called MIRU-VNTR typing [101]. The name of 
the method stands for mycobacterial interspersed repetitive unit (MIRU)-variable number 
of tandem repeats (VNTR). This is also a PCR-based method which analyzes different 
MIRU loci (12-24 loci) and determines the VNTR based on the size of the amplicons 
obtained. The PCR products can be labeled or not and the detection can be done using gel 
electrophoresis, automated capillary systems or high performance liquid chromatography. 
MIRU-VNTR is faster than RFLP and, similarly to spolgotyping, its results can be 
compared easily. However, it still does not reach the discriminatory level offered by 
RFLP[110]. 
 
Neither spoligotyping nor MIRU-VNTR alone reaches the discriminatory power of RFLP. 
Therefore, complementary strain-typing with different techniques is needed to obtain a 
better definition of clustering proportion. This approach combined with conventional 
epidemiology methods can also provide an improved overview of TB transmission 
dynamics in a given setting. 
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1.6 HONDURAS 

1.6.1 General information 

Honduras is located in the heart of Central 
America. The country shares boundaries with 
Guatemala in the West, El Salvador in the 
South-West, Nicaragua in the South-East, the 
Pacific Ocean in the South and the Caribbean 
Sea in the North. Figure 2 is the map of 
Honduras and box 4 presents general 
information of the country[1, 44, 45].  With 
an area of 112,492 Km2 and a population of 8 
millions (estimate 2010), Honduras is 
administratively divided into 18 provinces 
(“departamentos“), comprising 298 
municipalities. Most part of the territory is 
mountainous; the climate varies from sub-
tropical in the lowlands to template in the 

mountains. The country is extremely 
vulnerable to natural hazards such as 
hurricanes, flooding and mild earthquakes [6].   
 

 
 

1.6.2 Health care system 

The Ministry of Health (MoH) is the 
regulatory agency responsible to implement 
the national health policies, in order to 
guarantee sufficient supply of medicines and 
access to health care services. The health care 
system comprises the MoH, the Honduran 
Social Security Institute (IHSS) and the private 
sector. The MoH and IHSS constitute the 
public sector. 
The health care system in Honduras is 
fragmented; the communication and 
coordination between the health care providers 
is weak. Therefore, there is a duplication of 
efforts and concentration of resources, leaving 
some areas unprotected [77]. The MoH 
provides health care services to approximately 
60% of the population; 18% have access to the 
IHSS and 5% go to the private sector. The 
remaining 17% do not have access to any type 
of health care services [48] 
 
The health-care-facilities of the MoH are organized in three levels, as shown in figure 3. 
Although it is the main provider within the health care system, the MoH has limitations in 
terms of infrastructure, quality and coverage of the services offered to the population. 
 
The IHSS is a decentralized institution that provides services to workers and their families, if 
they are affiliated and employed in the formal sector. The IHSS beneficiaries have access to 

Figure 2.  Map of Honduras 

Box 5. General information about Honduras 

  

 Capital: Tegucigalpa 

 Languages: Spanish (official), Amerindian 

dialects  

 Economic activities: Agriculture,  Industry, 

Services 

 Export products: coffee, bananas, African 

palm, timber, shrimp, lobster  

 GDP (PPP) /per capita: $4000 (est. 2009) 

 Income level: lower-middle income.  

Population below poverty line: 59% (2008) 

 Literacy rate (adults >15years): 84% 

 Rural population: 49% 

 Sex ratio: 1.05 male/female 

 Age distribution: 

 0-14 years: 38% 

 15-64 years: 58.4%  

 ≥65 years : 3.6%  
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primary and emergency health care, ambulatory clinics and specialty hospitals[48, 77]. 
Regarding the private sector, it is estimated that 33 hospitals and 300 clinics belong to this 
category of health services [48]. 
 
1.6.2.1 Health indicators 

Life expectancy in Honduras is 73.3 years; 69.9 for men and 76.9 for women. The infant 
mortality rate is 26/1000 live births and the fertility rate is 3.4 children born/woman (2009) 
[45].  Although the fertility rate has decreased during the last decades, the incidence of 
teenage pregnancies has increased, especially among poor, uneducated women living in rural 
areas. Among children under 5 years, the health problems are often related to acute 
respiratory infections, bacterial diarrhoea and malnutrition. This situation is due to 
environmental factors such as air contamination, lack of access to potable water and 
sanitation and is also associated to the mother´s low education-level [48]. 
 
Communicable diseases remain as major public health problems in Honduras, extremely 
related to poverty conditions in the country. The most common infectious diseases are 
intestinal parasitic infections, dengue fever, malaria, Chagas disease and TB. Sexually-
transmitted diseases are also an important health issue and may be associated to the increase 
of HIV/ AIDS incidence as well. It is estimated that around 28,000 people are living with 
HIV/AIDS, with a prevalence of the infection among adult population of 0.8% [48] 

 
1.6.3 National TB Control Programme 

 
The organized fight against tuberculosis in Honduras started in the early 1940´s with the 
opening of the first TB dispensary. TB patients were clinically evaluated and diagnosed at 
the dispensary, after active case-finding was done by nurses. Towards the end of that decade 
a TB Sanatorium was inaugurated to provide health care services to the many TB patients in 
need of specialized treatment.  The National TB Control Program (NTP) was established in 
1957. Since then the NTP has been responsible to coordinate and implement activities to 
improve prevention, diagnosis and treatment of TB patients[111]. 
 

National level ("Nivel Central")

6 National 
Hospitals

Intermidiate Level ("Region Departamental")

20 Health-Regions 6 Regional Hospitals

16 Area Hospitals

Local level ("Area")

252 CESAMO 1058 CESAR 4 CLIPER

 

Figure 3 Structure of the MoH attention levels [48].  

CESAMO: health center with a medical doctor. CESAR: rural health center. CLIPER: peripheral clinic 
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The short-course chemotherapy regimen was introduced in 1985. The short-course regimen 
consists of two phases[111]. The first phase is a 2-months combined treatment with INH, 
RIF, SM and PZA. In the second phase only INH and RIF are given during a period of 4 
months. TB treatment is only available in the public sector[46]. 
   
In 1998, the DOTS strategy was implemented in the country.  The NTP was able to expand 
DOTS to 100% of the health-care units countrywide by 2003. The NTP has also reported 
the achievement of detection and treatment-success goals (>70% and 85% respectively), 
with a slow but steady decline of the reported TB incidence. The reported incidence rate has 
decreased from 77/100000 in 1990, to 37/100000 in 2008. However, the NTP also faces 
challenges and limitations. For instance, the case-detection among symptomatic respiratory 
patients has decreased, the default rate and death rates still range between 6 to 9%[112]. 
 
Pulmonary TB is the most common clinical manifestation of the disease in Honduras. The 
extra-pulmonary forms of TB have been increasing since 2001, probably as a consequence 
of the HIV/TB co-infection. However, data about the co-infection prevalence is limited; 
only 60% of the TB patients are HIV tested. Of those who were tested in 2007, 10% were 
HIV positive[112]. 
 
The NTP has a vertical structure, which is integrated to the MoH attention levels, 
mentioned previously. The primary level is responsible of the case detection, sample 
collection and smear microscopy (if the health unit has a laboratory)[46]. In coordination 
with the National TB Reference Laboratory (NRL), the NTP offers TB diagnosis in 150 
laboratories of the public network. The bacteriological confirmation of cases relies on smear 
microscopy.  Only five laboratories have capacity to perform solid culture on LJ and DST in 
centralized at the NRL. The national laboratory network needs to improve its overall 
infrastructure, resources availability and quality performance in order to provide an 
optimized and timely diagnosis of TB[112].  
 
Regarding the occurrence of drug resistance among TB patients, according to the national 
TB drug resistance survey carried out in 2002, 12% of the new cases and 34% of the 
previously-treated patients developed resistance to any of the anti-TB drugs[116]. Primary 
MDR-TB prevalence was 1.8% whereas the acquired MDR-TB was prevalent in 12% of the 
TB patients. The drug-resistant cases are concentrated in the regions with high population 
density, like Tegucigalpa and San Pedro Sula [47]. 
 
Second-line drugs treatment for MDR-TB cases was available in 2005 after the Green Light 
Committee approved the Honduran programme. A total of 54 patients received second-line 
drugs.. Among this cohort, the cure rate was very low (9%), a high proportion of defaulters 
(56%) were observed, 9% of the patients had treatment failure and the mortality rate was 
15%[112].  
 
In 2009 the NPT launched the National Strategic Plan for TB control 2009-2015.  As part 
of this plan, the NTP proposes to raise the goals for case-detection and treatment–success 
to 90%. Following the MDG, the aim is to achieve a prevalence < 47/100000 population, 
an incidence rate < 38/100000 population and a mortality rate < 5% [47]. Besides these 
challenging goals, the NTP also is giving priority to the strengthening of the national 
laboratory network, to expand laboratory services and to increase MDR-TB case detection 
rate. 
 
  
 

 



 

24 

2 ABOUT THIS THESIS 

 

 

2.1 GENERAL AIM 

The overall aim of this thesis is to increase knowledge about the effectiveness of laboratory 

assays for early detection of drug-resistant tuberculosis as well as the understanding of M. 

tuberculosis biodiversity and transmission patterns in Honduras. 

 

 

2.2 SPECIFIC OBJECTIVES 

 To evaluate the microscopic observation drug susceptibility (MODS) assay for the 

detection of M. tuberculosis drug-resistance to isoniazid and rifampicin among 

symptomatic respiratory patients at risk for multidrug-resistant tuberculosis 

(MDR-TB). (Study I) 

 

 To evaluate the indirect and direct nitrate reductase assay (NRA) for rapid low-

cost detection of patients with MDR and XDR- TB. (Study II and III) 

 

 To explore the frequency and type of mutations in genes associated to rifampicin, 

isoniazid and fluorquinolones resistance in M. tuberculosis isolates collected from 

MDR-TB patients from Honduras (Study IV) 

 

 To describe the genetic diversity and the transmission patterns of M. tuberculosis 

strains in Honduras, using molecular fingerprinting. (Study V) 
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3 MATERIALS AND METHODS 

 

This chapter summarizes the materials and methods used in the studies included in this 
thesis. A more detailed description of the methods can be found in the corresponding 
articles and manuscripts (I-V). The thesis research framework is shown in figure 4.  
 

3.1 STUDY POPULATION 

In study I, Honduran and Brazilian patients at risk for drug resistant tuberculosis were 
enrolled between 2002 and 2005. Symptomatic respiratory patients undergoing evaluation 
for pulmonary tuberculosis at the Insitituto Nacional Cardiopulmonar (INCP), previously 
known as Instituto Nacional del Torax, and the Federal University of Rio de Janeiro were 
included in the study according to the following criteria:1) Age ≥ 12 years, 2) Cough ≥ 3 
weeks, 3) At least one of the following risk factors: a) Suspected TB treatment failure, b) 
Suspected TB relapse, c) Treatment default and d) Contact with a confirmed MDR-TB case. 
Then, the study subjects’ respiratory specimens submitted for routine-care laboratory testing 
were analyzed. Their clinical data was also recorded for subsequent analysis.  

 
For the evaluation of the indirect NRA carried out in study II, a panel of 192 clinical M. 
tuberculosis isolates was used.  The strains were chosen based on their susceptibility profiles to 
selected first- and second-line drugs, as defined by either proportion method or BACTEC 
460 TB.  The purpose of using this panel was to ensure a reasonable proportion of resistant 
and susceptible strains, and thus mimic the spectrum of drug-resistant TB patients intended 
to be diagnosed with the indirect NRA. Among the 89 resistant strains, 40 were MDR, 21 
were XDR and the remaining 28 had resistance to at least one of the drugs tested. The 
majority of the susceptible strains belonged to the NRL strain collection, whereas most of 
the resistant isolates belonged to the Swedish Institute for Infectious Disease Control (SMI) 
archive.  

 
In study III, consecutive smear-positive sputum samples from Honduran pulmonary TB 
patients were used for the field evaluation of the direct NRA.  Only one specimen per 
patient was analyzed and no personal identifiers were registered for study purposes. The 
samples were collected in purposely selected health-care centres located in the main 
metropolitan areas of Tegucigalpa and San Pedro Sula between March 2008 and June 2009. 
The four health-care units included   were selected based on their annual average of reported 
TB cases and the basic logistics requirements to conduct the study.    

 
In the multicenter study IV, DNA samples obtained from MDR M. tuberculosis isolates were 
used to explore the frequency and distribution of mutations conferring resistance to selected 
first- and second-line drugs. The convenience sample of 120 clinical isolates was selected 
based on its phenotypic categorisation as MDR-TB by reference drug-susceptibility tests. 
The geographic origins of the isolates were Belarus, China, Honduras, Iran, Iraq, Romania 
and Uganda. The time period of the strains isolation was 1994-2009. 
 

A total of 206 M. tuberculosis strains isolated from the same number of Honduran TB 
patients were used for the molecular epidemiology characterization described in study V. 
The clinical isolates were collected at two different time points. The strains isolated between 
1994 and 1998 were collected at the INCP, whereas the strains isolated in 2002 were 
collected countrywide and characterized at the NRL.  General epidemiological data was 
retrieved from laboratory records and/or medical files. 
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Figure 4. Research framework of the thesis 
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3.2 COLLECTION AND STORAGE OF STRAINS 

 

3.2.1 Primary isolation of M. tuberculosis 

Respiratory specimens (expectorated sputum samples, induced sputum samples, 
bronchoalveolar lavage), provided by TB patients, were decontaminated using the N-
acetyl-L-cysteine-sodium hydroxide method or the modified Petroff´s method [53, 128]. 
Smear microscopy of the decontaminated sediments was performed using Ziehl-Neelsen 
acid-fast staining[53].  
Lowenstein-Jensen slants were inoculated, incubated at 37°C and examined at least once a 
week for 8 weeks. Bacterial growth with characteristic mycobacterial colony-morphology 
and AFB positive results was further characterised with standard biochemical tests (niacin 
production, nitrate reduction and catalase activity) [53] for designation as MTC isolates. 
The clinical isolates were kept in Middlebrook 7H9 or skim milk at -20 or -70°C. 

 

3.2.2 Clinical isolates 

The clinical M. tuberculosis isolates stored at SMI were kept at -70°C in Middlebrook 7H9 
supplemented with glycerol. The Honduran clinical isolates stored at the NRL were kept in 
skim milk at -20 or -70°C. 
All isolates were sub-cultured on Lowenstein Jensen medium before testing in studies II, IV 
and V. 
 

3.3 DRUG SUSCEPTIBILITY TESTING 

 

3.3.1 Non-commercial methods 

Two rapid, non-commercial and low-cost techniques were evaluated for detection of drug- 
resistant tuberculosis. In study I, the MODS assay was tested using the following critical 
drug concentrations: INH 0.1µg/ml and RIF 2.0 µg/ml. Both, undiluted and diluted 
specimens were used for media inoculation. MODS DST results were interpreted 14 after 
initial detection of M. tuberculosis growth in the controls. 
In study II, the indirect NRA on LJ was evaluated for detection of resistance to INH, RIF, 
OFX and KAN, using as critical concentrations 0.2µg/ml, 40.0µg/ml, 2.0µg/ml and 
30.0µg/ml, respectively. In this study two interpretation criteria were used: a) a strain was 
considered resistant if the colour change in the drug-containing tube was greater or equal to 
the one observed in the 1:10 diluted growth control (original model); b) a strain was 
considered resistant if any colour change was observed in the drug-containing drug after the 
control tube was positive (alternative model). 
  
In study III, the diagnostic accuracy of NRA for direct detection of multidrug-resistance on 
smear-positive sputum samples was assessed, using the same drug concentrations for INH 
and RIF used in the indirect NRA.  

 

3.3.2 Conventional reference methods 

The proportion method (PM) on LJ was used for first-line DST of the Honduran isolates in 
studies I-V. For routine DST of the isolates belonging to the SMI´s collection as well as for 
the determination of resistance to the selected second-line drugs, the BACTEC 460 TB was 
used. In study IV, depending on the geographic origin of the clinical isolates included, either 
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the absolute concentration method or BACTEC MGIT 960 was used, besides the already 
mentioned reference tests. 

 

 

3.3.3 Determination of Minimum Inhibitory Concentration  

In study II, minimum inhibitory concentration (MIC) for OFX and KAN were determined. 
Two-fold dilutions series of the drugs tested (drug concentration range of 0.062-512 µg/ml 
for OFX and 0.031-64 µg/ml for KAN) were incorporated on Middlebrook 7H10 agar 
supplemented with OADC. The MIC was defined as the lowest concentration at which no 
bacterial growth was observed. 

 

3.4 GENETIC CHARACTERISATION 

 

3.4.1 DNA isolation 

DNA was extracted from the clinical M. tuberculosis isolates using the cetyl-trimethyl 
ammonium bromide method [109] or by lysis. The lysates were obtained after heat-killing 
the bacteria (80°C, 30-60 minutes), followed by a treatment with Tris-HCl [50]or NaCl. 
 

3.4.2 DNA sequencing 

In study IV, Sanger DNA sequencing [97] was used to identify resistance-related mutations 
in the rpoB, kat G and gyrA genes as well as in the promoter region of the mabA-inhA gene. 
Specific primers were synthesized by Invitrogen (Life Technologies, USA) and PCR 
products were obtained after amplification following standard procedures at SMI. The 
purified PCR products were sequenced and analysed in an automated genetic platform. The 
DNA sequences were aligned using the clustal W algorithm[106]. 
 

3.4.3 Genotyping techniques 

The DNA fingerprinting strategy used in the study V consisted in the initial characterisation 
with spoligotyping of all the isolates; thereafter, only those strains belonging to the main 
spoligotyping cluster were further characterised using IS6110-RFLP.  
Spoligotyping was performed according standard protocol [51] and the binary patterns 
obtained were converted to octal numbers. This conversion allowed the comparison of our 
results with the SITVIT2 proprietary database of the Institute Pasteur of Guadeloupe. 
Spoligotyping international types (SIT) numbers as well as the major M. tuberculosis genetic 
lineages were assigned to the Honduran isolates according previously defined criteria [17].  
RFLP was also performed using international standard procedures [108]. All the genotyping 
results were analyzed using the BioNumerics software version 5.1 (Applied Maths, Sin-
Martens, Latem, Belgium) and correlated to the general epidemiological data of the patients 

 

3.4.4 Quality assurance 

The reference strains M. tuberculosis H37Rv (studies I-V), M. tuberculosis 14323 and M. bovis 
BCG (study V) were used as controls. All culture media lots were checked for 
contamination prior being used. 

 

3.4.5 Statistical analysis 

Data was compiled and analyzed using EpiInfo™ version 3.5.1 (Centers for Disease 
Control, Atlanta,USA) in studies I, III and V. Additionally, Microsoft Office Excel 2007® 
(studies II, III, IV) and the open-access software OpenEpi version 2.3 [29] (study III) 
were used. 
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Major outcome measures for the studies of diagnostic accuracy were: 

 sensitivity (ability to detect truly resistance) 

 specificity (ability to detect truly susceptible strains) 

 positive likelihood ratio (ratio of true resistance rate to the false resistance rate) 

 negative likelihood ratio (ratio of true susceptibility rate to the  false susceptibility rate) 

 positive and negative predictive values (proportion of resistant and susceptible strains 

correctly diagnosed).[30, 89] 

 

The agreement between the evaluated test and the reference method was assess using the 
kappa coefficient and /or McNemar´s χ2 test. 
In study V, clustering proportions were calculated and association between demographic 
characteristics and clustering by spoligotyping was assessed using Yates-corrected χ2 or 
Fisher exact test. For point estimates, 95% confidence intervals were calculated 

 

3.4.6 Ethical considerations 

Study I was approved by the Institutional Review Boards at Johns Hopkins University 
School of Medicine (Baltimore, MD, USA), the University of Alabama at Birmingham 
(Birmingham, AL,USA), the Federal University of Rio de Janeiro, and the INCP 
(Tegucigalpa, Honduras) 
 
 For studies III, IV and V, involving samples collected and/or analysed in Honduras, ethical 
approval was granted by the Ethical Committee in Biomedical Research [ Comite de Etica en 
Investigaciones Biomedicas (CEIB)] of the Universidad Nacional Autonoma de Honduras 
(UNAH). Additionally, the Ethical Committee of INCP also granted its approval for 
collection of smear-positive sputum samples from patients attending this facility, for 
inclusion in the study III. 
Studies II and IV were regarded as in vitro evaluations according to local guidelines of the 
countries from which the isolates used originated. 
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4 RESULTS 

 

4.1 NON-COMMERCIAL DST METHODS 

 

4.1.1 Detection of resistance to first-line drugs 

4.1.1.1 Direct susceptibility testing 
In study I, MODS results from 180 confirmed pulmonary TB patients with at least one risk 
factor for drug-resistant TB were available for the final analysis. Sensitivity for both INH 
and RIF using undiluted samples was ≈ 96%, whereas INH specificity (78%) was slightly 
lower than the one observed for RIF (83%) .  The missclasification of resistance (false-
resistant results) was somewhat  more evident when undiluted specimens were used. 
Overall, the MODS assay was able to correctly categorised 66 of the 69 MDR-TB cases 
(96%)  identified by proportion method on LJ.  
 
In study III, the  direct NRA perfomance indicators were estimated based on 108 
comparable results with proportion method on LJ.  We observed 100% sensitivity for INH-
resistance and a relatively low sensitivity for RIF-resistance (80%). The specificity for both 
drugs was ≥ 99%. Regarding detection of MDR-TB, the direct NRA was able to detect 4 
out of 5 MDR-TB cases. One of the MDR-TB cases  correctly identified by NRA was 
confirmed by DNA sequencing analysis. The proportion method results of this isolate  
could not be interpreted due to insuffiecient growth. 

 
4.1.1.2 Indirect susceptibility testing 

As expected, in study II we confirmed the indirect NRA excellent agreement for INH and 
RIF, with sensitivities between 95 to 98% and a specificity of 100% for both drugs. These 
results were consistent, independently of the interpreation criteria used to read  the NRA 
results.  

Of the 39 MDR strains, 36 (92%) were correctly identified by NRA. The major 
discrepancies observed were two false RIF-susceptible  and one false INH-susceptible 
result. In addition, four cases, although correctly identified as INH- and RIF-resistant , were 
missclassified in their susceptibility profile to second-line drugs. More details of these 
discrepancies are given below. 

Tables 2 and 3 show the performance of all the non-commercial DST for detection of 
resistance to INH and RIF, respectively. 

 

4.1.1 Detection of resistance to second-line drugs 

In contrast to the high sensitivity for detection of resistance to first-line drugs, we observed 
a lower sensitivity to detect OFX and KAN resistance. Sentivities for both second-line drugs 
ranged btween 56% to 86%, using the original interpretation criteria. These figures 
improved using the alternative interpration of the NRA results. On the other hand, the 
specificity was high, between 96% and 100% for these drugs. 

As previously mentioned, 4 of the MDR cases were misclassified, either as false pre-XDR 
isolates or were not detected as such. Additionally, 11 of the 21 XDR cases were not 
correctly detected by NRA, mainly due to false KAN-susceptible results. The MIC results 
suggested that some of the missclasified strains had MIC values borderline to the breakpoint 
concentration used in the reference test, BACTEC 460.   
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Table 2: Performance parameters for detection of INH-resistance using MODS and NRA 

 

Performance indicator MODS Direct NRA Indirect NRA 

Undiluted Diluted Original Model Alternative Model 

% Sensitivity (95%CI) 97 (92-99) 97  (92-99) 100 (72-100) 98 (91-100) 100(95-100) 

% Specificity (95%CI) 78  (74-81) 83  (78-85) 99 (94-100) 100 (96-100) 100 (96-100) 

% PPV (95%CI) 82  (78-84) 86  (82-87) 91 (62-98) -- -- 

% NPV (95%CI) 96 (90-99) 96  (91-99) 100 (96-100) -- -- 

 PLR (95%CI) 4.5 (3.5-5.1) 5.6  (4.3-6.4) 98 (8-1178) Infinite Infinite 

NLR (95%CI) 0.04 (0.01-0.11) 0.04  (0.01-0.10) 0 0.03 (0.01-0.10) 0 

Kappa (95%CI) 0.75 (0.57-0.94) 0.80 (0.62-0.98) 0.95 (0.76-1.14) 0.98 (0.84-1.12) 1 (0.86-1.14) 

 

Table 3: Performance parameters for detection of RIF-resistance using MODS and NRA 

 

Performance 

indicator 

MODS Direct NRA Indirect NRA 

Undiluted Diluted Original Model Alternative Model 

% Sensitivity (95%CI) 96 (90-99) 96  (90-99) 80 (38-100) 95 (86-99) 97(88-99) 

% Specificity (95%CI) 83  (79-85) 85  (81-87) 100 (96-100) 100 (96-100) 100 (96-100) 

% PPV (95%CI) 80  (75-82) 82  (77-84) 100 (51-100) -- -- 

% NPV (95%CI) 97 (92-99) 97  (92-99) 99 (95-100) -- -- 

 PLR (95%CI) 5.6 (4.2- 6.4) 6.3 (4.7-7.4) infinite Infinite Infinite 

NLR (95%CI) 0.05 (0.02-0.12) 0.05  (0.02-0.12) 0.2 (0.02-1.8) 0.05 (0.02-0.14) 0.04 (0.01-0.12) 

Kappa (95%CI) 0.77 (0.58-0.95) 0.79(0.60-0.97) 0.88 (0.69-1.07) 0.96 (0.82-1.11) 0.98 (0.83-1.12) 
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4.1.2 Turnaround time 

Results from the direct methods were available within 3 weeks after specimen inoculation. 
Median time for availability of MODS results was 21 days.  For 56% of the samples 
analyzed in study II, direct NRA results were available at day 14. 
The TAT of the indirect NRA was 10 days for most of the isolates tested (79%). 

 

 

4.2 GENETIC CHARACTERISATION 

 

4.2.1 Genotypic detection of drug-resistance 

In the multicenter study IV, 117 of 120 DNA extracts from clinical MDR-TB isolates were 
analysed to identify genetic markers of drug resistance. The distribution of mutations varied 
between the different settings. In this section, special attention will be given to the 
Honduran isolates. 
 
Mutations in the RIF-resistance determining region (RRDR) in the rpoB gene were found in 
94% of the isolates.  Overall, the most common mutated codons were 531 and 526. The 
most frequent mutations found were:  Ser531Leu (present in all settings), His526Asp (found 
mainly in Belarus) and His 526Tyr (mostly in Romanian isolates).  
The rpoB mutation Ser531Phe was only detected in three Honduran isolates which also had 
the mutation Ser315Thr in katG gene. Subsequent genotyping analysis confirmed that these 
isolates had the same RFLP pattern and that they belong to the spoligotyping T3 family 
(SIT37).  Together with the MDR-TB cluster described in study V (SIT33, LAM3) which 
harboured the mutations rpoB Ser531leu and katG Ser315Thr, were the only clusters among 
the Honduran MDR-TB isolates. The remaining Honduran MDR-TB strains were as 
diverse in their spoligotyping signatures as the susceptible strains described in study V. 
[Unpublished data] 
 
Regarding INH-resistance-conferring mutations, 86% of the strains had mutations in katG 
and/or mabA-inhA promoter region. The dually occurring mutations katG Ser315Thr + 
mabA-inhA -15 were predominant. This pattern was mainly found in isolates from Romania 
and Belarus. The majority of strains without mutations in katG or mabA-inhA promoter 
region were from Honduras and Iraq. 
 
A total of 22 isolates had OFX-resistance-related mutations in gyrA gene. The substitution 
Asp94Gly was the most common one. No mutations were found in the Honduran isolates, 
which correlate with the results obtained in the phenotypic DST.  

 
Noteworthy to mention is that the mutation gyrA Thr80Ala was only found among 
Ugandan isolates. One Ugandan strain with Thr80Ala mutation and the resistance-
conferring mutation Asp94Gly was susceptible to OFX according to proportion method. 
Figure x summarizes the distribution of all mutations found. 
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Figure 5. Distribution of mutations found in A) rpoB, B) katG and mabA-inhA promoter region and C) gyrA 

WT=wild types. NA= not analysed 
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4.2.2 Biodiversity of M. tuberculosis in Honduras 

In study V, 84% of the 206 clinical isolates characterised were grouped into 27 spoligotyping 

clusters (2 to 43 strains per cluster). Eigth new  international types (SITs) were identified 

among the Honduran strains, either within the present study or after match with an orphan 

type previously identified in the SITVIT2 database. In addition, 16 patterns corresponded to 

orphan (unique pattern), previously unreported isolates. 

The Latin American Mediterranean (LAM) lineage was the more prevalent  in our 

study(55% (figure 6)).  Only one Beijing isolate was identified. The five most common 

spoligotypes were: SIT33 (21%), SIT42(10%), SIT67 (9%), SIT 53 (8%) and SIT376(6%). 

The strains belonging to the major spoligotype cluster,(SIT 33 , LAM 3 genotype), were 

further characterized using RFLP IS6110. A total of  35 different fingerprints were 

identified, of which 29 (67.4%) were unique patterns. Six clusters with a total of 14 strains (2 

to 3 strains per cluster) were identified. 
 

The majority of the TB patients were male (67%). The avarege age of the estudy population 
was 37 years (SD 17; range 11-85 years). There was no significant association between 
demographic characteristics of the popultion and the spoligotype distribution found 

 

 

 

 

 

 

 

Figure 6. Distribution of spoligotypes among Honduran isolates 
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5 DISCUSSION 

 

5.1 RAPID DETECTION OF DRUG RESISTANCE USING NON-

COMMERCIAL DST METHODS 

Rapid and accurate diagnosis of drug-resistant TB is the first step for the implementation of 
adequate treatment and decreasing transmission.  Therefore, it is important to have access to 
reliable diagnostics tools for detection of resistance, especially in settings with high-burden 
of the disease. Conventional DST methods currently available, although sensitive and 
specific are either too slow or too expensive for a wide implementation in RLS.  Ideally, a 
diagnostic test for detection of drug-resistant TB should be reliable, accurate, fast, easy-to-
implement and affordable. The need of low-cost DST methods has motivated the 
development of new assays that could be used where they are needed the most. 
 
As part of this thesis work, two low-cost phenotypic methods were evaluated: the MODS 
and the NRA assays. Both techniques have been proposed as feasible options for detection 
of MDR-TB in low- to middle-income settings. However, there was limited evidence of 
their performance in different contexts, either as direct or indirect tests, as well as their 
applicability for second-line DST.  
 
Overall, both NRA and MODS showed excellent performance for detection of resistance to 
the most important first-line drugs, INH and RIF.  Particularly the indirect NRA (study II) 
confirmed high sensitivity and specificity for these drugs [66].  
The indirect NRA offers a relatively shorter TAT (7-12 days) when compared to 
conventional techniques in solid medium, such as the proportion method (28-42 days). It 
also has been demonstrated that it might have operational advantages compared to other 
non-commercial, liquid-based assays. Recently, a head-to-head comparison of seven new 
DST techniques in a low-income, high-TB-burden setting rendered NRA as the most 
feasible phenotypic assay for implementation of rapid DST in places with similar 
limitations[19]. The robustness of the indirect NRA has also been demonstrated in a 
multicenter evaluation, where a high level of agreement with the proportion method (>96%) 
for INH and RIF was achieved [64]. 
 
The indirect NRA has also shown to be a versatile technique that can be used as a liquid-
based assay.  This adaptation has allowed to decrease the TAT (5-8 days) and to 
simultaneously determine MICs [57, 103]. This application of NRA has shown to be 
comparable with other colorimetric redox-indicator methods in liquid media [58, 74]. 
However, it is necessary to consider the biosafety issues related to manipulation of liquid-
based systems in laboratories with biosafety level-2 prior implementation of such methods. 

 
The inclusion of KAN together with OFX in the drug panel used with NRA for timely 
detection of XDR-TB strains after initial confirmation of MDR-TB was evaluated for the 
first time in study II..  In our evaluation, the sensitivity for OFX-resistance detection was 
good (86-100%) and comparable with the results of a previous study [65]. However, the 
sensitivity for KAN-resistance detection was considerably lower. Recently, NRA was 
evaluated for detection of resistance to 5 second-line drugs: OFX (2µg/mL), KAN 
(40Mg/ml), ethionamide (40µg/ml), cycloserine (40µg/ml) and PAS (1.0µg/ml).   The 
sensitivity for all drugs ranged from 86 to 100%, with specificity >97% for all of them[114]. 
This finding might imply that the discrepancies for detection of KAN-resistance observed in 
our study were related to possible fitness-cost in the resistant strains tested. The MIC results 
obtained from those strain with discrepant results indicate that these isolates had MIC closer 
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to the breakpoint concentration.  Nevertheless, these findings support the capacity of NRA 
to be used with different drugs; the technique has also been validated for detection of PZA-
resistance using solid and liquid media [63, 71, 102]. 
 
NRA has also evolved into a direct DST assay, both in solid and liquid media. Special 
interest has been given to direct testing of clinical specimens because the initial isolation of 
the strain is not necessary. This factor contributes to improve the TAT and it may have 
more relevant clinical implications.   
The evaluation of the direct NRA conducted in study III is one of the first assessments 
reported up to date. Previously, direct NRA evaluations have been reported mainly from 
South American countries [76, 98, 100], one African setting [4, 5] and lately, from India[39].  
 
The results of the field assessment of the direct NRA demonstrated not only the excellent 
diagnostic performance of the assay but also its capacity for being implemented in “real-
world” conditions. The study limitations related to the laboratory-system will be discussed in 
the next section of this chapter. 
 
The direct NRA showed a high sensitivity and specificity for INH-resistance detection, in 
agreement with pooled estimates previously reported (sensitivity >96, specificity <99)[66]. 
Due to the fact that only 5 MDR- TB cases were detected, and considering that one of them 
was not detected as RIF-resistant, the sensitivity for RIF was lower than expected (80%). 
However, our findings are similar to those reported from Benin [4], a setting that also has a 
low-incidence of MDR-TB. 
 
Comparing the results obtained with MODS (study I) and direct NRA (study II), MODS 
had a high sensitivity for both INH and RIF (> 96%) but a lower specificity for both drugs 
(range 78-83%). This might have been caused by the reading criteria used for interpretation 
of the results. Drug-containing wells were reported after 14 days after initial detection of 
growth. This could have contributed to the misclassification. Another possible reason for 
the low INH specificity is the breakpoint concentration used. Results of a recent meta-
analysis study showed that MODS pooled specificity increased from 95.8% to 98.6%, when 
the breakpoint concentration was 0.1µg/ml and 0.4µg/ml, respectively [70]. However, the 
changes in cut-off decreased the pooled sensitivity when a higher concentration was used. 
 
In another meta-analysis [18], MODS was compared with direct NRA, Genotype® 
MTBDR and Genotype® MTBDRplus. This report considered that MODS performance, 
although with good pooled sensitivity and specificity (86-100%), was slightly less good 
compared to NRA. Other factors may influence the selection of NRA over MODS as 
technique of choice for implementation in a RLS. The fact that NRA does not need any 
additional piece of equipment whereas MODS requires an inverted microscope for its use. 
In terms of workload, MODS may be more laborious and is dependent on a well-trained 
technician for correct interpretation of the results. 
 
One common concern when direct phenotypic tests are used is the capacity of the test to 
accurately identified M. tuberculosis isolates from non-tuberculous mycobacteria. It has been 
proposed that MODS should include one additional well containing para-nitro benzoic acid, 
a specific inhibitor of M. tuberculosis [70]. This approach could also be considered in the 
NRA assay. 
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5.2 BEYOND ACCURACY: CHALLENGES FOR IMPLEMENTATION OF 

NEW DST METHODS 

 
In recent years, the TB-diagnostics research field has been changing rapidly. The pipeline of 
new diagnosis tools has increased fast. Acknowledging the need to facilitate a timely 
transition from the research laboratories to the programmatic level implementation, WHO 
has also adapted its processes to be able to speed-up the intake of new technologies based 
on evidence. This evidence has usually been provided by diagnostic accuracy evaluations, 
where accuracy performance has been used as a surrogate of patient-important outcomes 
[78, 124]. However, the proliferation of diagnostic tests and their corresponding accuracy 
evaluations have raised concerns about the quality of the data generated. Therefore, new 
guidelines and tools have been developed to assess the quality of the design and report of 
such evaluations. The Standards for Reporting of Diagnostics Accuracy (STARD) initiative 
has developed a checklist of the relevant information that must be included in the diagnostic 
accuracy reports [16]. On the other hand, the Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS) tool intends to provide a well design instrument for evaluation of the 
methodological quality of the diagnostic accuracy studies [113]. 
 
This shift in paradigms is also reflected on WHO decision to adopt the Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) approach as 
framework to translate the evidence into policy [78]. The first time the GRADE approach 
was applied by WHO for TB diagnostics was for the development of guidance for smear 
microscopy and non-commercial DST methods, in September 2009. 
 
As result of that evaluation, and even though the evidence was graded as moderate, both 
NRA (direct and indirect) and MODS were endorsed by WHO for interim used in countries 
where LPAs or automated liquid-based systems are still not available[123, 124]. 
 
More recently, it has been developed an Impact Assessment Framework (IAF), an 
instrument that aims to summarize the evidence not only in terms of test´s accuracy but also 
taking into account its overall impact.  The IAF comprises 5 layers: layer 1: effectiveness 
analysis, layer 2: equity analysis, layer 3: health systems analysis, layer 4: scale-up analysis and 
layer 5: policy analysis [62]. 
 
Within the new conceptual framework of diagnostic tools evaluations, the approach used in 
the studies included in this thesis is to some extent limited. However, the evidence they 
provided belongs to the first layer of the IAF structure and in the particular case of the study 
III results, our results also shed light on aspects included in layer 3.  
 
The evaluation of the direct NRA in Honduras (study III) clearly exposed the challenges and 
limitations that a weak infrastructure poses for the successful implementation of new 
diagnostic tool.  In the specific case of this setting, priority must be given to strengthening 
the laboratory network. Especially since the Honduran NTP wants to implement the 
indirect NRA by 2011 at the NRL, as is stated in the National TB Strategic Plan 2009-2015 
[47]. 
 
There is also a need to identify the health-system important outcomes in Honduras. The 
overall improvement of the quality assurance process, procurement of supplies and human 
resources availability also need to be considered. 
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5.3  MUTATIONS RELATED TO DRUG-RESISTANT TUBERCULOSIS 

The study IV is the first characterisation report of mutations related to resistance in MDR-
TB isolates from Honduras, Romania and Iraq.  Overall, the distribution of mutations 
related to resistance to RIF, INH and OFX were in agreement with earlier studies.[15, 25, 
28, 40, 52, 115]  However, less common mutations in our study, for instance the katG 
mutations Arg385Pro and Ser446Arg have not been previously reported in the 
TBDReaMDB database[96]. The frequency and distribution of mutations between different 
settings varied, which also may imply differences in the behaviour of the MDR-TB 
development and spread.  Whereas isolates from Honduras, Iran, Iraq and Uganda had 
more heterogeneous mutations, strains from Belarus and Romania had less diversity. This 
might indicate a significant ongoing transmission of MDR-TB in the latter mentioned sites. 
 
Similar inferences can be done with OFX-resistance. Well characterised OFX-resistance-
related mutations were detected in isolates from Belarus and Romania. In contrast, these 
mutations were absent or rare in strains from Honduras, Uganda and Iran. This finding may 
indicate that fluorquinolone-resistance is less frequent in Central America and Africa than in 
Eastern Europe. 
  
The Ugandan genotype gyrA Thr80Ala + Asp94Gly has been previously associated with 
hyper susceptibility to FQ [12].   Further studies are needed to characterise the mechanisms 
underlying this phenomenon. 

 
Knowledge of geographic-specific mutations allows the development and implementation 
of in-house, PCR-based methods targeting mutations relevant in a specific setting. 
For Honduras in particular, these findings indicate that the problem of MDR-TB, is more 
related to acquired resistance rather than clonal spread of MDR-Tb strains. 

 

5.4 GENETIC DIVERSITY OF M. tuberculosis IN HONDURAS 

The LAM family is the backbone of the Honduran M. tuberculosis population (study V). 
This finding correlates with reports from other Latin American countries, where also the 
Haarlem and T families are among the most prevalent. In fact, the LAM genotype is 
widely distributed in the world as well as the three most prevalent SIT found in this study 
(SIT 53, 42 and 33). 
 
The three predominant families found in study V are included in the Euro-American 
lineage, one of six phylogeographic clades based on large sequence polymorphisms 
(LSP)[32]. This phylogeographic description links the mycobacterial populations to 
ancient human migration and geographic locations. In the case of the Euro-American 
lineages in particular, which are also present in southern Europe and the Mediterranean 
area, they might be associated to the population movements during the European colonial 
era. However, this association to the human host can also be influence by other causes, 
such as cultural, social or epidemiological factors [86]. 
 
These genotypes might have adapted to the Latin-American population, either because 
they did not have competitors or because they are host-specific due to selective 
advantages acquired during their evolutionary process. Recently, a new LPS lineage 
derived from a LAM9 ancestor has been reported in Brazil[59]. The RDRio M. tuberculosis 
strains may be associated with high virulence, transmissibility and clinical presentation of 
active disease [60]. This host-specific adaptation may be also the reason why only a low 
frequency of M. tuberculosis- Beijing type in Latin America has been previously reported [3, 
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11, 21, 73, 75, 90]. Therefore, the presence of only one, fully susceptible, Beijing strain in 
our study is not surprising.  
 
Although we observed a high proportion of clustering, the presence of several subfamilies 
within the LAM lineage is an indicator of the high level of biodiversity in this population. 
The genetic variability of the study population was further confirmed with the 
complementary RFLP typing of the major spoligotype cluster. This observation is in 
agreement with the previous genotyping study conducted Honduras [83]. Therefore, this 
finding suggests that TB transmission in this setting is not related to clonal spread of the 
disease. Nevertheless, prospective, population-based studies are needed to assess more in 
detail this possibility. Furthermore, association with HIV status, clinical manifestation of 
the disease as well as epidemiological links also needs to be considered. In the mean time, 
our findings provide a baseline for future analyses.  

 
 

5.5 METHODOLOGICAL CONSIDERATIONS 

5.5.1 Studies of diagnostic accuracy 

Taking into account the items included in the QUADAS tool, the following reflections 
regarding the methodological limitations of the studies I-III can be mentioned: 

 

 The spectrum of patients/mycobaterial isolates was appropriate for the evaluation 
conducted in study I. The MODS assessment as a DST technique was part of a larger, 
prospective, cross-sectional study [10] where patients were enrolled based on clinical 
suspicion of TB and further evaluated based on risk factors for having MDR-TB. In 
study II possible effect of spectrum bias is minor since the archived strains were selected 
with the intention to replicate a broad range of drug-resistance profiles. However, the 
prospective selection of consecutive smear-positive cases done in study III, might have 
introduce bias, since the majority of cases would have been expected to be drug-
susceptible. 

 Blinding of the results was carried out in all the studies, except study II. This may also 
have been a source of bias. 

 Misclassification bias was observed in the MODS evaluation due to the interpretation 
criterion used, in combination with the break point concentration for INH. Both MODS 
and NRA may be prone to subjective interpretation of the growth indicator (cord-
formation or colour intensity) since both assays are more qualitatively interpreted. 

 Un-interpretable results were reported in all the studies. 

 In study III we observed that loss in follow-up of some of the samples was due to 
limitations of the reference method used. The insufficient or lack of growth in the 
primary isolation on LJ or in the proportion method did not allow the final comparison 
with direct NRA. 

 In general, the validity of the tests evaluated was high, as reflected on their performance 
parameters (sensitivity and specificity) 

 

5.5.2 Genetic studies 

 

The use of relatively small and convenient sample size may have introduced bias in studies 
IV and V. In study IV, most of the MDR-TB isolates included were isolated from 
consecutive cases. However, the number of isolates provided from each setting is likely 
representative of a localized region or city, rather than representative of the country. In 
the same study we could not reach complete phenotypic verification of resistance to OFX, 
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since some of the collaborating centres do not perform routinely DST for second-line 
drugs. 
In the genotyping characterization (study IV) the study population represented ≈1% of 
the total amount of TB cases reported during the same time period when the samples 
were initially collected. This may have caused an underestimation of the clustering 
proportion [35, 36].  
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6 CONCLUSIONS 

 

 The microscopic-observation drug-susceptibility assay (MODS) showed a good 
sensitivity and high negative predictive value when used for direct detection of 
resistance to isoniazid and rifampicin in respirtory samples.  This characteristics 
may make MODS suitable as a screening test in order to prioritize M. tuberculosis 
isolates for subsequent confirmatory indirect susceptibility testing using 
conventional methods.  

 

 The nitrate reductase assay (NRA) demonstrated a high sensitivity and specificity 
for detection of isoniazid and/or rifampicin resistance, both as direct or indirect 
test. NRA is a reliable option for detection of MDR-TB, also suited for low- and 
middle-income countries. 
 

 Our study showed that NRA  is also a promising diagnostic tool for detection of 
resistance also to second-line drugs. Further studies are needed to improve NRA 
sensitivity, especially for kanamycin. 
 

 The most frequent resistance-conferring  mutations  among  MDR-TB clinical 
isolates from Honduras were rpoB Ser531Leu and katG Ser315Thr.  No mutations 
related to OFX-resistance were detected in Honduran M.tuberculosis strains.We also 
observed a very clear difference in the prevalence of these mutations between 
different study settings. The understanding of geograhical differences on the 
prevalence of mutations related to resistance is important for the development  
and implementatin of new diagnostic tools for drug-resistant tuberculosis.   
 

 The Latin American Mediterranean (LAM) family  was identified as the most 
common spoligotype among clinical M.tuberculosis isolates in Honduras. This is a 
reflection of the LAM-family’s adaptation to the human host-population over 
time. The high biodiversity within the  Honduran M.tuberculosis population was 
demonstrated using RFLP in the identification of several DNA-fingerprints 
among  strains belongin to the major spoligotype-cluster (SIT33, Lam3). 
Association between clustering and demographic characteristics was not 
significant. 
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7 RECOMMENDATIONS 

 

 

 Prior implementation of any new diagnostic tool in a resource-limited setting it is 
necessary to assess the impact of such implementation in terms of infrastructure, 
human resources, sample referral system and financial investment required.   In 
the particular case of Honduras, it must be a priority to strengthen the laboratory-
health system and to improve the quality assurance process in TB laboratory 
diagnosis. 
 

 The indirect NRA is the more appropriate technique for implementation in the 
current conditions observed within the Honduran National Laboratory Network. 
The possibility to scale-up and decentralised drug susceptibility testing in 
Honduras should be carefully considered after validation and evaluation of the 
initial phase of such implementation. 
 

 Implementation of line-probe assays could also be considered now that there is 
data available about resistance-related mutations in Honduran MDR-TB cases.  
The partnership between the National Reference Laboratory and the National 
University (UNAH) should be sustained and expanded in order to explore new 
collaborations for development and implementation of genotypic detection of 
drug-resistant TB in Honduras. 
 

 Operational research in relevant areas for TB control in Honduras is urgently 
needed. These types of investigations will provide valuable information that will 
help to improve the health care service provided to TB patients in the country. 
 

 More evidence is required to assess the operational impact of non-commercial, 
low-cost, rapid DST methods in field conditions. Preferably, these evaluations 
should be done as randomised trials in combination with cost-effectiveness 
estimations. 
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8 FUTURE RESEARCH 

 

 

 The potential use of NRA for detection of resistance to second-line drugs should 
be further investigated.  Also it could be interesting to develop the technique for   
specific detection of M. tuberculosis (by adding p-nitro benzoic acid), as well as its 
use with Ogawa culture medium. The latter will allow the direct inoculation of 
decontaminated samples without prior centrifugation. This technical modification, 
if proven to be as effective as the original platform, would allow the 
implementation of the assay in primary attention level. 
 
 

 Further molecular epidemiology studies for prospective evaluation of transmission 
in Honduras are needed.  Population-based studies, combined with contact tracing 
can provide a more detailed picture of the transmission and its association with 
HIV status and clinical manifestation of the disease.  

 



 

44 

9 ACKNOWLEDGEMENTS 

Five years ago I arrived to Sweden for the first time with the determination to learn new 
things and completing a PhD program. I never imagined that this long-lasting journey would 
also give me the opportunity to meet such an amazing group of people without whom I 
would´ve not survived these intense years. That is why I would like to express my most 
sincere gratitude to my supervisors, colleagues, family and friends. 
 
My supervisors Sven Hoffner, Lelany Pineda and Vinod Diwan have supported me in many 
different ways. Sven, more than a supervisor you have become my friend. You have always 
found the time to listen my questions, to discuss the problems, big or small, and to try to 
find the best solutions.   
Lelany, I always will be grateful for the doors you have open to me, starting with the 
invitation to participate in this project. We have grown together and get to know each other 
during these years. Thanks for believing in me, for your constructive critiques and for always 
trying to do your best. 
Vinod, you have the gift to change other people´s life in a very special and positive way. 
Thanks for your support, your opportune guidance and for always being friendly and 
receptive.  
 
 Two persons introduced me to the research world and now I consider them my “scientific 
mothers” and mentors: Rebeca Rivera and Reina Laura Rivera thank you for believing 
that I could do it even before I realize it myself. 
 
At SMI I have met the most fun and joyful people ever! Lisbeth you are the best “lab-
mum” and I´m blessed to also have you as my-new-mum outside the lab. Thanks for the 
many hugs, kanelbullar and advices you have given me during these years. Jim I have 
enjoyed and learn so much working with you; thanks for the fun time in the P3 and for 
showing me how great the 70´s were. Pontus thanks for the great scientific discussions, for 
walk me through the fascinating world of molecular biology and for being so supportive and 
caring during the “crazy-days” of writing this thesis. Melles thank you for helping me with 
all the shipments to Honduras and for your advice when I have needed it. Emma, thanks 
for picking-me up at the airport my first time in Sweden! And thanks for proofreading my 
manuscripts and giving me constructive suggestions to improve them. Anna thanks for the 
good and the bad days at the lab, for your warmth personality and friendship. Alexandra 
thanks for listening and encourage me when I have had bad days. Maria thank you for 
being so friendly, open and sincere, your really are like a breath of fresh air! Jola and Lech 
thanks for your sarcastic and so “polish” sense of humour. Solomon you have been a great 
room-mate, thanks for the technical discussions about spoligotyping.  Thanks to all former 
and present members of the TB group for the good moments and scientific discussions: 
Juan Carlos, Andrzej, Tuija, Gunilla, Ramona, Freddie, Sofia, Benon, Andreas, 
Nasrin and Simon. 
 
Thanks to the “old bakt” members, especially those in our corridor for the great fika 
moments. Thanks Britt-Marie for your amazing organizational skills and your support. 
 
Thanks to my collegues from Honduras, Wendy, Nancy, Irina and Leda, for sharing the 
experiences of the KI/UNAH sandwich program. Wen thanks for your outstanding 
support in our early days in Sweden and for your friendship. Nancyta thanks for listening 
and for your encouragement words when I have been overwhelmed with work. 
 



 

  45 

Thanks to former and present coordinators of the SIDA/UNAH collaboration for your 
efforts of making this program successful: Claudia Lara, Maria Teresa Bejarano, Inger 
Lundgren and Veronica Melander. I would also like to thank the authorities at UNAH, 
especially to Dra. Norma Martin de Reyes for your support to the research program. 
 
At IHCAR, I would like to thank all the people who have not only helped me with 
academic matters, but also by making feel at home. Especial thanks to Elin for your help 
and advices. 
 
Kristian Ängeby, thanks for being my discussant in the pre-defence seminar. I appreciate 
all the comments and suggestions to improve the final version of the thesis.  
 
Thanks to all my co-authors for wonderful scientific collaborations, especially the MODS 
team in Honduras and USA, Carlos Alvarado, Ada Pavon, Melly Perez, Mayra Arias, 
Michael Kimmerling and Susan Dorman.  
 
A mis colegas en Honduras, gracias por su disposición a colaborar, a pesar de las 
limitaciones. Dra. Hilda Membreño, gracias por todas las correcciones ortográficas, las 
preguntas constructivas y las buenas platicas acerca de la vida. Dra Nery Almendarez, 
gracias por todo su apoyo y por sus esfuerzos para implementar NRA. 
En el INCP, gracias a todo el personal del laboratorio clínico por siempre recibirme con una 
sonrisa. En especial gracias a Adilia Andara, Francis Antunes, Maribel Osorio por su 
apoyo y amistad. Pamela, Carmen, Norma, Walter y Christian, sin ustedes no hubiera 
sido posible implementar NRA, gracias por su estupendo trabajo técnico.  
En la UNAH, deseo agradecer a todos los profesores y colegas de la Escuela de 
Microbiología por su apoyo. Carol Anahelka gracias por tu amistad y por compartir largas 
jornadas en el laboratorio. 
 
A mi familia y amigos en Honduras, gracias por creer en mí y apoyarme, a pesar de la 
distancia. Gracias Mami  por todo tu amor y compresión, todo lo que soy te lo debo a vos. 
Rafa y Mario gracias por su cariño y su apoyo, ustedes son los mejores hermanos mayores 
que he podido tener. Engels, mi gordito bello, tu amistad y nobleza son invaluables. Gracias 
por todo tu apoyo, esta tesis también ha sido posible gracias a vos. 
 
To my family in Sweden:  Lisbeth, Lotte, Niklas, Lukas, Wille, Alex, Minna, Ingemar, 
Stellan and Anton, thank you for receiving me with your arms wide open from the 
beginning. Thanks for your love, patience and support during this PhD training. Thanks for 
all the good moments and for being there when I have needed you. 
 
And last but not least, thanks Fredrik for your never-ending love, even when we were apart 
from each other we were close enough in our hearts. Thanks for your support, for words of 
wisdom and for believe in me. You’re the sunshine of my life…jag älskar dig så mycket. 



 

46 

10 REFERENCES 

1. Honduras y el mundo. Atlas geografico actualizado. 2010, Tegucigalpa: Ediciones Ramses. 
2. TREATMENT of pulmonary tuberculosis with streptomycin and para-aminosalicylic acid; a Medical 

Research Council investigation. Br Med J, 1950. 2(4688): p. 1073-85. 
3. Abadia, E, et al., Mycobacterium tuberculosis ecology in Venezuela: epidemiologic correlates of common 

spoligotypes and a large clonal cluster defined by MIRU-VNTR-24. BMC Infect Dis, 2009. 9: p. 122. 
4. Affolabi, D, et al., Evaluation of direct detection of Mycobacterium tuberculosis rifampin resistance by a 

nitrate reductase assay applied to sputum samples in Cotonou, Benin. J Clin Microbiol, 2007. 45(7): p. 
2123-5. 

5. Affolabi, D, et al., Rapid and inexpensive detection of multidrug-resistant Mycobacterium tuberculosis 
with the nitrate reductase assay using liquid medium and direct application to sputum samples. J Clin 
Microbiol, 2008. 46(10): p. 3243-5. 

6. Agency, CIA. The World Fact Book.  2010; Available from: 
https://www.cia.gov/library/publications/the-world-factbook/index.html. 

7. Angeby, KA, Klintz, L, and Hoffner, SE, Rapid and inexpensive drug susceptibility testing of 
Mycobacterium tuberculosis with a nitrate reductase assay. J Clin Microbiol, 2002. 40(2): p. 553-5. 

8. Angeby, KA, et al., Evaluation of the BacT/ALERT 3D system for recovery and drug susceptibility 
testing of Mycobacterium tuberculosis. Clin Microbiol Infect, 2003. 9(11): p. 1148-52. 

9. Aranaz, A, et al., Mycobacterium tuberculosis subsp. caprae subsp. nov.: a taxonomic study of a new 
member of the Mycobacterium tuberculosis complex isolated from goats in Spain. Int J Syst Bacteriol, 
1999. 49 Pt 3: p. 1263-73. 

10. Arias, M, et al., Clinical evaluation of the microscopic-observation drug-susceptibility assay for detection of 
tuberculosis. Clin Infect Dis, 2007. 44(5): p. 674-80. 

11. Aristimuno, L, et al., Molecular characterisation of Mycobacterium tuberculosis isolates in the First 
National Survey of Anti-tuberculosis Drug Resistance from Venezuela. BMC Microbiol, 2006. 6: p. 
90. 

12. Aubry, A, et al., Novel gyrase mutations in quinolone-resistant and -hypersusceptible clinical isolates of 
Mycobacterium tuberculosis: functional analysis of mutant enzymes. Antimicrob Agents Chemother, 
2006. 50(1): p. 104-12. 

13. Barrera, L, The basics of clinical bacteriology, in Tuberculosis 2007. From Basic Science to patient care, 
Palomino, J, Leao, S, and Ritacco, V, Editors. 2007. 

14. Boehme, CC, et al., Rapid molecular detection of tuberculosis and rifampin resistance. N Engl J Med, 
2010. 363(11): p. 1005-15. 

15. Bolotin, S, et al., Molecular characterization of drug-resistant Mycobacterium tuberculosis isolates from 
Ontario, Canada. J Antimicrob Chemother, 2009. 64(2): p. 263-6. 

16. Bossuyt, PM, et al., Towards complete and accurate reporting of studies of diagnostic accuracy: the 
STARD initiative. Standards for Reporting of Diagnostic Accuracy. Clin Chem, 2003. 49(1): p. 1-6. 

17. Brudey, K, et al., Mycobacterium tuberculosis complex genetic diversity: mining the fourth international 
spoligotyping database (SpolDB4) for classification, population genetics and epidemiology. BMC Microbiol, 
2006. 6: p. 23. 

18. Bwanga, F, et al., Direct susceptibility testing for multi drug resistant tuberculosis: a meta-analysis. 
BMC Infect Dis, 2009. 9: p. 67. 

19. Bwanga, F, et al., Evaluation of seven tests for the rapid detection of multidrug-resistant tuberculosis in 
Uganda. Int J Tuberc Lung Dis, 2010. 14(7): p. 890-5. 

20. Caminero Luna, JA, Tuberculosis guide for specialist physicians. 2004, Paris: International Union 
Against Tuberculosis and Lung Disease. 

21. Candia, N, et al., First insight into Mycobacterium tuberculosis genetic diversity in Paraguay. BMC 
Microbiol, 2007. 7: p. 75. 

22. Canetti, G, et al., Advances in techniques of testing mycobacterial drug sensitivity, and the use of 
sensitivity tests in tuberculosis control programmes. Bull World Health Organ, 1969. 41(1): p. 21-43. 

23. Canetti, G, et al., Mycobacteria: Laboratory methods for testing drug sensitivity and resistance. Bull 
Wld Hlth Org, 1963. 29: p. 565-568. 

24. Caviedes, L, et al., Rapid, efficient detection and drug susceptibility testing of Mycobacterium tuberculosis 
in sputum by microscopic observation of broth cultures. The Tuberculosis Working Group in Peru. J Clin 
Microbiol, 2000. 38(3): p. 1203-8. 

25. Chan, RC, et al., Genetic and phenotypic characterization of drug-resistant Mycobacterium tuberculosis 
isolates in Hong Kong. J Antimicrob Chemother, 2007. 59(5): p. 866-73. 



 

  47 

26. Cousins, DV, et al., Tuberculosis in seals caused by a novel member of the Mycobacterium tuberculosis 
complex: Mycobacterium pinnipedii sp. nov. Int J Syst Evol Microbiol, 2003. 53(Pt 5): p. 1305-14. 

27. Cvetnic, Z, et al., Mycobacterium caprae in cattle and humans in Croatia. Int J Tuberc Lung Dis, 
2007. 11(6): p. 652-8. 

28. Dalla Costa, ER, et al., Correlations of mutations in katG, oxyR-ahpC and inhA genes and in vitro 
susceptibility in Mycobacterium tuberculosis clinical strains segregated by spoligotype families from tuberculosis 
prevalent countries in South America. BMC Microbiol, 2009. 9: p. 39. 

29. Dean, AG, Sullivan, KM, and Soe, MM. Open Source Epidemiologic Statistics for Public Health 
2010  [cited 2010 2010-08-28]; Available from: www.OpenEpi.com. 

30. Elston, RC and Johnson, WD, Basic biostatistics for geneticists and epidemiologists: a practical 
approach. 2008, Chichester: John Wiley and Sons Ltd. 

31. Foudraine, NA, et al., Pulmonary tuberculosis due to Mycobacterium microti in a human 
immunodeficiency virus-infected patient. Clin Infect Dis, 1998. 27(6): p. 1543-4. 

32. Gagneux, S, et al., Variable host-pathogen compatibility in Mycobacterium tuberculosis. Proc Natl 
Acad Sci U S A, 2006. 103(8): p. 2869-73. 

33. Gandhi, NR, et al., Extensively drug-resistant tuberculosis as a cause of death in patients co-infected 
with tuberculosis and HIV in a rural area of South Africa. Lancet, 2006. 368(9547): p. 1575-80. 

34. Garcia de Viedma, D, Rapid detection of resistance in Mycobacterium tuberculosis: a review discussing 
molecular approaches. Clin Microbiol Infect, 2003. 9(5): p. 349-59. 

35. Glynn, JR, et al., Interpreting DNA fingerprint clusters of Mycobacterium tuberculosis. European 
Concerted Action on Molecular Epidemiology and Control of Tuberculosis. Int J Tuberc Lung Dis, 
1999. 3(12): p. 1055-60. 

36. Glynn, JR, Vynnycky, E, and Fine, PE, Influence of sampling on estimates of clustering and recent 
transmission of Mycobacterium tuberculosis derived from DNA fingerprinting techniques. Am J 
Epidemiol, 1999. 149(4): p. 366-71. 

37. Grange, JM and Collins, CH, Bovine tubercle bacilli and disease in animals and man. Epidemiol 
Infect, 1987. 99(2): p. 221-34. 

38. Grosset, J, Bacteriologic basis of short-course chemotherapy for tuberculosis. Clin Chest Med, 1980. 
1(2): p. 231-41. 

39. Gupta, M, Singh, NP, and Kaur, IR, Evaluation of nitrate reductase assay for direct detection of 
drug resistance in Mycobacterium tuberculosis: rapid and inexpensive method for low-resource settings. 
Indian J Med Microbiol, 2010. 28(4): p. 363-5. 

40. Hazbon, MH, et al., Population genetics study of isoniazid resistance mutations and evolution of 
multidrug-resistant Mycobacterium tuberculosis. Antimicrob Agents Chemother, 2006. 50(8): p. 
2640-9. 

41. Helb, D, et al., Rapid detection of Mycobacterium tuberculosis and rifampin resistance by use of on-
demand, near-patient technology. J Clin Microbiol, 2010. 48(1): p. 229-37. 

42. Hermans, PW, et al., Insertion element IS986 from Mycobacterium tuberculosis: a useful tool for 
diagnosis and epidemiology of tuberculosis. J Clin Microbiol, 1990. 28(9): p. 2051-8. 

43. Hillemann, D, et al., Use of the genotype MTBDR assay for rapid detection of rifampin and isoniazid 
resistance in Mycobacterium tuberculosis complex isolates. J Clin Microbiol, 2005. 43(8): p. 3699-703. 

44. Honduras, Banco Central.. Honduras en cifras. 2007-2009.  2010  ; Available from: 
www.bch.hn 

45. Honduras, Instituto Nacional de Estadisticas. Instituto Nacional de Estadistica de Honduras 
2010  [January 31st, 2010]; Available from: http://www.ine-hn.org/ 

46. Honduras, Programa Nacional de Control de la Tuberculsosis, Manual de Normas de 
Control de Tuberculosis. 2003. p. 149. 

47. Honduras, Programa Nacional de Control de la Tuberculsosis, Plan Estratégico Nacional 
para el Control de la Tuberculosis en Honduras. 2009-2015. 2009: Tegucigalpa. 

48. Honduras, Secretaria de Salud, Plan Nacional de Salud 2021. 2005: Tegucigalpa. 
49. Jamieson, SR, Combined streptomycin-para-aminosalicylic acid treatment of pulmonary tuberculosis. 

Tubercle, 1950. 31(7): p. 155-6. 
50. Jureen, P, Werngren, J, and Hoffner, SE, Evaluation of the line probe assay (LiPA) for rapid 

detection of rifampicin resistance in Mycobacterium tuberculosis. Tuberculosis (Edinb), 2004. 84(5): p. 
311-6. 

51. Kamerbeek, J, et al., Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for 
diagnosis and epidemiology. J Clin Microbiol, 1997. 35(4): p. 907-14. 

52. Kapur, V, et al., Characterization by automated DNA sequencing of mutations in the gene (rpoB) 
encoding the RNA polymerase beta subunit in rifampin-resistant Mycobacterium tuberculosis strains from 
New York City and Texas. J Clin Microbiol, 1994. 32(4): p. 1095-8. 

http://www.bch.hn/


 

48 

53. Kent, PT and Kubica, GP, Public Health mycobacteriology: a guide for level III laboratory. . 1985, 
Atlanta, GA.: U.S Department of Health and Human Services, Centers for Disease Control 
and Prevention. 

54. Kiers, A, et al., Transmission of Mycobacterium pinnipedii to humans in a zoo with marine mammals. 
Int J Tuberc Lung Dis, 2008. 12(12): p. 1469-73. 

55. Kremer, K, et al., Comparison of methods based on different molecular epidemiological markers for typing 
of Mycobacterium tuberculosis complex strains: interlaboratory study of discriminatory power and 
reproducibility. J Clin Microbiol, 1999. 37(8): p. 2607-18. 

56. Kubica, T, Rusch-Gerdes, S, and Niemann, S, Mycobacterium bovis subsp. caprae caused one-
third of human M. bovis-associated tuberculosis cases reported in Germany between 1999 and 2001. J Clin 
Microbiol, 2003. 41(7): p. 3070-7. 

57. Kumar, M, et al., Rapid, inexpensive MIC determination of Mycobacterium tuberculosis isolates by 
using microplate nitrate reductase assay. Diagn Microbiol Infect Dis, 2005. 53(2): p. 121-4. 

58. Kumar, M, et al., Microplate nitrate reductase assay versus Alamar Blue assay for MIC determination 
of Mycobacterium tuberculosis. Int J Tuberc Lung Dis, 2005. 9(8): p. 939-41. 

59. Lazzarini, LC, et al., Discovery of a novel Mycobacterium tuberculosis lineage that is a major cause of 
tuberculosis in Rio de Janeiro, Brazil. J Clin Microbiol., 2007. 45(12): p. 3891-3902. 

60. Lazzarini, LC, et al., RDRio Mycobacterium tuberculosis infection is associated with a higher frequency 
of cavitary pulmonary disease. J Clin Microbiol, 2008. 46(7): p. 2175-83. 

61. Ling, DI, Zwerling, AA, and Pai, M, GenoType MTBDR assays for the diagnosis of multidrug-
resistant tuberculosis: a meta-analysis. Eur Respir J, 2008. 32(5): p. 1165-74. 

62. Mann, G, et al., Beyond accuracy: creating a comprehensive evidence base for tuberculosis diagnostic tools. 
Int J Tuberc Lung Dis, 2010. 14(12): p. 1518-1524. 

63. Martin, A, et al., Nitrate reductase assay for the rapid detection of pyrazinamide resistance in 
Mycobacterium tuberculosis using nicotinamide. J Antimicrob Chemother, 2007. 

64. Martin, A, et al., Multicenter evaluation of the nitrate reductase assay for drug resistance detection of 
Mycobacterium tuberculosis. J Microbiol Methods, 2005. 63(2): p. 145-50. 

65. Martin, A, Palomino, JC, and Portaels, F, Rapid detection of ofloxacin resistance in 
Mycobacterium tuberculosis by two low-cost colorimetric methods: resazurin and nitrate reductase assays. J 
Clin Microbiol, 2005. 43(4): p. 1612-6. 

66. Martin, A, et al., The nitrate reductase assay for the rapid detection of isoniazid and rifampicin resistance 
in Mycobacterium tuberculosis: a systematic review and meta-analysis. J Antimicrob Chemother, 2008. 
62(1): p. 56-64. 

67. Martin, A and Portaels, F, Drug resistance and drug resistance detection, in Tuberculosis 2007. From 
basic science to patient care. Palomino, JC, Leao, S, and Ritacco, V, Editors. 2007, 
http://www.TuberculosisTextbook.com. 

68. Martin, A, Portaels, F, and Palomino, JC, Colorimetric redox-indicator methods for the rapid 
detection of multidrug resistance in Mycobacterium tuberculosis: a systematic review and meta-analysis. J 
Antimicrob Chemother, 2007. 59(2): p. 175-83. 

69. Mengatto, L, Chiani, Y, and Imaz, MS, Evaluation of rapid alternative methods for drug 
susceptibility testing in clinical isolates of Mycobacterium tuberculosis. Mem Inst Oswaldo Cruz, 2006. 
101(5): p. 535-42. 

70. Minion, J, et al., Microscopic-observation drug susceptibility and thin layer agar assays for the detection of 
drug resistant tuberculosis: a systematic review and meta-analysis. Lancet Infect Dis, 2010. 10(10): p. 
688-98. 

71. Mirabal, NC, et al., Evaluation of colorimetric methods using nicotinamide for rapid detection of 
pyrazinamide resistance in Mycobacterium tuberculosis. J Clin Microbiol, 2010. 48(8): p. 2729-33. 

72. Mitchison, DA, Basic mechanisms of chemotherapy. Chest, 1979. 76(6 Suppl): p. 771-81. 
73. Molina-Torres, CA, et al., Mycobacterium tuberculosis spoligotypes in Monterrey, Mexico. J Clin 

Microbiol, 2009. 
74. Montoro, E, et al., Comparative evaluation of the nitrate reduction assay, the MTT test, and the 

resazurin microtitre assay for drug susceptibility testing of clinical isolates of Mycobacterium tuberculosis. J 
Antimicrob Chemother, 2005. 55(4): p. 500-5. 

75. Morcillo, N, et al., Tuberculosis transmission of predominant genotypes of Mycobacterium tuberculosis in 
northern suburbs of Buenos Aires city region. Rev Argent Microbiol, 2007. 39(3): p. 145-50. 

76. Musa, HR, et al., Drug susceptibility testing of Mycobacterium tuberculosis by a nitrate reductase assay 
applied directly on microscopy-positive sputum samples. J Clin Microbiol, 2005. 43(7): p. 3159-61. 

77. OPS, Salud en las Americas 2007. Volumen II-Paises. 2007, Washington, D.C.: Organizacion 
Panamericana de la Salud. 812. 



 

  49 

78. Pai, M, et al., New and improved tuberculosis diagnostics: evidence, policy, practice, and impact. Curr 
Opin Pulm Med, 2010. 16(3): p. 271-84. 

79. Palomino, JC, et al., Resazurin microtiter assay plate: simple and inexpensive method for detection of 
drug resistance in Mycobacterium tuberculosis. Antimicrob Agents Chemother, 2002. 46(8): p. 
2720-2. 

80. Park, WG, et al., Performance of the microscopic observation drug susceptibility assay in drug 
susceptibility testing for Mycobacterium tuberculosis. J Clin Microbiol, 2002. 40(12): p. 4750-2. 

81. Pfyffer, GE, et al., Mycobacterium canettii, the smooth variant of M. tuberculosis, isolated from a Swiss 
patient exposed in Africa. Emerg Infect Dis, 1998. 4(4): p. 631-4. 

82. Pfyffer, GE, Brown-Elliot, BA, and Wallace, RJ, Mycobacterium: General characteristics, 
isolation and staining procedures, in Manual of Clinical Microbiology, Murray, PR, et al., Editors. 2003, 
ASM Press: Washington, D.C. p. 532-584. 

83. Pineda-Garcia, L, Ferrera, A, and Hoffner, SE, DNA fingerprinting of Mycobacterium 
tuberculosis strains from patients with pulmonary tuberculosis in Honduras. J Clin Microbiol, 1997. 
35(9): p. 2393-7. 

84. Ramaswamy, S and Musser, JM, Molecular genetic basis of antimicrobial agent resistance in 
Mycobacterium tuberculosis: 1998 update. Tuber Lung Dis, 1998. 79(1): p. 3-29. 

85. Ramaswamy, SV, et al., Single nucleotide polymorphisms in genes associated with isoniazid resistance 
in Mycobacterium tuberculosis. Antimicrob Agents Chemother, 2003. 47(4): p. 1241-50. 

86. Reed, MB, et al., Major Mycobacterium tuberculosis lineages associate with patient country of origin. J 
Clin Microbiol, 2009. 47(4): p. 1119-28. 

87. Reisner, BS, Gatson, AM, and Woods, GL, Evaluation of mycobacteria growth indicator tubes for 
susceptibility testing of Mycobacterium tuberculosis to isoniazid and rifampin. Diagn Microbiol Infect 
Dis, 1995. 22(4): p. 325-9. 

88. Rieder, HL, Epidemiologic basis of tuberculosis control. 2003, Paris: International Union Against 
Tuberculosis and Lung Disease. 

89. Riegelman, RK, Studying a Study and Testing a Test: How to Read the Medical Evidence 5th ed. 
2005, Philadelphia: Lippincott Williams & Wilkins. 

90. Ritacco, V, et al., Mycobacterium tuberculosis strains of the Beijing genotype are rarely observed in 
tuberculosis patients in South America. Mem Inst Oswaldo Cruz, 2008. 103(5): p. 489-92. 

91. Roberts, GD, et al., Evaluation of the BACTEC radiometric method for recovery of mycobacteria and 
drug susceptibility testing of Mycobacterium tuberculosis from acid-fast smear-positive specimens. J Clin 
Microbiol, 1983. 18(3): p. 689-96. 

92. Robledo, J, et al., Rapid detection of rifampicin and isoniazid resistance in Mycobacterium tuberculosis 
by the direct thin-layer agar method. Int J Tuberc Lung Dis, 2008. 12(12): p. 1482-4. 

93. Rossau, R, et al., Evaluation of the INNO-LiPA Rif. TB assay, a reverse hybridization assay for the 
simultaneous detection of Mycobacterium tuberculosis complex and its resistance to rifampin. Antimicrob 
Agents Chemother, 1997. 41(10): p. 2093-8. 

94. Rouse, DA, et al., Characterization of the katG and inhA genes of isoniazid-resistant clinical isolates of 
Mycobacterium tuberculosis. Antimicrob Agents Chemother, 1995. 39(11): p. 2472-7. 

95. Rouse, DA and Morris, SL, Molecular mechanisms of isoniazid resistance in Mycobacterium 
tuberculosis and Mycobacterium bovis. Infect Immun, 1995. 63(4): p. 1427-33. 

96. Sandgren, A, et al., Tuberculosis drug resistance mutation database. PLoS Med, 2009. 6(2): p. e2. 
97. Sanger, F, Nicklen, S, and Coulson, AR, DNA sequencing with chain-terminating inhibitors. 

Proc Natl Acad Sci U S A, 1977. 74(12): p. 5463-7. 
98. Shikama, ML, et al., Multicentre study of nitrate reductase assay for rapid detection of rifampicin-

resistant M. tuberculosis. Int J Tuberc Lung Dis, 2009. 13(3): p. 377-80. 
99. Soini, H, et al., Transmission dynamics and molecular characterization of Mycobacterium tuberculosis 

isolates with low copy numbers of IS6110. J Clin Microbiol, 2001. 39(1): p. 217-21. 
100. Solis, LA, et al., Validation of a rapid method for detection of M. tuberculosis resistance to isoniazid and 

rifampin in Lima, Peru. Int J Tuberc Lung Dis, 2005. 9(7): p. 760-4. 
101. Supply, P, et al., Variable human minisatellite-like regions in the Mycobacterium tuberculosis genome. 

Mol Microbiol, 2000. 36(3): p. 762-71. 
102. Syre, H, Ovreas, K, and Grewal, HM, Determination of the susceptibility of Mycobacterium 

tuberculosis to pyrazinamide in liquid and solid media assessed by a colorimetric nitrate reductase assay. J 
Antimicrob Chemother, 2010. 65(4): p. 704-12. 

103. Syre, H, et al., Rapid colorimetric method for testing susceptibility of Mycobacterium tuberculosis to 
isoniazid and rifampin in liquid cultures. J Clin Microbiol, 2003. 41(11): p. 5173-7. 

104. Tang, X, et al., Microarray and allele specific PCR detection of point mutations in Mycobacterium 
tuberculosis genes associated with drug resistance. J Microbiol Methods, 2005. 63(3): p. 318-30. 



 

50 

105. Telenti, A, et al., Detection of rifampicin-resistance mutations in Mycobacterium tuberculosis. Lancet, 
1993. 341(8846): p. 647-50. 

106. Thompson, JD, Higgins, DG, and Gibson, TJ, CLUSTAL W: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight 
matrix choice. Nucleic Acids Res, 1994. 22(22): p. 4673-80. 

107. Wada, T, et al., Dual-probe assay for rapid detection of drug-resistant Mycobacterium tuberculosis by 
real-time PCR. J Clin Microbiol, 2004. 42(11): p. 5277-85. 

108. van Embden, JD, et al., Strain identification of Mycobacterium tuberculosis by DNA fingerprinting: 
recommendations for a standardized methodology. J Clin Microbiol, 1993. 31(2): p. 406-9. 

109. van Soolingen, D, et al., Occurrence and stability of insertion sequences in Mycobacterium tuberculosis 
complex strains: evaluation of an insertion sequence-dependent DNA polymorphism as a tool in the 
epidemiology of tuberculosis. J Clin Microbiol, 1991. 29(11): p. 2578-86. 

110. Van Soolingen, D, Kremer, K, and Hermans, P, Molecular epidemiology: Breakthrough 
achivements and future prospects, in Tuberculosis 2007. From basic science to patient care, JC, P, S, L, 
and Ritacco, V, Editors. 2007. 

111. Varela Martinez, C, Historia de la lucha antituberculosa en Honduras. Rev Med Hondur., 2005. 
73(S2): p. S66-80. 

112. Varela Martinez, C, Plan estrategico nacional para el control de la tuberculosis. PENTB 2009-2015. 
Resumen. Rev Med Hondur, 2010. 78(1): p. 39-48. 

113. Whiting, P, et al., The development of QUADAS: a tool for the quality assessment of studies of 
diagnostic accuracy included in systematic reviews. BMC Med Res Methodol, 2003. 3: p. 25. 

114. Visalakshi, P, Arora, J, and Behera, D, Evaluation of nitrate reductase assay for rapid detection of 
resistance to second-line drugs in Mycobacterium tuberculosis in a tertiary care hospital. Diagn Microbiol 
Infect Dis, 2010. 68(3): p. 236-40. 

115. Von Groll, A, et al., Fluoroquinolone resistance in Mycobacterium tuberculosis and mutations in gyrA 
and gyrB. Antimicrob Agents Chemother, 2009. 53(10): p. 4498-500. 

116. World Health Organization, Anti-Tuberculosis drug resistance in the world. Report No.3. 
WHO/HTM/TB/2004.343. 2004: WHO. 139. Geneva, Switzerland. WHO, 2004 

117. WorldHealthOrganization. Global Laboratory Initiative (GLI).  2010  December 2010]; 
Available from: http://www.who.int/tb/laboratory/gli/en/index.html. 

118. World Health Organization, The Global Plan to Stop TB 2006-2015.Actions for life towards a 
world free of tuberculosis. WHO/HTM/STB/ 2006.35. Geneva ,Switzerland. WHO, 2006. 

119. World Health Organization, The Global Plan to Stop TB 2010-2015: transforming the fight 
towards elimination of tuberculosis. WHO/HTM/STB/2010.2 Geneva, Switzerland. WHO, 
2010. 

120. World Health Organization, Global Tuberculosis Control 2010. WHO/HTM/TB/2010.7. 
Geneva, Switzerland. WHO,2010 

121. World Health Organization. The Green Light Committee (GLC) Initiative.  2010  [December 
2010]; Available from: 
http://www.who.int/tb/challenges/mdr/greenlightcommittee/en/index.html. 

122. World Health Organization, Guidance for surveillance of drug resistance in tuberculosis. 
WHO/HTM/TB/2009.422. Geneva, Switzerland. WHO,2009 

123. World Health Organization, Non-commercial culture and drug-suceptibility testing methods for 
screening of patients at risk of multi-drug resistant tuberculosis. Policy statement. 2010. p. 7. 

124. World Health Organization, Non-commercial culture methods and mycobacteriophage-
based assays for rapid screening of patients at risk of drug resistant tuberculosis Expert 
Group Meeting Report. 2009: Geneva. 

125. World Health Organization, Report of the meeting of the WHO Global Task force on XDR-TB. 
WHO/HTM/TB/2007.275. Geneva, Switzerland. WHO,2007 

126. World Health Organization, Treatment of tuberculosis. Guidelines. 
WHO/HTM/TB/2009.420. Geneva, Switzerland. WHO,2010 

127. World Health Organization, WHO report on the tuberculosis epidemic, 1995 Stop TB at the source 
WHO/TB/1995.183. Geneva, Switzerland. WHO,1995. 

128. World Health Organization., Laboratory services in tuberculosis control. Part III: culture. 1998, 
Geneva, Switzerland. 

129. Zhang, Y and Telenti, A, Genetics of drug resistance in Mycobacterium tuberculosis, in Molecular 
Genetics of Mycobacteria, Hatfull, GF and Jacobs, WR, Jr., Editors. 2000, ASM Press: 
Washington, D.C. 

130. Zhang, Y and Yew, WW, Mechanisms of drug resistance in Mycobacterium tuberculosis. Int J 
Tuberc Lung Dis, 2009. 13(11): p. 1320-30. 


