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ABSTRACT OF THE DISSERTATION 

 

Prevalence and Risk Factors of Drug Resistant Mycobacterium Tuberculosis in a 

Multisite Cohort Study 

by 

Elisea Estela Avalos 

Doctor of Philosophy in Public Health (Epidemiology) 

University of California, San Diego, 2015 

San Diego State University, 2015 

 

Professor Theodore Ganiats, Co-chair 

Professor Timothy Rodwell, Co-chair 

 

Drug -resistant tuberculosis (DRTB) has emerged as a major challenge in the 

control and prevention of TB. In the present study we first systematically reviewed the 

literature to characterize the diversity and frequency of gyrA and gyrB mutations in 

fluoroquinolone resistant Mycobacterium Tuberculosis (Mtb) and describe the global 

distribution of these mutations to help determine their potential utility and reliability as 

diagnostic markers for detecting phenotypic fluoroquinolone resistance in Mtb. Secondly, 

we describe the prevalence of and characteristics of DRTB in Mumbai, India, Chisinau, 

Moldova and Port Elizabeth, South Africa. The results from our systematic review 

revealed the gyrA mutations occurring most frequently in fluoroquinolone-resistant 

isolates, were D94G(21-32%) and A90V(13-20%) and that 83% and 80% of 

moxifloxacin and ofloxacin resistant strains respectively, were observed to have 
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mutations in the gyrA codons interrogated by the existing MTBDRsl line probe assay. In 

China and Russia, 83% and 84% of fluoroquinolone resistant strains respectively, were 

observed to have gyrA mutations in the gene regions covered by the MTBDRsl assay. 

The results from our study found the overall prevalence of MDRTB was 79.7%, 51.1% 

and 15% in Mumbai, Chisinau and Port Elizabeth, respectively. Among the MDRTB 

patients, the prevalence of XDRTB in Mumbai, Chisinau and Port Elizabeth was 13.9%, 

12.1% and 41.4%, respectively. A multiple logistic regression analysis showed that those 

less than 25 years of age (OR 1.8, 95%CI 1.0 to 3.1), study site (Mumbai (OR 33.1, 95% 

CI 18.8 to 58.3) and Chisinau (OR 13.0, 95%CI 6.8 to 24.6)), higher education (OR 2.4, 

95%CI 1.4 to 4.0), ever been hospitalized (OR 1.9, 95%CI 1.2 to 2.9) and previously 

treated for TB (OR 1.7, 95% CI 1.1 to 2.8) were associated with developing M/XDRTB. 

An interaction was also observed between study site and prior TB treatment. The burden 

of DRTB was high in all three sites highlighting the importance of continuous 

surveillance to identify DRTB, especially among patients who have been previously 

treated for TB. It is important to improve early diagnosis of MDRTB and to provide 

effective treatment to all MDRTB patients in order to prevent the development of 

additional drug resistance. 

   



 
 

1 

 

CHAPTER 1 BACKGROUND AND SIGNIFICANCE 

TB, MDRTB and XDRTB 

Tuberculosis (TB), a communicable disease caused by Mycobacterium 

tuberculosis (Mtb), is responsible for nearly 9 million cases and 1.3 million deaths 

worldwide every year [1]. Although the disease can affect any part of the body, only 

active pulmonary disease can be spread person to person via droplets carrying the TB 

bacillus. This can occur when a person with the disease coughs, sneezes or laughs [2]. 

The inhaled bacillus makes its way to the lungs and spreads to other parts of the body [3]. 

TB infection is established in approximately one-third of individuals exposed to the 

bacillus; among those infected only 10% become symptomatic. A number of 

comorbidities may influence disease progression, such as diabetes mellitus, renal failure 

or malnutrition [2].   

No sooner were the first anti-TB drugs introduced than the emergence of drug 

resistant isolates of Mtb was observed [2]. Drug resistance typically occurs when patients 

are treated inappropriately or are exposed to sub-therapeutic drug levels. Lengthy 

treatment time combined with drug toxicity results in reduced patient compliance and, 

consequently a higher likelihood of drug resistance [4]. A growing public health concern 

is the emergence of resistance to multiple drugs. The worldwide emergence of multi-drug 

resistance (MDRTB) and extensively drug resistant Mtb (XDRTB) is a major setback to 

TB control [5]. MDRTB strains, defined by the World Health Organization (WHO), are 

Mtb strains resistant to the most effective “first-line” TB drugs: isoniazid (INH) and 

rifampin (RIF). XDRTB strains are characterized by resistance to INH and RIF plus any 

fluoroquinolone (FQ), and at least one of the three “injectable” anti-TB drugs: amikacin
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(AMK), kanamycin (KAN), and capreomycin (CAP) [1]. As of 2013, the WHO estimated 

the global prevalence of MDRTB to be 3.5% among new TB cases and 20.5% among 

recurrent TB cases; as of 2013, XDRTB has been reported in 100 countries [1]. While 

treatment for MDRTB and XDRTB has improved, drug resistant TB (DRTB) is more 

difficult to treat and has been associated with high morbidity and mortality, prolonged 

treatment to cure and increased risk of spreading drug resistant isolates [6]. 

FQ Use 

 FQs, including the older generation drug ofloxacin and the newer generation 

drugs gatifloxacin and moxifloxacin, are second-line anti-TB drugs [7]. These drugs have 

high in vitro activity against Mtb and are used as the backbone drugs for MDRTB and for 

persons intolerant of current first line therapy [8]. Recently, the newer generation FQs 

have been recommended as first-line drugs to reduce the duration of therapy [6]. FQs 

inactivate Mtb by binding to gyrase-DNA complexes and inhibiting DNA replication [7]. 

FQs are also used to treat many other infections including community acquired 

pneumonia, sexually transmitted diseases and gastrointestinal infections [6, 9, 10]. The 

abuse and overuse of FQs contribute to the increasing emergence of FQ-resistant Mtb 

[11].  

 Mtb acquires FQ resistance through mutations in the conserved region known as 

the quinolone resistance determining region (QRDR) of the gyrA and gyrB gene which 

encode DNA gyrase [7]. It is estimated that roughly 60 to 90% of Mtb clinical isolates 

with FQ resistance, have mutations in the QRDR of gyrA. The most frequent mutations in 

clinical isolates are found at codons 90, 91 and 94 of gyrA [7, 9]. Mutations in the gyrB 

gene are also associated with FQ resistance, but at a much lower rate. Mutations in gyrB 
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are typically in association with gyrA mutations [12, 13] and most often occur in codons 

500, 538, 539 and 540 of gyrB [14]. Whereas most Mtb strains with gyrA mutations in the 

QRDR are FQ resistant, nearly all wild type strains in this region are FQ-susceptible. The 

exceptions are the polymorphisms of gyrA at codons 21, 95 and 668 [15]. Since every 

generation of FQs has the same drug targets, cross-resistance to FQs is common [7]. 

However, the resistance levels of each isolate against individual drugs vary [16]. In 

general, the minimum inhibitory concentrations (MICs) of newer generation FQs are 

lower than those of older generation FQs [9]. 

Drug susceptibility testing (DST)  

Accurate drug susceptibility testing (DST) for Mtb is important for both therapy 

guidance and surveillance of drug resistance [17]. DST has been shown to have a major 

impact on the effectiveness of anti-TB treatment and is the standard of care in the US and 

most of the developed countries. In regions with high prevalence of TB drug resistance, 

TB treatment without DST may lead to treatment failure and may help contribute to the 

growing drug resistance problem [18]. However, DST is costly and requires highly-

skilled laboratories. In addition to this, results may not be available for up to three 

months; in the case of XDRTB/HIV co-infection, the patient may have already died at 

this point. These diagnostic delays complicate the public health control of TB. The use of 

liquid systems has improved turn around time (TAT) to about 25–45 days, but liquid 

culture systems are in most cases not available where the need is greatest [19].  

Rapid DST 

 The emergence of MDRTB and XDRTB has emphasized the need for rapid drug 

susceptibility testing. The detection of DRTB traditionally has been accomplished by 
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time-consuming culture-based methods. Mycobacterial growth on culture requires three 

to eight weeks, followed by an additional two to three weeks before anti-TB DST results 

are available. The rapid method on liquid medium such as BACTEC MGIT 960 also 

requires one to two weeks [20]. The molecular methods to detect FQ resistance in Mtb 

provide a more rapid alternative [20-22]. The GenoType MTBDRsl test can process 

results in 5 hours either directly from patient specimens or from cultured samples. 

Pyrosequencing can analyze 96 samples simultaneously in less than one hour. Previous 

studies have demonstrated that molecular tests on resistance genes (FQ resistance 

mutations in 320- and 375-bp hypervariable regions of gyrA and gyrB genes) can 

facilitate the rapid diagnosis of MDRTB [23-25] to allow adequate adjustments in 

treatment and to minimize transmission of drug-resistant strains [20]. Unfortunately 

many developing countries lack these diagnostic methods. 

Risk Factors for TB 

Several risk factors for TB development have been reported including clinical and 

epidemiological characteristics such as socio-demographics (e.g. age, gender, marital 

status), TB history (e.g., prior TB diagnosis, prior TB treatment), TB contact history, 

medical conditions associated with TB (e.g., HIV status, diabetes), TB risk factors (e.g., 

substance abuse, homelessness, incarceration) and TB-related medical conditions (e.g., 

CD4 cell counts, HIV viral load). As not all infections lead to disease, risk factors can 

increase the risk of TB by increasing risk of acquiring infection or increasing risk of 

developing clinical disease. 

Age 
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Studies have consistently reported higher prevalence rates of DRTB among older 

age groups [26]. In a study examining risk factors associated with TB, Yu et al [27] 

reported a relative risk of 2.7 in persons older than 50 years of age, compared to persons 

less than 30 years of age, signifying a strong association between aging and TB. In 

contrast, Macedo et al found that MDRTB and XDRTB incidences were associated with 

young adult age [28]. Ageing is a major risk factor for any disease. The effects of ageing 

have been attributed to a decline in numerous macrophage functions which figure 

prominently in host defense in pulmonary TB [26]. DRTB associated with young adult 

age can create obstacles towards economic and social development in countries where TB 

is endemic [29]. 

Race 

The TB literature recognizes that certain ethnic minorities are at higher risk for 

TB [30, 31]. A systematic review by Nava-Aguilera et al which included 14 countries 

concluded that the most prominent risk factor for recent TB transmission was being a 

minority (OR = 3.0; 95% CI 2.2-4.2). Compared with the general population, ethnic 

minorities are more likely to experience overcrowding, higher poverty rates, less access 

to medical services, unemployment and lower education rates, all of which may 

contribute to increased risk for Mtb [31]. Genetically, some ethnic minorities (e.g., Native 

American) are still relatively ‘naïve’ regarding TB (i.e., they are at higher risk of 

contracting TB) [32]. 

Gender 

Women are more likely to face socio-cultural barriers to accessing health care 

[33], but compared to men are less likely to develop TB [31]. When diagnosed with TB, 
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women are more likely to adhere to treatment [34] and have better treatment outcomes 

[35]. With respect to TB, the immune response in men and women is different, indicating 

sexual dimorphism. Evidence suggests that at physiological levels, estrogen is beneficial 

to the immune system, whereas testosterone, is immunosuppressive [26]. Perhaps this 

sexual dimorphism in the immune response may explain the higher risk of developing TB 

in men. Further work is needed to determine whether the increased risk of developing TB 

in men is due to biological or socio-cultural determinants [33]. 

Marital Status 

Previous studies have shown that marital status affects the risk of TB, with singles 

having a greater risk of TB than married individuals [36]. Gustafson et al found that 

people living without children, alone or with adults of their own sex only, had higher 

risks of developing TB than people living in households with children or/and adults of the 

opposite sex (OR =5.0; 95% CI 1.0-24.8) [37]. The increased risk of adults living without 

children or individuals of the opposite sex may have to do with differences in lifestyles, 

but could possibly also be a result of some protection from contact with children. 

Protection from contact with children, possibly through immune stimulation from 

exposure to childhood infections, could be one of the reasons for the high TB incidence 

among young adults and old people, neither of whom would have much contact with 

young children. Additionally, it has been hypothesized that being single implies an 

absence of family support, which may in turn increase vulnerability to TB at times of 

psychosocial stress [38]. 

Crowding 
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Although the literature is conflicting on the role of crowding, Gustafson et al [37] 

found that adult crowding is a risk factor for TB (OR = 1.7; 95% CI 1.2-2.4 for >2 adults 

in household). Crowding is a known marker of poverty; both crowding and poverty are 

independently associated with TB [39]. Crowding increases the likelihood of coming into 

contact with persons excreting the bacilli in crowded environments [36]. Crowding has 

been well studied in prisons [40] as well as in homeless shelters [41]. In both situations, 

crowding increases the risk of exposure to an infectious TB case and therefore the risk of 

infection. 

Educational level/SES 

Socioeconomic status (SES) of individuals has been shown to influence a 

person’s susceptibility to TB infection, with the poorest individuals having the highest 

risk for disease [42]. People with low SES typically live in poor housing and 

environmental conditions, have greater food insecurity and have less access to quality 

health care relative to those from higher SES groups [43]. All of these social 

determinants are also related to TB, and often work together to put the poor at greater risk 

of disease by acting on different stages in the pathogenetic pathway [44]. Younis et al 

reported that people of higher SES are more likely to receive better treatment and 

undergo additional diagnostic procedures, while patients with low educational levels have 

a poorer understanding of TB, resulting in diagnostic delay and incomplete treatment 

[45]. 

Smoking 

The association between TB and smoking has been examined in several 

systematic reviews [42, 46, 47]. Bates et al [46] included 24 studies in their meta-analysis 
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on the effects of smoking on TB and showed that the relative risk of TB (RR = 2.7; 95% 

CI 2.2-3.3) was higher among smokers compared to nonsmokers. Biological explanations 

for how smoking could increase one’s risk for TB include mechanical disruption of cilia 

function in the airways, defects in macrophage immune responses, decreased immune 

response and decreased CD4 lymphopenia due to the nicotine in the cigarettes have been 

given as reasons for increased susceptibility to pulmonary TB [42, 48]. 

Drinking 

It has long been evident that there is a strong association between alcohol use and 

risk of TB. A systematic review by Loennroth et al concluded that the risk of active TB is 

significantly higher (RR = 2.9; 95% CI 1.9-4.6) among people who drink more than 40g 

of alcohol per day and/or abuse alcohol [49]. Reasons for increased risk include the idea 

that alcohol may assert a direct toxic effect on the immune system rendering the host 

more susceptible to TB disease. The association between alcohol use and TB could also 

be explained by specific social mixing patterns, which may increase the risk of exposure 

to people with infectious TB disease in settings such as bars, shelters for homeless, 

prisons, and social institutions [49]. 

Incarceration 

Prisoners are at a disproportionately high risk of developing TB [50]. Many 

factors contribute to the high prevalence of TB in prison populations, mostly related to 

the prisoners themselves, their living conditions and other factors associated with 

incarceration. These factors include the predominance of young males from 

disadvantaged communities with low education levels, the use of illicit drugs, high rates 
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of TB, overcrowding, poor ventilation, inadequate nutrition and limited access to health 

services [51, 52]. 

Injection Drug Use 

The physiological effects of drug use, along with the environment and risk 

behaviors of drug users, may contribute to the high prevalence of TB among drug users. 

A possible biological explanation is that opioids affect the immune response directly; in 

vitro studies have found deleterious effects of opioids in infections [53]. Lower access to 

health care, poor treatment compliance and increased exposure to Mtb due to 

homelessness, crowding and incarceration, increases the risk of TB among drug users 

[54]. Together, these physiological and epidemiological factors may contribute to 

observed outcomes—namely, that drug users are more likely to be infectious and take 

longer to achieve negative culture [55]. 

Hospitalization 

In a study by Zetola at al researchers found that one-year TB incidence rate was 

associated with the number of days that the patient remained hospitalized, the number of 

days spent in the cohorting bay (regardless of whether the patient was eventually 

diagnosed with TB or not) and the number and proximity to TB index cases within the 

following 12 months after discharge [56]. This finding points to the possibility of 

nosocomial transmission as a catalyst to the growing TB epidemic. Delays in the 

diagnosis of drug resistance and large, congregate TB wards, that are typical in many 

high burden settings, remain a dangerous combination for the transmission of DRTB 

[57]. 

Diabetes 
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Previous studies have documented a strong association between diabetes and TB 

[58, 59]. Jeon et al conducted a meta-analysis and found that diabetes was strongly 

associated with an increased risk of developing TB (RR = 3.1; 95% CI 2.3-4.3) [58]. 

Biologically, it is believed that diabetes directly impairs the innate and adaptive immune 

responses, thereby accelerating the proliferation of TB [58]. Animal studies have shown 

higher bacterial load among diabetic mice experimentally infected with Mtb [60]. 

Decreased production of IFN-γ and other cytokines diminished T-cell immunity and 

reduced chemotaxis in neutrophils of diabetic patients are thought to play a role in 

increasing the propensity of diabetic patients to developing active TB [60]. Additionally, 

a reverse association where TB can induce glucose intolerance and deteriorate glycemic 

control in subjects with diabetes has also been identified [61]. 

Malnutrition 

Malnutrition is thought to both predispose individuals to respiratory infection 

through deficits in innate immunity and contribute to progression from TB to active 

disease through altered gene expression and impaired cell-mediated immunity. The 

resulting inflammatory response further worsens nutritional status [62]. TB disease itself 

leads to malnutrition because of decreasing appetite and changes in metabolic processes 

[42]. Moran-Mendoza et al found that malnutrition was the most important risk factor for 

developing TB in their study (HR = 37.5; 95% CI 12.7-111.4); the authors further 

concluded that improved nutrition might reduce the risk of developing active TB [63]. 

HIV 

TB is the leading killer of HIV-infected individuals worldwide. Several biological 

mechanisms linking DRTB to HIV infection have been suggested [42]. It is believed that 
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drug malabsorption in HIV-infected patients can lead to drug resistance and has been 

shown to lead to treatment failure [64]. Drug resistant strains may be less virulent and 

preferentially lead to disease progression in immune compromised patients, as opposed to 

immune-competent individuals. Additionally, the association between HIV infection and 

TB may be confounded by shared risk factors such as injection drug use, imprisonment, 

socioeconomic status, alcohol use and hospitalization. HIV-infected patients and TB are 

more likely to be hospitalized compared to those who are HIV negative or suffer from 

drug sensitive TB. HIV-infected patients may thus be more likely to be exposed to 

patients with drug resistant isolates, and thus be infected or re-infected with a resistant 

isolate [65]. 

Close contact with a known case 

Contact history, as well as closeness of contact, is well-defined as a risk factor for 

TB. Contacts exposed to patients with TB, in a variety of settings, are at substantial risk 

of latent TB infection (LTBI) and active TB. Household contacts and care givers/health 

care workers [66] are at a higher risk of becoming infected with Mtb and developing TB. 

In a systematic review by Fox et al the prevalence of active TB and LTBI among TB 

contacts was 3.1% and 51.5% respectively. Additionally, a higher prevalence of TB 

among child contacts compared with adults, and a higher prevalence of TB among 

contacts in low–middle-income countries compared with high-income countries was 

found [67]. Contact investigations around TB patients enable early detection of infection 

and disease, and prevention of secondary TB cases [68]. 

Previously treated for TB 
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Having previously been treated for TB has been widely recognized as a risk factor 

for DRTB. A systematic review concluded that the risk of MDRTB was up to ten times 

higher in previously treated patients compared to newly treated patients [69]. Prior 

episodes of anti-TB treatment can increase the risk of receiving non-standard regimens or 

interrupted treatment [70]. A sub-minimum inhibitory concentration effect may occur 

when TB patients receive non-standard regimens (sensitive strains are killed and mutant 

MDRTB strains take the place of the sensitive ones) resulting in the emergence of 

MDRTB [71]. It is important to ensure TB patients receive standard regimens the first 

time, that interrupted treatment is avoided, and that poor adherence to treatment is 

reduced. 

Global Consortium for Drug-resistant TB Diagnostics (GCDD) 

The Global Consortium for Drug-resistant TB Diagnostics (GCDD) was 

established in 2008 to characterize the genetic basis of drug resistance and evaluate 

molecular and microbiological methods to quickly and efficiently detect DRTB. This 

international collaboration to improve current DRTB diagnostics gathered data from 

Mumbai, India, Port Elizabeth, South Africa and Chisinau, Moldova in an effort to 

improve accuracy and precision of novel diagnostics and reduce DRTB detection time 

[72].  

Study Sites 

Participants were enrolled from three diverse regions with a high prevalence of 

XDR-TB. These sites were carefully considered in the planning of the study and were 

selected due to high documented risk for DR-TB and the ethnic diversity of these regions. 

India 
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Mumbai, India has a population of approximately 13 million people. In 2013, the 

WHO estimated that India accounted for 20.4% of the total number of TB cases 

worldwide, with 2.2% (1.9-2.6%) and 15% (11-19%) of the new and retreatment cases 

respectively being caused by MDRTB strains [1]. Patients in the GCDD were enrolled at 

the P.D. Hinduja National Hospital (PD-HNH) and Medical Research Centre (MRC), a 

tertiary care center in central Mumbai. The PD-HNH is the referral center for MDR and 

XDR-TB cases of the city and the state of Maharashtra. Therefore, the TB patient 

population is more likely to contain those who have previously been treated and were 

either unresponsive or relapsed [72].  

Moldova 

Chisinau, Moldova, has a population of roughly 700,000 people. In  2013, the 

WHO estimated that Moldova accounted for 0.07% of the total number of TB cases 

worldwide, with 24% (21-26%) and 62% (59-65%) of the new and retreatment cases 

respectively being caused by MDRTB strains [1]. In Chisinau, patients in the GCDD 

were enrolled at the Phthisiopneumology Institute (PPI) in Chisinau, Moldova. The PPI is 

the central unit of the National TB Control Programme, which leads all TB and 

unspecific upper respiratory tract diseases services for patients across all of Moldova 

[72].  

South Africa 

Port Elizabeth, South Africa has a population of approximately 1.3 million 

people. In 2013, the WHO estimated that South Africa accounted for 5.1% of the total 

number of TB cases worldwide, with 1.8% (1.4-2.3%) and 6.7% (5.4-8.2%) of the new 

and retreatment cases respectively being caused by MDRTB strains [1]. In Port Elizabeth, 
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patients in the GCDD were enrolled at six Primary Health Care facilities and one regional 

hospital [72].   

Goals of Dissertation 

In recognition of the lack of information regarding the role of FQ resistance and 

the prevalence of MDRTB and XDRTB, it was the purpose of this dissertation to review 

the current TB literature to characterize gyrA and gyrB mutations, describe the prevalence 

of drug resistance among individuals residing in Mumbai, Port Elizabeth and Chisinau 

and analyze the clinical and epidemiologic characteristics of multi and extensively drug 

resistant TB (M/XDRTB) to identify factors that are linked to M/XDRTB. 

Our research questions were: 

 What is the diversity and frequency of gyrA and gyrB mutations in FQ resistant 

Mtb? 

 What is the global distribution of gyrA and gyrB mutations?  

 What is the prevalence of first and second-line drug resistance in Mumbai, India, 

Port Elizabeth, South Africa and Chisinau, Moldova? 

 What clinical and epidemiology risk factors are associated with M/XDRTB? 

Intervention 

The GCDD was established to characterize the genetic basis of drug resistance 

and evaluate molecular and microbiological methods to detect DRTB quickly and 

efficiently. This international collaboration to improve current DRTB diagnostics 

gathered data from Mumbai, Port Elizabeth and Chisinau in an effort to improve accuracy 

and precision of novel diagnostics and reduce DRTB detection time. The GCDD study 

design was conducted in two phases. Data from Phase II consisted of a prospective cohort 
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study of patients with suspected, but not confirmed XDRTB. Data for these analyses was 

collected from men and women enrolled in the GCDD funded study. 

The study was approved by the Institutional Review Boards (IRB) at the 

University of California, San Diego (UCSD), P.D. Hinduja National Hospital and 

Medical Research Centre, IRB Project Number. 507-09-CR; Ministry of Health Care of 

the Republic of Moldova, Institution of Public Health Phthisiopneumology Institute, 

Ethics Committee of IMSP Phthisiopneumology Institute (no applicable reference 

number); and Universiteit-Stellenbosch University Health Research Ethics Committee 

Tygerberg, South Africa, Ethics Reference Number N10/08/261.
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Abstract 

Background: The detection of mutations in the gyrA and gyrB genes in the 

Mycobacterium tuberculosis genome that have been demonstrated to confer phenotypic 

resistance to fluoroquinolones is the most promising technology for rapid diagnosis of 

fluoroquinolone resistance. Methods: In order to characterize the diversity and frequency 

of gyrA and gyrB mutations and to describe the global distribution of these mutations, we 

conducted a systematic review, from May 1996 to April 2013, of all published studies 

evaluating Mycobacterium tuberculosis mutations associated with resistance to 

fluoroquinolones. The overall goal of the study was to determine the potential utility and 

reliability of these mutations as diagnostic markers to detect phenotypic fluoroquinolone 

resistance in Mycobacterium tuberculosis and to describe their geographic distribution. 

Results: Forty-six studies, covering four continents and 18 countries, provided mutation 

data for 3,846 unique clinical isolates with phenotypic resistance profiles to 
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fluoroquinolones. The gyrA mutations occurring most frequently in fluoroquinolone-

resistant isolates, ranged from 21-32% for D94G and 13-20% for A90V, by drug. Eighty 

seven percent of all strains that were phenotypically resistant to moxifloxacin and 83% of 

ofloxacin resistant isolates contained mutations in gyrA. Additionally we found that 83% 

and 80% of moxifloxacin and ofloxacin resistant strains respectively, were observed to 

have mutations in the gyrA codons interrogated by the existing MTBDRsl line probe 

assay. In China and Russia, 83% and 84% of fluoroquinolone resistant strains 

respectively, were observed to have gyrA mutations in the gene regions covered by the 

MTBDRsl assay. Conclusions: Molecular diagnostics, specifically the Genotype 

MTBDRsl assay, focusing on codons 88-94 should have moderate to high sensitivity in 

most countries. While we did observe geographic differences in the frequencies of single 

gyrA mutations across countries, molecular diagnostics based on detection of all gyrA 

mutations demonstrated to confer resistance should have broad and global utility. 

 Keywords: Fluoroquinolone resistance, gyrA, gyrB, mutations, resistance 

Introduction 

Mycobacterium tuberculosis (Mtb) is a worldwide public health threat responsible 

for approximately 8.6 million incident cases of tuberculosis (TB) and an estimated 1.3 

million deaths annually [1]. The emergence and increasing prevalence of Mtb strains 

resistant to first and second line antituberculous medications are exacerbating the global 

TB epidemic [5]. Multidrug resistant (MDR) strains are Mtb strains resistant to 

rifampicin (RIF) and isoniazid (INH), the most effective first-line drugs. Extensively 

drug resistant (XDR) Mtb strains, are defined as strains with MDR plus resistance to any 

fluoroquinolone (FQ) and one of the second-line injectable drugs used commonly for 
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treating TB [73]. As of 2012, the World Health Organization (WHO) estimated the global 

prevalence of MDR-TB to be 3.6% among new TB cases and 20% among recurrent TB 

cases [1].  

 As M/XDRTB rates continue to increase, the development and implementation of 

rapid diagnostic systems for the detection of microbial resistance to prevent further 

transmission and promptly implement appropriate drug regimens are needed [74]. 

Automated liquid culture systems have significantly shortened turnaround times for drug 

susceptibility tests (DSTs) compared to solid media, but bacteriological assays are 

technically demanding and still require a sophisticated biosafety environment and 

approximately 7 to 10 days to complete [74]. Detection of genetic mutations that confer 

resistance to certain antimicrobial agents represents a more rapid alternative [74]. 

Currently, the only broadly available commercial assay for the rapid detection of second-

line-drug resistance, including FQ resistance, the MTBDRsl assay (Hain Lifescience, 

Nehren, Germany), detects only the most common mutations found in the quinolone 

resistance determining region (QRDR) of gyrA [22]. 

 The main cellular target of FQs in Mtb is the DNA gyrase, a type II 

topoisomerase, which consists of two A and two B subunits encoded by gyrA and gyrB 

genes, respectively [5]. The genetic mechanism of resistance to FQs is a result of changes 

in the DNA gyrase, particularly, mutations in the QRDR of gyrA (codons 74 to 113) [75] 

and gyrB ( codons 500 to 538) [14]. It has been estimated that roughly 60 to 90% of Mtb 

clinical isolates with FQ resistance have mutations in the QRDR of gyrA, particularly in 

codons 88, 90, 91, and 94 [12, 76, 77]. Mutations in gyrB have also been associated with 

FQ resistance, but with lower sensitivity and specificity, and they often co-occur with 
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canonical gyrA mutations [13, 15, 78-80] and most often occur in codons 500 and 538 

[81]. While most Mtb strains with gyrA mutations in the QRDR are FQ resistant, nearly 

all isolates with a wild type QRDR are FQ susceptible. The exceptions are the 

polymorphisms of gyrA at codons 21, 95 and 668 [8, 15, 23], which do not appear to be 

related to resistance.  

FQs have potent in vitro activities against Mtb [82]. However, FQs are widely 

used to treat bacterial infections of the respiratory, gastrointestinal, and urinary tract as 

well as sexually transmitted diseases, further contributing to the increasing levels of FQ 

resistance in Mtb [83, 84]. FQs have proven to be among the most effective second-line 

anti-mycobacterial drugs [15, 84] and are recommended for the treatment of drug-

resistant TB and for persons intolerant of current first-line therapy [8, 85]. While 

resistance to some of the older generation of FQs has been shown to emerge during 

treatment of patients infected with FQ-susceptible strains [83], newer generation FQs 

have become vital in the successful treatment of drug resistant TB [5, 73, 86]. As a result 

of the promising clinical activity of these newer FQs, the WHO currently recommends 

levofloxacin or moxifloxacin for the treatment of XDRTB when ofloxacin resistance is 

present [87, 88].   

 In order to characterize the gyrA and gyrB mutations associated with global 

phenotypic resistance to the most commonly used FQs in Mtb we conducted a systematic 

review of English language studies from May 1996 to April 2013. The overall goals of 

the study were to: 1) characterize the diversity and frequency of gyrA and gyrB mutations 

in FQ resistant Mtb and 2) to describe the global distribution of these mutations to help 
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determine their potential utility and reliability as diagnostic markers for detecting 

phenotypic FQ resistance in Mtb. 

Methods 

 Literature Search: A Medline search was conducted of all publications 

investigating gyrA and gyrB mutations associated with phenotypic FQ resistance in Mtb. 

The search was restricted to studies published from May 1996 through April 15, 2013, 

including those studies available online prior to publication. MEDLINE/PubMed key 

search terms used with the help of Boolean operators (‘and’, ‘or’) were: “tuberculosis,” 

“fluoroquinolone,” “resistance,” “resistant” “gyrA,” “gyrB,” “mutation,” “sequence.” 

 Study Selection Criteria: Study selection criteria were similar to those described 

in Georghiou et al. [89]. Studies were included if they met the following predetermined 

criteria: i) published in English ii) presented original data and iii) assessed drug resistance 

mutations in clinical Mtb strains resistant to FQs (in vitro studies were excluded as 

laboratory generated mutations have been observed to be different from those found in 

clinical isolates) [90]. Studies were also excluded if they did not mention the specific FQ 

tested, did not perform or describe details of phenotypic drug susceptibility testing, did 

not perform sequencing as a method for determining mutations associated with drug 

resistance. Additionally, studies were excluded if they did not mention the country the 

clinical isolates originated from or if they listed multiple countries and did not distinguish 

clinical isolates by country.  

 Data Extraction and Entry: The following background variables were collected 

from the selected publications: author(s), year of publication, geographic origin of 

clinical strains, the reference strain used, methods for testing phenotypic drug 
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susceptibility and genotypic mutations, MIC levels for each drug, genes sequenced, and 

loci of genes sequenced. The following mutation information was also recorded: specific 

gene mutation(s) found, FQ drug utilized for selection, number of resistant and 

susceptible isolates tested, and number of resistant and susceptible isolates demonstrating 

a mutation. Data was recorded and compiled using Microsoft Excel (Microsoft, 

Redmond, WA).  

 Data Collation and Cumulative Mutation Frequency Calculations: Data 

concerning mutations associated with FQ resistance were grouped by gene and stratified 

by the drug resistance phenotype associated with the mutation. Studies that specifically 

reported multiple mutations within a gene were also analyzed separately in order to 

determine the frequency of multiple mutations in genes associated with FQ resistance. 

Each mutation reported in a resistant Mtb isolate was considered independent of all others 

within and between studies (except where otherwise noted for multiple mutations in the 

same gene) and recorded as one instance of the mutation in the numerator of the 

cumulative mutation frequency calculations. Cumulative mutation frequency in resistant 

isolates was calculated as the number of resistant isolates in which the mutation was 

found, divided by the total number of phenotypically resistant isolates tested across 

studies. Cumulative mutation frequency in susceptible isolates was calculated as the 

number of susceptible isolates in which the mutation was found, divided by the total 

number of susceptible isolates tested across studies. As not all studies examined all 

mutations or all genes associated with resistance, isolates from a study were only 

included in the denominator of a cumulative frequency mutation calculation for a 

particular mutation if that mutation could have been detected in that study (i.e. the study 
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sequenced the appropriate section of the gene). In order to accurately assess which gene 

fragments had been sequenced for each isolate, the exact start and end points of the gene 

fragments sequenced had to be determined. These endpoints were identified by entering 

the published primer sequences into the NCBI BLAST (Basic Local Alignment Search 

Tool) with Mtb H37Rv complete genome selected as the reference genome, Accession 

number NC_000962.3 and mapping the coordinates on Mtb H37Rv. Sequence fragments 

were inferred for articles that did not include primer sequences by using the outermost 

identified mutations as sequence endpoints. If several primers were included and 

sequenced fragments overlapped, the final dataset included only the outermost/inclusive 

primers.  

The cumulative mutation frequency tables presented in the main body of the 

review represent the mutations that reached a frequency threshold, described as the 

following: 1) Isolates were included if a mutation was observed in at least two studies 

and reported resistance to at least two FQs with a frequency of at least 1% for any one of 

the FQs tested; 2) Mutations were excluded from the main tables when the frequencies of 

the mutation were equal in resistant and susceptible strains. Due to the large number of 

mutations reported (146 total), this frequency threshold was used to report only the most 

frequently reported mutations in the main tables. All mutations not meeting the above 

mentioned criteria are available in Appendix A. 

Results 

 Description of Included Studies: Figure 2.1 illustrates the study selection and 

exclusion process utilized for this review. Initial search parameters identified 193 studies 

published from May, 1996 through April 15, 2013. (PRISMA checklist Appendix B). 
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Figure 2.1: Study Selection Process and Reason for Exclusion of Studies 

21Didn’t review a fluoroquinolone 

11 Did not include sequence susceptible isolates 

10 Did not name a country or named multiple 

9 Doesn't mention fluoroquinolones used 

76 studies 

65 studies 

55 studies 

46 studies met the eligibility criteria 

 

6 Experimentally derived 

3 Doesn't consider gyrA or gyrB 

106 studies 

100 studies 

97 studies 

13 Doesn't consider Mycobacterium tuberculosis 

6 Animal studies 

112 studies 

18 Not published in English 

143 studies 

125 studies 

22 Reviews, editorials and book chapters excluded 

193 Potentially relevant studies identified 

via Medline search 

165 studies 

28 No sequence data provided for mutations 
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Forty-six publications met all eligibility criteria and were included in the review [12, 13, 

16, 20, 21, 23, 73, 74, 76-78, 83, 85, 90-122].  

Of the 46 studies included, the earliest was published in 1996, with 23 (50%) 

published in the last three years (Table 2.1). Altogether, mutation data was provided for 

3,846 unique clinical Mtb isolates with various phenotypic resistance profiles to FQs. The 

reported geographic origins of these strains were diverse, covering four continents and 18 

countries.   
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A total of 146 unique mutations were reported relative to the reference H37Rv 

genome: gyrA (76 unique mutations, 34 single mutations and 42 multiple mutations), 

gyrB (28 unique mutations, 25 single mutations and 3 multiple mutations) and gyrA and 

gyrB (42 multiple mutations). We evaluated the DST methods and critical drug 

concentrations used in each study to define whether a strain was phenotypically resistant 

or not. Table 2.2 shows the DST methods and critical concentrations used in each of the 

included studies and whether or not they conformed to published reference standards. 

The drug concentrations used in 35 of the 46 (76%) studies conformed to at least one 

national or international published standard, 4 (9%) studies were conducted in national 

reference laboratories. The remaining 7 (15%) studies did not document a specific 

reference laboratory standard.  
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gyrA Mutations Associated with  Fluoroquinolone Resistance: Of the 46 papers 

examined in this review, all 46 studied resistance-associated markers within gyrA. Figure 

2.2 shows the gyrA studies as a heat map of the number of isolates evaluated in all 46 

studies as well as the locations of the mutations found in gyrA. Thirty-four studies 

sequenced the QRDR of the gyrA gene, 11 studies sequenced part of the QRDR of the 

gyrA gene; only one study sequenced the entire gyrA gene. 

 

Figure 2.2: Heat map of Reviewed Studies that Evaluated gyrA Gene Mutations in Mtb, 

Heat map of individual papers indicating the number of isolates and the region of the 

gyrA gene studied. The number of isolates testes ranges from 8 (light grey) to 227 

(black). Red indicates that a mutation has been found. 

 

Table 2.3 shows the cumulative frequencies of the most commonly reported 

mutations in the gyrA gene associated with resistance to the primary FQs across 
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publications. Resistance to ofloxacin, levofloxacin and moxifloxacin was studied in the 

largest number of isolates, but it is important to note that the primary canonical mutations 

listed in Table 2.3 appeared to be associated with resistance to all of the clinically 

relevant FQs, suggesting some level of cross-resistance is likely. Additionally, a subset of 

studies specifically examined and found evidence of cross resistance associated with 

these mutations, for example, most moxifloxacin resistant isolates with the A90V 

mutation (18%) were also resistant to ofloxacin (17%).  
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Eighty seven percent of the moxifloxacin resistant isolates and 83% of the 

ofloxacin resistant isolates had mutations in their gyrA genes, with most mutations 

occurring in codons 88-94 (Table 2.3, Appendix A and Appendix C). The cumulative 

frequency of individual mutations associated with FQ resistance was highest for the gyrA 

mutation D94G, ranging from 21-32% in FQ-resistant isolates depending on the specific 

FQ tested. The gyrA A90V mutation was the second most frequent mutation observed in 

FQ resistant isolates, and was found in 13-20% of FQ-resistant isolates depending on the 

FQ tested. Across all drugs tested, the gyrA mutations G88C and D94V were least 

frequent (1-2%).  

Most importantly, none of the mutations listed in Table 2.3 occurred in more than 

a few of the many thousands of FQ susceptible isolates evaluated. Of the 41 studies 

reporting single A90V mutations, only two studies (n=4) reported the A90V mutation in 

FQ susceptible isolates. Two other mutations were reported in susceptible isolates: D94A 

and D94N, but less than 1% of susceptible isolates contained these mutations, leaving 

open the possibility these were likely phenotypic DST errors. 

 gyrB Mutations Associated with Fluoroquinolone Resistance: Eighteen of the 46 

(39%) publications included sequence data for gyrB. However, overall the gyrB 

mutations have only been evaluated in a few hundred FQ-resistant strains. Mutations of 

the gyrB gene occurred most frequently within ofloxacin resistant isolates (Table 2.4). 

The gyrB N538D mutation (also reported as N510D in some publications depending on 

the numbering system used), as well as D500H, T539N and A543V were reported to be 

rare among ofloxacin-resistant isolates, at frequencies of less than 1%. While the number 
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of susceptible isolates examined for gyrB mutations was low, it is important to note than 

none of them contained mutations listed in Table 2.4. 
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 Double Mutations in gyrA Associated with Fluoroquinolone Resistance: Several 

studies reported double mutations in gyrA, gyrB or both gyrA and gyrB; Appendix C 

includes double mutations reported within the gyrA gene. The most commonly reported 

double mutations largely included the previously examined A90V mutation. While the 

cumulative frequencies of gyrA double mutations ranged from 1-3% among resistant 

isolates, no susceptible isolates were reported to contain any of the double mutations, 

suggesting that although rare, double gyrA mutations are highly specific predictors of 

FQ-resistance.   

 Mutations in gyrA Associated with Fluoroquinolone Resistance by Country: 

Table 2.5 shows the cumulative frequencies of gyrA point mutations in FQ resistant 

isolates by country. The greatest number of studies came from China (n=13), followed by 

Russia (n=5), with all other countries contributing less than four studies each. Both China 

and Russia reported the gyrB mutation D500H in FQ resistant isolates. In China, 85% of 

mutations reported were found in codons 88-94, whereas 89% of mutations in Russia 

were in these codons (the remainder of the mutations occurred outside of these codons 

and in gyrB). Of the 18 country-specific studies included in our review, 14 reported 

mutations in codon 90 (all in A90V) with frequencies ranging from 6% of FQ resistant 

strains in Iran to 30% of FQ resistant strains in the Philippines. Sixteen countries reported 

mutations in codon 94. For gyrA D94G, the cumulative frequency of the mutation in all 

FQ resistant strains ranged from 6% in Iran to 56% in South Korea. While A90V and 

D94G were the most frequently reported mutations overall, four countries reported 

mutations other than these mutations with higher frequency. In India, the most commonly 

reported mutation was D94A (20%); in Iran the most commonly reported mutation was 
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D94N (11%); in Portugal the most commonly reported mutation was S91P (42%) and in 

Spain the most commonly reported mutation was D84G (17%).
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Discussion 

 From the literature reviewed, it is evident that the QRDR of gyrA has been widely 

studied in FQ resistant Mtb isolates; while the remainder of the gyrA gene and the gyrB 

gene have been only rarely evaluated. In this review, we found that mutations occurring 

in the QRDR, specifically in codons 88-94, were found in 85% and 82% of phenotypic 

moxifloxacin and ofloxacin resistant strains, respectively. These results suggest that gyrA 

mutations in codons 88-94 are likely to be very sensitive markers of phenotypic 

resistance to FQ drugs in Mtb isolates, with high likelihood of cross-resistance to all the 

major FQs. Only one study included in the review sequenced the entire gyrA gene, 

explaining why very few mutations were reported outside of the QRDR region. The 

understudied gyrA regions may contain mutations that help explain the 15-18% of 

reported FQ resistant strains that did not appear to have mutations in codons 88-94 of the 

QRDR of gyrA. Additionally the 15-18% of FQ resistant Mtb strains with no identified 

mutation may possess an alternate mechanism of resistance [97, 123, 124].  Low cell wall 

permeability, efflux-related mechanisms, and drug sequestration or inactivation have 

been proposed to account for FQ resistance in these isolates [90, 124]. Equally important 

to the high frequency of the gyrA mutations in FQ resistant isolates, is the fact that these 

mutations occurred in only a few (<1%) FQ susceptible isolates, suggesting that these 

mutations will have close to 100% specificity as markers of phenotypic FQ resistance. 

The very few susceptible isolates with QRDR mutations may also have been DST errors 

as most QRDR mutations (the canonical mutations) have been shown to confer resistance 

at WHO approved critical concentrations [84].  
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 Mutations in the Mtb gyrB gene were also associated with FQ resistance but at a 

much lower frequency. In this study, these mutations were only evaluated in a few 

hundred FQ resistant strains and were rare (1-2% of FQ isolates observed). Mutations in 

gyrB typically occur in association with gyrA mutations [13, 15, 78, 80] and most often 

occur in codons 500 and 538 [81], making it difficult to assess their individual 

contributions to phenotypic resistance. In a recent study by Malik et al. [84] functional 

genetic analysis of gyrB indicated that certain mutations in gyrB confer FQ resistance, 

however the level and pattern of resistance varied among the different mutations. 

Nonetheless, the results from their study provide support for the inclusion of mutations in 

the QRDR of gyrB in next generation molecular assays used to detect FQ resistance in 

Mtb. In this review, some gyrB mutations did occur independently of gyrA mutations 

which could help explain the phenotypic resistance in isolates that don’t have mutations 

in the QRDR region of gyrA. In our study, the most common gyrB mutations occurred in 

codons 500, 538, 539 and 543. No susceptible isolates were reported to contain gyrB 

mutations, suggesting these rare mutations are highly specific markers of FQ-resistance. 

 Although rare, gyrA double mutations were found to occur in codons 90 and 94. 

Double mutations suggest Mtb may be undergoing adaptive evolution to improve the 

fitness of the bacteria in response to global FQ treatment [125]. Although the data from 

this review were limited by the lack of geographical diversity of strains with double 

mutations, double gyrA mutations were never reported in FQ susceptible Mtb strains and 

are likely highly specific markers of FQ resistance in Mtb. 

 In this study, we noted that ofloxacin-resistant clinical isolates were consistently 

cross-resistant to the newer FQs (eg. moxifloxacin). While there is building evidence to 
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suggest that certain gyrA mutations are associated with differential cross resistance to the 

different FQs, it would appear from our study that many of the canonical gyrA mutations 

should probably be considered broadly cross resistant while evidence of mutation-

specific differential resistance is being verified.  

The WHO has listed 27 “high burden” TB countries; data from seven of these 

countries (China, India, Pakistan, Philippines, Russia, South Africa and Vietnam) were 

included in this review. While several studies have commented on potential geographic 

differences [5, 6, 11, 21, 78, 95, 96, 100, 116, 118, 126] in frequencies of resistance 

conferring gyrA and gyrB mutations within and between countries, few attempts have 

been made to characterize these differences. In our study, we demonstrated that single 

gyrA mutations and resistance to FQs varies geographically. One possible reason for the 

diversity of mutations between countries may be attributed to different social and 

geographic transmission environments giving rise to different pressures of natural 

selection. A second possible reason for this diversity may be attributed to differences in 

treatment regimens containing FQs, which can result in geographically diverse drug-

based selection pressures. Identifying geographical areas with high frequencies of unique 

mutations may help improve molecular surveillance methods and identify areas of 

concern for molecular diagnostic assay scale up. However, as long as next generation 

molecular diagnostics or whole gene/genome approaches are able to detect all of the 

canonical gyrA mutations known to confer resistance, and geographically diverse 

mutations show the same specificity, the observed spatial diversity of mutations will not 

decrease sensitivity or specificity of next generation assays. 
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The WHO Stop TB Program has emphasized the need to strengthen diagnostic 

testing and the need to develop rapid diagnostics [127]. The only commercial assay for 

rapid detection of FQ resistance in clinical samples currently is the MTBDRsl line probe 

assay (Hain Lifescience, Nehren, Germany). The MTBDRsl assay can detect Mtb 

mutations A90V, S91P, D94A, D94N/Y, D94G, and D94H, with a recently reported 

pooled sensitivity and specificity of 87% and 97% respectively on direct clinical samples 

[128]. While we did observe mutations in gyrA outside of the codons interrogated by the 

MTBDRsl assay, and in gyrB (1-2% of FQ-resistant strains showed single mutations in 

gyrB), our findings indicate that at least 85% and 82% of moxifloxacin and ofloxacin 

resistant strains, respectively, were observed to contain mutations in the codons 

interrogated by the MTBDRsl assay. This data is consistent with the pooled sensitivity of 

the MTBDRsl assay recently reported in a Cochrane review [129] and suggests that the 

MTBDRsl assay is likely to have good sensitivity for detection of moxifloxacin and 

ofloxacin resistance globally depending on its ability to detect these mutations in clinical 

samples. Based on the frequency of QRDR mutations observed in FQ resistant strains in 

China and Russia (83% and 84% respectively), the MTBDRsl assay may have a similar 

sensitivity in those countries. However, it is important to understand that biases in the 

collection of strains in the studies from those countries may have contributed to the 

frequencies observed. This emphasizes the need for representative national and global 

surveillance of resistance mutations to obtain more reliable estimates of global 

frequencies of these mutations in order to design next generation molecular diagnostics 

and optimize global performance.   
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Recently the WHO Expert Group concluded that based on available evidence, the 

GenoType MTBDRsl assay had a pooled sensitivity and specificity of 84% and 97% 

respectively. The expert panel determined that while the specificity was sufficient for a 

“rule-in” test of FQ resistance, it should not be used as a replacement test for 

conventional phenotypic testing yet [130] due to a high proportion of phenotypic FQ 

resistant isolates that it appears to be unable to detect. Our review of the global 

frequencies of gyrA mutations in FQ resistant isolates suggests that next generation 

assays able to detect all of the gyrA mutations presented in this review should have 

sensitivities of at least 87% and 83% for detection of moxifloxacin and ofloxacin 

resistance respectively, depending on their ability to detect these mutations in clinical 

samples. Based on our review and previously published work on gyrA frequencies by 

others [81, 131, 132], it seems unlikely that molecular diagnostics based on gyrA 

mutations alone will have global sensitivities exceeding 95%, and may suffer from 

geographic variability. But it is important to view this limitation in the context of the fact 

that less than 30-45% of MDR-TB, and likely less FQ resistant TB, is currently being 

detected by standard phenotypic methods [133]. Existing molecular diagnostics based on 

detection of QRDR mutations could significantly improve the number of FQ resistant TB 

cases being detected and treated appropriately. 

 Limitations: This study has several limitations. The cumulative frequencies 

calculated were based on two main assumptions. First, it was assumed that all the 

mutations reported were independent of each other. If some isolates were misclassified as 

independent when they were, in fact, not, this could have caused an overestimation in our 

cumulative frequencies of that specific mutation. Every effort was made to ensure that the 
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isolates and the mutations presented in one study were not also reported in another study. 

Every manuscript was scrutinized for evidence of the same isolates being reported on and 

to the best of our knowledge all isolates reported were unique. A second potential source 

of misclassification error was in our use of the DST results as reported. For example, if 

an isolate was misclassified as resistant based on faulty DST data, when it was, in fact, 

susceptible, and it did not have the expected mutation then we would have 

underestimated the cumulative frequency of that mutation among resistant isolates. To 

minimize the chances of such misclassification, we excluded manuscripts with no explicit 

descriptions of their DST methods and clear definitions of what constituted a resistant or 

susceptible isolate using accepted DST drug concentrations and methodologies. For those 

studies that did not state which section of a gene was sequenced, this was assumed based 

on the mutations reported, possibly introducing misclassification bias. Identified “hot 

spots” were grouped by country (as not all studies reported the city the isolates were 

collected in) regardless of the year the isolates were collected. Additionally it was 

assumed that these mutations would remain in the same locations between the time the 

data were collected and the time of this publication. Moreover, studies reporting from 

only one country were generalized to the entire country, possibly introducing 

misclassification bias. Lastly, the exclusion of laboratory generated mutations may have 

led to the under-reporting of gyrA mutations. While laboratory generated mutations and 

clinical isolates have common features, they also have some key differences. Sun et al. 

[90]observed mutations occurring in clinical isolates most often did not occur in the 

laboratory generated mutations. Furthermore, clinical isolates and laboratory generated 

mutations differed in frequency for various mutation patterns. Thus, while laboratory 
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generated mutations are critical to the understanding of the mechanism of mutations, 

these mutations do not always accurately reflect the mutations and frequencies of 

mutations observed in clinical isolates and were therefore excluded from this review of 

mutations for the purposes of understanding molecular diagnostics for clinical isolates. 

Conclusion 

 To maximize the sensitivity and specificity of molecular diagnostics based on 

detection of mutations conferring FQ resistance in Mtb, we need an understanding of the 

frequency and geographic distribution of these mutations. In this review, gyrA mutations 

reported in codons 88-94 appeared to account for at least 82% of phenotypic ofloxacin 

resistance and 85% of moxifloxacin resistance globally, while gyrB mutations and gyrA 

double mutations occurred only rarely. While we did observe geographic differences in 

the frequencies of specific gyrA mutations between countries, it is likely that next 

generation molecular assays that can detect all of the gyrA and gyrB mutations 

documented to confer resistance, will have good sensitivity and specificity globally. 

Using existing molecular diagnostics to rapidly detect FQ resistance in clinical Mtb 

strains could substantially enhance drug resistance control efforts, with the goal of 

interruption of disease transmission and ultimately incidence reduction, especially in 

countries with cross-resistance. While it appears the line probe assay, Genotype 

MTBDRsl should have good sensitivity and specificity for detecting phenotypic FQ 

resistance globally, future national and international surveillance studies focusing on 

prevalence of mutations across all of gyrA and gyrB, could improve design and 

optimization of next generation molecular diagnostics for detecting FQ resistance. 
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Abstract 

Background: Drug -resistant tuberculosis (DRTB) has emerged as a major 

challenge in the control and prevention of TB. While the World Health Organization 

(WHO) has emphasized the importance of collecting surveillance data, true rates of 

DRTB remain unknown throughout the world, especially in regions where the burden of 

TB is high. The purpose of this study was to describe the pattern of drug resistance in 

new and previously treated TB patients at risk for DRTB. Methods: We performed drug 

susceptibility testing (DST) on Mycobacterium tuberculosis (Mtb) isolates, with first and 

second-line anti-TB drugs in 908 culture-positive TB patients using the MGIT 960. 

Patients enrolled from May 2012 to August 2013 in Mumbai, India, Chisinau, Moldova 
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and Port Elizabeth, South Africa were included in the analysis. Results: Among the 908 

patients, 603 (66.4%) had isolates that exhibited resistance to at least one drug. The 

overall prevalence of multi-drug resistant TB (MDRTB) was 79.7% (72.6% of newly 

diagnosed patients and 81.7% of previously treated patients), 51.1% (44.1% of newly 

diagnosed patients and 74.0% of previously treated patients) and 15% (62.5% of newly 

diagnosed patients and 13.0% of previously treated patients) in Mumbai, Chisinau and 

Port Elizabeth, respectively. Among the MDRTB patients, the prevalence of XDRTB in 

Mumbai, Chisinau and Port Elizabeth was 13.9%, 12.1% and 41.4%, respectively. 

Conclusions: The burden of DRTB was high in all three sites highlighting the importance 

of continuous surveillance to identify DRTB, especially among patients previously 

treated for TB. It is important to improve early diagnosis of MDRTB and to provide 

effective treatment to all MDRTB patients in order to prevent the development of 

additional drug resistance in these high-risk populations.  

Keywords: MDRTB, XDRTB, Drug resistance 

Clinical Trials Registration Number: ClinicalTrials.gov under number 

NCT02170441. 

Introduction 

Although the global prevalence of tuberculosis (TB) has been on a slow decline 

[133], drug-resistant TB (DRTB) remains a serious public health concern. The increasing 

incidence of DRTB, specifically multi-drug resistant tuberculosis (MDRTB) and 

extensively drug resistant tuberculosis (XDRTB) presents tremendous challenges to 

global TB control [134]. MDRTB, defined as resistance to both isoniazid (INH) and 

rifampicin (RIF), is difficult to cure and requires prolonged treatment with expensive and 
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often toxic multidrug regimens [134]. XDRTB is defined as MDRTB with additional 

resistance to any fluoroquinolone (FQ) (ie. ofloxacin (OFX) or moxifloxacin (MOX)) and 

at least one of three injectable drugs (amikacin (AMK), capreomycin (CAP) or 

kanamycin (KAN)) [133]. According to the World Health Organization (WHO) 2014 

Global Tuberculosis Report, 5% of global TB cases were estimated to have had MDRTB 

in 2013 (3.5% of new and 20.5% of previously treated TB cases). One hundred countries 

have reported XDRTB; an estimated 9% of people with MDRTB are estimated to have 

XDRTB [133]. Former States of the Soviet Union, India and China have the greatest 

burden of XDRTB [135]. 

The WHO has listed 27 “high-burden” TB countries, with four of these countries 

(India, China, the Russian Federation and South Africa) responsible for roughly 60% of 

the world’s cases of MDRTB [133]. Several studies [136-141] have described the 

prevalence of MDRTB in a number of different countries and the WHO has emphasized 

the importance of collecting surveillance data on the proportion of TB cases that are 

MDRTB or XDRTB. However, true rates of DRTB remain unknown throughout the 

world, especially in regions where the burden of TB is high. This is primarily a result of 

the lack of long-term cohort studies to detect trends due to the lack of human and 

financial resources, selection bias of some studies (ie. studies conducted among 

hospitalized or incarcerated patients) and the absence of high quality laboratory culture 

facilities [142]. As TB is one of the leading causes of morbidity and mortality, knowledge 

of true drug resistance rates in high TB burden regions are essential for developing 

appropriate treatment strategies [142].  
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The emergence of DRTB is of great concern as few treatment options remain 

against such highly resistant strains [143]. Thus, prevention of DRTB is paramount to 

curb this epidemic. The Global Consortium for Drug-resistant TB Diagnostics (GCDD) 

was established in 2008 to characterize the genetic basis of drug resistance and evaluate 

molecular and microbiological methods to detect DRTB quickly and efficiently. In an 

effort to improve accuracy and precision of novel diagnostics and reduce DRTB detection 

time, this international collaboration enrolled patients from Mumbai, India; Chisinau, 

Moldova; and Port Elizabeth, South Africa [72]. These sites were carefully considered in 

the planning of the study and were selected due to the high documented risk for DRTB 

and the ethnic diversity of these regions. The purpose of this study was to describe the 

patterns of first and second-line drug resistance in new and previously treated TB patients 

enrolled in the GCDD. Specifically we assessed the resistance to first-line drugs (INH 

and RIF) and second-line drugs (MOX, OFX, AMK, CAP and KAN) among all TB 

patients. 

Methods 

Study setting: The study was a prospective, observational study using collected 

laboratory data. The details of the study method have been described previously [72]. 

Patients were prospectively enrolled at the P.D. Hinduja National Hospital (PD-HNH) 

and Medical Research Centre (MRC) a tertiary care center in central Mumbai, India. In 

Chisinau, Moldova patients were enrolled at the Phthisiopneumology Institute (PPI), a 

scientific research and medical consultation and training center and two hospitals 

(Municipal TB Hospital in Chisinau and Municipal TB Hospital in Balti). In Port 

Elizabeth, South Africa patients were enrolled at one of six Primary Health Care facilities 
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and one regional hospital (Chatty Primary Health Care Clinic, Kwazakhele Primary 

Health Care Clinic, Motherwell NU2 Primary Health Care Clinic, New Brighton Clinic, 

Soweto Primary Health Care Clinic, Zwide Primary Health Care Clinic and Empilweni 

TB Hospital).   

Patient enrollment: Patients at least 5 years of age, who were acid-fast bacilli 

sputum smear-positive, 1+ or greater (within previous 14 days), positive on GeneXpert, 

or with high suspicion of active TB and: previously received treatment for a prior TB 

episode or were failing TB treatment or had close contact with a known DRTB case or 

were newly diagnosed with MDRTB or were previously diagnosed with MDRTB and 

failed TB treatment, were recruited from each of the study clinics, between April 2012 

and August 2013. The eligibility criteria were designed to identify patients at increased 

risk for DRTB. Following screening and informed consent, eligible patients were asked 

to provide sputum specimens and complete a baseline interview. Based on the interview 

and review of medical records, each patient was classified as new or previously treated. 

Patient treatment history was assigned according to WHO standards. A new patient was 

defined as a patient who had never had treatment for TB or who had taken anti-TB drugs 

for less than one month. A previously treated patient was defined as a patient who had 

ever received treatment for TB for more than one month [144].  

Drug Susceptibility Testing (DST): Phenotypic drug susceptibility of the 

Mycobacterium tuberculosis (Mtb) isolates collected from enrolled patients was 

determined using the Mycobacterial Growth Indicator Tube (MGIT) 960 platform (BD 

Diagnostic Systems, Franklin Lakes, NJ, USA) following the manufacturer’s 

recommendations as described in Hillery et al [72]. The following critical concentrations 
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were used: 0.1 μg/ml for INH and 1.0 μg/ml for RIF [145]. DST for second-line drugs 

(SLDs) was performed by using validated critical concentrations of in-house (locally 

prepared by each site) drug solutions consistent with WHO recommendations. Critical 

concentrations were as follows: 2.0 μg/ml for OFX, 0.25 μg/ml for MOX, 1.0 μg/ml for 

AMK, and 2.0 μg/ml for CAP [146]. As there were no published WHO recommended 

critical concentrations for KAN DST by MGIT 960 at the time of the study, we used 2.5 

μg/ml based on the literature [72, 147, 148].  

 Ethical considerations: This study was approved by the Institutional Review Board 

(IRB) at the University of California, San Diego (UCSD) (IRB Project No. 110383) and at each 

enrolling site: P.D. Hinduja National Hospital and Medical Research Centre, IRB Project 

Number. 507-09-CR; Ministry of Health Care of the Republic of Moldova, Institution of Public 

Health Phthisiopneumology Institute, Ethics Committee of IMSP Phthisiopneumology Institute 

(no applicable reference number); and Universiteit-Stellenbosch University Health Research 

Ethics Committee Tygerberg, South Africa, Ethics Reference Number N10/08/261. Written 

informed consent was obtained from each patient prior to collection of sputum sample. 

The trial is registered on ClinicalTrials.gov under number NCT02170441. 

 MDRTB, pre-XDRTB and XDRTB: MDRTB was defined as an isolate in which 

the culture was positive for Mtb and found to have phenotypic resistance to INH and RIF 

with or without resistance to other anti-TB drugs. pre-XDRTB was defined as an 

MDRTB case with additional resistance to either a FQ (OFX or MOX) or a second-line 

injectable anti-TB drug (AMK, CAP or KAN), but not both. XDRTB was defined as 

having an MDRTB strain that was resistant to any FQ and at least one second-line 

injectable anti-TB drug. 
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Statistical analysis: The overall prevalence of each drug by site was calculated. 

Prevalence rates and their 95% confidence intervals (CI) for those who were newly 

diagnosed with TB versus those who were previously treated for TB were also calculated 

for each site. A two-sample z-test was used to compare differences in treatment category 

by site. A p-value of < 0.05 was considered as statistically significant. All statistical 

analyses were carried out using SAS version 9.3 (SAS Institute Inc, Cary, NC).  

Results 

Patient characteristics: A total of 1128 patients were recruited from May 2012 

and August 2013; 213 (18.9%) patients were excluded as they did not have TB and 7 

(0.6%) patients were excluded as the MGIT DST failed to provide a valid result. DST 

results were available for analysis for 908 patients. Of these, 488 (53.7%) were from 

Mumbai; 227 (25.0%) were from Chisinau and 193 (21.3%) were from Port Elizabeth 

(Figure 3.1). The majority of patients were male (63.9%); the mean age was 35.1 (±13.6) 

(the median was 33.0 years; IQR = 24-45). A total of 592 (65.2%) patients were resistant 

to isoniazid, followed by rifampicin 540 (59.5%), ofloxacin 314 (34.6%), moxifloxacin 

310 (34.1%), kanamycin 145 (16.0%), amikacin 82 (9.0%), and capreomycin 79 (8.7%).  

  



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TB = tuberculosis; GCDD = Global Consortium for Drug-resistant TB Diagnostics; DST=drug susceptibility 
testing 

 

Figure 3.1: Flow chart for selection of patients included in the study 

Resistance to first-line drugs: A high prevalence of resistance to first-line drugs 

was reported in Mumbai where 84.4% of Mtb isolates were resistant to at least one first-

line drug with 84.0% resistant to isoniazid and 80.1% resistant to rifampicin. In Chisinau, 

the prevalence of resistance was reported in at least one first-line drug in 60.4% of 

isolates with 60.4% resistant to isoniazid and 51.1% resistant to rifampicin. In Port 

Elizabeth, 25.4% of isolates were resistant to at least one first-line drug, 23.3% were 

resistant to isoniazid and 17.1% were resistant to rifampicin. The prevalence of MDRTB 

in Mumbai, Chisinau and Port Elizabeth was 79.7%, 51.1% and 15%, respectively. 

1,128 TB patients enrolled in GCDD 

from May 2012 to August 2013 

 

Excluded: 
 213 were not TB 

7 had no DST 

n=908 

Mumbai, India 

N = 488 

New cases = 106 

Previously treated = 382 

Chisinau, Moldova 

N = 227 

New cases = 177 

Previously treated = 50 

 

Port Elizabeth, South 
Africa 

N = 193 

New cases = 8 

Previously treated = 185 
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 Resistance to second-line drugs: In Mumbai, isolates from 58.4% of patients were 

resistant to at least one second-line drug, ofloxacin had the highest prevalence of 

resistance (57.8%). In Chisinau, 34.4% of patients were resistant to at least one second-

line drug, with 31.3% reporting resistance to kanamycin. In Port Elizabeth, 10.4% of 

patients were resistant to at least one second-line drug with the highest prevalence of 

resistance in capreomycin (9.3%). 

 Seventy-three percent of MDRTB isolates in Mumbai demonstrated resistance to 

second-line drugs with 57.8% identified as pre-XDRTB with FQ resistance. Among the 

116 MDRTB isolates in Chisinau, 59.5%, showed resistance to second-line drugs with 

44.0% classified as pre-XDRTB with resistance to an injectable. In Port Elizabeth, 62.1% 

of MDRTB isolates demonstrated resistance to second-line drugs with 17.2% identified 

as pre-XDRTB with resistance to an injectable. Among the MDRTB patients, the 

prevalence of XDRTB in Mumbai, Chisinau and Port Elizabeth was 13.9%, 12.1% and 

41.4%, respectively (Table 3.1). 
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Table 3.1: Drug susceptibility profile of the M. tuberculosis isolates in the present study 

INH = isoniazid; RIF = rifampin; MOX = moxifloxacin; OFX = ofloxacin; AMK = amikacin, CAP = capreomycin, KAN = 
kanamycin  

a Any drug resistance: resistance to any of the anti-TB drugs 
b Mono-resistance: resistance to only one drug 
c MDRTB: resistance to at least INH and RIF 
d Polydrug-resistance: resistance to at least two or more drugs, but excluding the INH and RIF combination 
e XDRTB: resistance to at least INH, RIF, a FQ, and a second-line injectable 

 India Moldova South Africa Total  

Drug resistance profile No. % No. % No. % No. % 

Total strains tested 488  227  193  908  

Susceptible to all drugs 75 15.4% 87 38.3% 143 74.1% 305 33.6% 

Susceptible to first-line drugs 76 15.6% 90 39.6% 144 74.6% 310 34.1% 

Susceptible to second-line drugs 203 41.6% 149 65.6% 173 89.6% 525 57.8% 

Resistant to any drug 413 84.6% 140 61.7% 50 25.9% 603 66.4% 

Overall first line drug resistance 412 84.4% 137 60.4% 49 25.4% 598 65.9% 

Overall second line drug resistance 285 58.4% 78 34.4% 20 10.4% 383 42.2% 

Any resistancea         

INH 410 84.0% 137 60.4% 45 23.3% 592 65.2% 

RIF 391 80.1% 116 51.1% 33 17.1% 540 59.5% 

MOX 276 56.6% 20 8.8% 14 7.3% 310 34.1% 

OFX 282 57.8% 19 8.4% 13 6.7% 314 34.6% 

AMK 52 10.7% 13 5.7% 17 8.8% 82 9.0% 

CAP 50 10.2% 11 4.8% 18 9.3% 79 8.7% 

KAN 57 11.7% 71 31.3% 17 8.8% 145 16.0% 

Monodrug resistanceb         

INH 19 3.9% 16 7.0% 16 8.3% 51 5.6% 

RIF 2 0.4% 0 0.0% 3 1.6% 5 0.6% 

OFX 1 0.2% 0 0.0% 0 0.0% 1 0.1% 

AMK 0 0.0% 1 0.4% 0 0.0% 1 0.1% 

CAP 0 0.0% 0 0.0% 1 0.5% 1 0.1% 

Multidrug resistancec         

MDRTB 107 21.9% 47 20.7% 11 5.7% 165 18.2% 

pre-XDRTB (FQ) 225 46.1% 4 1.8% 1 0.5% 230 25.3% 

pre-XDRTB (INJ) 3 0.6% 51 22.5% 5 2.6% 59 6.5% 

Polydrug resistanced         

INH, KAN, MOX, OFX 0 0.0% 1 0.4% 0 0.0% 1 0.1% 

CAP, KAN, MOX, OFX 0 0.0% 1 0.4% 0 0.0% 1 0.1% 

INH, MOX, OFX 2 0.4% 0 0.0% 0 0.0% 2 0.2% 

AMK, CAP, MOX 0 0.0% 1 0.4% 0 0.0% 1 0.1% 

INH, KAN 0 0.0% 4 1.8% 0 0.0% 4 0.4% 

RIF, MOX 0 0.0% 0 0.0% 1 0.5% 1 0.1% 

XDRTBe 54 11.1% 14 6.2% 12 6.2% 80 8.8% 
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 Resistance in newly diagnosed patients and previously treated TB patients: 

Eighty-six percent of previously treated patients and 79.3% of newly diagnosed patients 

had TB resistant to any of the two first-line drugs and five second-line drugs in Mumbai. 

Thus previously treated patients were more likely to harbor drug resistance compared to 

newly treated patients (chi-square = 3.0, p= 0.0822). Statistically significant differences 

were observed between new and previously treated TB patients regarding rifampicin 

resistance (72.6% vs. 82.2%; p=0.0293) and having at least MDRTB (72.6% vs. 81.7%; 

p=0.0408) (Table 3.2).
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In Chisinau, previously treated patients (82%) were more likely to harbor drug 

resistance compared to newly diagnosed patients (56.0%) (chi-square = 11.2, p= 0.0008). 

Statistically significant differences were observed between new and previously treated 

TB patients regarding isoniazid resistance (54.2% vs. 82.0%; p=0.0004), rifampicin 

resistance (44.6% vs. 74.0%; p=0.0002) and having at least MDRTB (44.1% vs. 74.0%; 

p=0.0002) (Table 3.3).
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Newly diagnosed patients (87.5%) were more likely to harbor drug resistance 

compared to previously treated patients (23.0%) (chi-square = 16.5, p <0.0001) in Port 

Elizabeth. Statistically significant differences were observed between new and previously 

treated TB patients regarding isoniazid resistance (75.0% vs. 21.2%; p= 0.0004), 

rifampicin resistance (75.0% vs. 14.6%; p <0.0001) and having at least MDRTB (62.5% 

vs. 13.0%; p= 0.0001) (Table 3.4). 

To determine if the eight new cases of DRTB in Port Elizabeth, South Africa 

were clustered, we conducted a sub-analysis of these patients. As you can see from Table 

3.5, the only two cases that appear to be related are patients 3 and 4.
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In Mumbai, the prevalence of drug resistance in the second-line injectable drugs 

was statistically different between new and previously treated TB patients for all drugs: 

amikacin (3.8% vs. 12.6%; p=0.0095), capreomycin (3.8% vs. 12.0%; p=0.0137) and 

kanamycin (4.7% vs. 13.6%; p=0.0116). In Chisinau, drug resistance to the FQs was 

statistically different between new and previously treated TB patients: moxifloxacin 

(4.5% vs. 24.0%; p= <0.0001) and ofloxacin (4.5% vs. 22.0%; p= <0.0001). Kanamycin 

was the only injectable with statistically significant differences in the prevalence of 

resistance between new and previously treated TB patients (26.6% vs. 48.0%; p=0.004). 

In Port Elizabeth, statistically significant differences were observed between new and 

previously treated TB patients for moxifloxacin (37.5% vs. 5.9%; p=0.0007) and 

ofloxacin (37.5% vs. 5.4%; p=0.0004) as well as all injectables: amikacin (62.5% vs. 

6.5%; p<0.0001), capreomycin (62.5% vs. 7.0%; p<0.0001) and kanamycin (62.5% vs. 

6.5%; p <0.0001). Among the XDRTB isolates, statistically significant differences were 

observed between new patients and previously treated TB patients for all sites; Mumbai 

(p= 0.0186), Chisinau, (p= 0.0011) and Port Elizabeth (p= 0.0002). 

 A high prevalence of cross-resistance among all SLDs was observed in this study. 

The cross-resistance to moxifloxacin was found among 97.9% (276/282), 94.7% (18/19) 

and 100.0% (13/13) of ofloxacin resistant isolates in Mumbai, Chisinau and Port 

Elizabeth, respectively (Table 3.6). As for the injectables, a high proportion of amikacin 

resistant isolates were also resistant to capreomycin and kanamycin 96.2% (50/52) in 

Mumbai and 100.0% (17/17) in Port Elizabeth (Table 3.7). 
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Table 3.6: Cross-resistance to fluoroquinolones among clinical isolates 

 

Mumbai, India   Chisinau, Moldova   Port Elizabeth, South Africa 

MOX OFX Total   MOX OFX Total   MOX OFX Total 

R R 276  R R 18  R R 13 

S R 6  S R 1  S R 0 

R S 0  R S 2  R S 1 

S S 206   S S 205   S S 179 

MOX = moxifloxacin, OFX = ofloxacin, R = resistant, S = susceptible 

 

Table 3.7: Cross-resistance to injectables among clinical isolates 
 

Mumbai, India Chisinau, Moldova Port Elizabeth, South Africa 

AMK CAP KAN Total AMK CAP KAN Total AMK CAP KAN Total 

R R R 50 R R R 7 R R R 17 

R R S 0 R R S 1 R R S 0 

S R R 0 S R R 3 S R R 0 

R S R 2 R S R 3 R S R 0 

R S S 0 R S S 0 R S S 0 

S S R 5 S S R 58 S S R 0 

S R S 0 S R S 0 S R S 1 

S S S 431 S S S 153 S S S 175 

AMK = amikacin, CAP = capreomycin, KAN = kanamycin, R = resistant, S = susceptible 
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 Resistance patterns in patients diagnosed between 2012 and 2013: As our sample 

was collected over the course of two years, it was possible for us to perform a sub- 

analysis of the difference in DRTB prevalence by year to determine how the prevalence 

of DRTB changed during this time. The differences in the prevalence of resistance to the 

two first-line and five second-line drugs are shown in Figures 3.2a-3.2d. Overall, the 

prevalence of resistance to first-line drugs and the FQs decreased from 2012 to 2013. 

During this same time, the prevalence of resistance of second-line injectables increased, 

although these changes were not statistically significant. In Mumbai, the prevalence of 

resistance to first-line drugs decreased from 2012 to 2013; however the prevalence of 

resistance increased in all second-line drugs. These differences were not statistically 

significant (p > 0.05). During this same time, the prevalence of MDRTB decreased from 

25.6% to 16.7% (p= 0.0191). In Chisinau the prevalence of resistance to all first and 

second-line drugs, except for amikacin decreased from 2012 to 2013; however, these 

differences were not statistically significant. In Port Elizabeth, the prevalence of 

resistance for all first and second-line drugs increased from 2012 to 2013, with 

statistically significant differences in the prevalence of resistance in isoniazid (17.3% to 

29.5%; p=0.0450) and rifampicin (10.2% to 24.2%; p = 0.0098). Additionally the 

prevalence of MDRTB increased (from 2.0% to 9.5%) during this same time period (p= 

0.0246).
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Discussion 

The emergence of DRTB is a major global health issue as high rates of DRTB can 

impede TB control activities. India, Moldova and South Africa have been described as 

hotspots for DRTB. In this study, we systematically investigated the prevalence of drug 

resistant Mtb isolates from Mumbai, India; Chisinau, Moldova; and Port Elizabeth, South 

Africa in patients considered at risk for drug resistant TB. In analyzing the first and 

second-line drug resistance patterns, high rates of drug resistance to all seven drugs in all 

three sites was revealed. A large proportion (65.9%) of isolates showed resistance to the 

first-line drugs. Poor patient adherence and interrupted treatment have been shown to 

contribute to the emergence on MDRTB [135]. These individuals pose a challenge for the 

management and treatment of TB. Having a high proportion of MDRTB patients resistant 

to all first-line drugs places a financial burden on a nation as second-line drugs are more 

expensive and more toxic [149]. Overall, the first-line drugs exhibited the highest 

prevalence of resistance, followed by the FQs and the injectables. However, differences 

by site revealed a higher prevalence of injectable resistance, compared to FQ resistance, 

in Moldova (KAN resistance 31.3% vs MOX resistance 8.8%) and South Africa (KAN 

resistance 8.8% vs MOX resistance 7.3%).  

 High rates of MDRTB were reported from all sites. In Mumbai we found the rate 

of MDRTB to be 79.7%, the rate of pre-XDRTB was 46.7% and the rate of XDRTB was 

11.1%. In Chisinau, we found that 51.1% of TB patients met the definition of MDRTB, 

24.2% were pre-XDRTB and 6.2% were XDRTB. In Port Elizabeth, we found that 58.8% 

of TB patients met the definition of MDRTB, 31.8% were pre-XDRTB and 8.8% were 

XDRTB. The prevalence of MDRTB in our study is higher than that reported by the 



82 

 

 
 

WHO. The high prevalence of MDRTB in our study is also higher than that of previously 

published rates in Mumbai [136, 137] and Chisinau [138, 139], but not Port Elizabeth 

[140, 141]. 

 We identified a large subset of patients with pre-XDRTB. Globally, the number of 

pre-XDRTB strains has increased. In Mumbai, the majority of pre-XDRTB cases were 

resistant to a FQ whereas in Chisinau the majority of pre-XDRTB cases were resistant to 

an injectable. The emergence of pre-XDRTB is a major concern for TB control programs 

and highlights the use of FQs and the injectables in the treatment of non-tubercular 

infections. These findings highlight the importance of implementing country-specific 

strategies to identify and cure patients with pre-XDRTB before they develop XDRTB 

[149]. Blower and Supervie conducted a modeling study and concluded that if the 

evolution of MDRTB to XDRTB is not slowed, a tipping point could be reached, after 

which the number of XDRTB cases could increase exponentially [150]. XDRTB is 

associated with high morbidity and mortality and requires individualized treatment to 

address first and second-line drug resistance accurately.     

 In 2013, the WHO estimated that India accounted for 20.4% of the total number 

of TB cases worldwide, with 2.2% (1.9-2.6%) and 15% (11-19%) of the new and 

retreatment cases respectively being caused by MDRTB strains; Moldova accounted for 

0.07% of the total number of TB cases worldwide, with 24% (21-26%) and 62% (59-

65%) of the new and retreatment cases respectively being caused by MDRTB strains and 

South Africa accounted for 5.1% of the total number of TB cases worldwide, with 1.8% 

(1.4-2.3%) and 6.7% (5.4-8.2%) of the new and retreatment cases respectively being 

caused by MDRTB strains. The results of our study demonstrate that MDRTB is common 
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in both new and previously treated TB patients enrolled in this study. The prevalence of 

MDRTB is alarmingly high among new TB cases: 72.6% in Mumbai; 44.1% in Chisinau; 

and 62.5% in Port Elizabeth and among previously treated TB patients: 81.7% in 

Moldova; 74.0% in Chisinau; and 13.0% in Port Elizabeth. 

 The prevalence of FQ resistance in Mumbai was high among MDRTB cases with 

50.9% among new patients and 44.8% among previously treated patients. In Chisinau, a 

high prevalence of second-line injectable drugs was observed with 20.9% among new 

patients and 28.0% among previously treated patients. A meta-analysis of 26 studies by 

Falzon et al [151] reported a prevalence of FQ and SLD injectable resistance in MDRTB 

of 12% and 34.5% respectively. Based on the results of our study, there is concern about 

the increasing resistance of SLDs in MDRTB and the possible reduced efficacy of drug 

combinations used to treat MDRTB.  

 If an effective TB control program is in place, the proportion of previously treated 

patients with MDRTB should be low. In our study, the proportion of previously treated 

patients with MDRTB was 81.7% in Mumbai, 74.0% in Chisinau and 13.0% in Port 

Elizabeth. These results indicate that previously treated patients were more likely to 

harbor MDRTB than new patients. High rates of MDRTB in previously treated patients is 

an indicator of current treatment practices (inadequate treatment regimens or poor 

treatment adherence) whereas drug resistance in new patients is an indicator of disease 

transmission with resistant bacilli [152, 153]. 

 Several programmatic and patient factors are responsible or contribute to the 

development of high drug resistance detected in these populations. First off, some of 

these drugs are readily available on the open market [154]. A second factor is poor 
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adherence; some patients may stop treatment due to the inability to pay for the costly, 

lengthy treatment [151]. Prescribing errors such as prescribing a FQ for a respiratory, 

gastrointestinal, or sexually transmitted diseases, inappropriate treatment regimen, 

inadequate dosage and insufficient treatment duration further contribute to multiple drug 

resistance [83, 84]. The inappropriate use of second-line anti-TB drugs in MDRTB 

patients will lead to amplification of resistance and the development of XDRTB [133, 

153]. 

 Knowledge of true drug resistance rates is essential for developing appropriate 

treatment strategies [142]. DRTB, especially XDRTB, is more expensive and difficult to 

treat. The increased information on SLD resistance reported in this study could be 

valuable for the development of rapid diagnostics for the timely detection of pre-XDRTB 

and XDRTB. Additionally this information can be used to determine effective drug 

combination of SLDs for the treatment of MDRTB. 

In our study, similar resistance rates were reported by site, across all three sites, in 

the FQs and the injectables, suggesting cross-resistance. Cross-resistance among these 

SLDs is concerning as they have a mode of action different from that of the first-line anti-

TB drugs. FQs are widely used for other infectious diseases and are even available 

without prescription in several countries, increasing the burden of selective pressure and 

compromising their efficacy in the treatment of TB [155]. Patients on SLDs often 

experience serious adverse events that require a change in therapy [156]. This change 

may further contribute to the growing problem of multiple drug resistance. 

This multisite study reported varying rates of DRTB between all three sites even 

though the same eligibility criteria were applied to all patients during the screening 
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process. These differences may be due to the differences in the underlying prevalence of 

DRTB in these areas or due to the fact that patients from Mumbai, India and Chisinau, 

Moldova were recruited from hospitals whereas in Port Elizabeth, South Africa patients 

were recruited from one hospital and six primary health care facilities. Hospitals tend to 

have more serious TB cases compared to primary health care facilities. Thus the higher 

rates of DRTB in Mumbai and Chisinau observed in this study may be due to differences 

in the patient populations in which these sites recruited from. 

Limitations: Our study does have a few limitations. First off, due to logistics, only 

the previously mentioned hospitals/clinics were included in our analysis. While a 

substantial number of TB patients present to these hospital/clinics, the results of this 

study can only be generalized to these specific hospitals/clinics; thus the results might not 

reflect the overall situation in each respective city and country. Additionally, these 

hospitals may have higher inclusions rates of serious TB patients than other hospitals in 

the region which may lead to the overestimation of DRTB. For example the Mumbai site 

is not representative of the city but rather the data is from one tertiary care center with a 

referral bias towards non-responders. A potential source of misclassification bias among 

new and previously treated patients might have occurred if some patients registered as 

new patients when in fact they may have actually have had TB treatment in the past. 

Lastly, as the inclusion criteria for our study included suspected DRTB patients who were 

sputum smear-positive, the results of our study reflect the prevalence of DRTB in a 

population suspected of having DRTB and not the general public. 

Conclusions 
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This study reported the prevalence of resistance to seven major anti-TB drugs in 

Mumbai, India, Chisinau, Moldova and Port Elizabeth, South Africa. Our study showed 

that the high prevalence of drug resistance continues to be a major challenge for TB 

control as the transmission of DRTB is extensive and widespread. The prevalence of 

MDRTB remains high and the presence of pre-XDRTB and XDRTB will impose new 

challenges in the global effort to control TB. Continuous surveillance is needed to 

identify DRTB, especially among patients previously treated for TB. It is important to 

improve early diagnosis of MDRTB and to provide effective treatment to all MDRTB 

patients in order to prevent the development of additional drug resistance in these high-

risk populations.  
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Abstract 

Objectives: To analyze the clinical and epidemiologic characteristics of multi and 

extensively drug resistant tuberculosis (M/XDRTB). Mycobacterium tuberculosis (Mtb) 

isolates from Mumbai, India; Chisinau, Moldova; and Port Elizabeth, South Africa were 

selected due to the high documented risk for drug resistant tuberculosis (DRTB) and the 

ethnic diversity of these regions. Methods: A cross-sectional study was conducted from 

April 2012 to August 2013. Mtb strains isolated from patients were subjected to drug 

susceptibility testing (DST). Cases were defined as patients with M/XDRTB. Controls 

were patients selected from the cohort during the same period who were non-MDRTB. 

Results: Of the 1,128 patients enrolled in the study, 838 patients met the inclusion 

criteria, the overall prevalence of multidrug-resistant tuberculosis (MDRTB) and 
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extensively drug resistant tuberculosis (XDRTB) were 63.6% (n = 533) (61.3% of newly 

diagnosed patients and 64.6% of previously treated cases) and 9.5% (n = 80) (5.4% of 

newly diagnosed patients and 11.4% of previously treated cases), respectively. 

Multivariable logistic regression analysis showed that those less than 25 years of age (OR 

1.8, 95%CI 1.0 to 3.1), study site (Mumbai [OR 33.1, 95% CI 18.8 to 58.3] and Chisinau 

[OR 13.0, 95%CI 6.8 to 24.6]), higher education (OR 2.4, 95%CI 1.4 to 4.0), ever been 

hospitalized (OR 1.9, 95%CI 1.2 to 2.9) and previously treated for TB (OR 1.7, 95% CI 

1.1 to 2.8) were associated with having M/XDRTB. An interaction was also observed 

between study site and treatment for a prior episode of TB; however, the multiplicativity 

and additivity between these factors were not significant. Conclusions: The results of this 

study reflect the growing drug resistance situation in Mumbai, Chisinau and Port 

Elizabeth. Thus, the timely detection of drug resistance is of great importance to optimize 

treatment and to direct infection control measures to prevent M/XDRTB transmission. 

Keywords: Multidrug-resistant TB (MDRTB), Extensively drug resistant TB 

(XDRTB), epidemiology 

Clinical Trials Registration Number: ClinicalTrials.gov under number 

NCT02170441. 

Introduction 

Drug-resistant tuberculosis (DRTB) has emerged as a serious threat to global 

tuberculosis (TB) control [157]. According to the World Health Organization (WHO) 

Global Tuberculosis Report, in 2013 roughly 9 million people developed TB and 1.5 

million died from the disease [133]. Worldwide, the proportion of new cases with 

multidrug-resistant TB (MDRTB defined as Mycobacterium tuberculosis (Mtb) resistant 
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to isoniazid (INH) and rifampin (RIF)) was 3.5%; 20.5% of previously treated TB cases 

were estimated to have had MDRTB. Combined, India, China, the Russian Federation 

and South Africa have almost 60% of the world’s cases of MDRTB [133]. It is estimated 

that 9.0% of patients with MDRTB have extensively drug resistant TB (XDRTB) [133]. 

XDRTB is defined as TB with resistance to at least INH and RIF plus one 

fluoroquinolone (FQ) (e.g. moxifloxacin (MOX), ofloxacin (OFX)) and one of three 

injectable second-line drugs (SLDs) (capreomycin (CAP), kanamycin (KAN), and 

amikacin (AMK)). Pre- XDRTB is defined as resistance to INH and RIF and either a FQ 

or an injectable, but not both [157, 158]. 

The increase in the incidence of DRTB, specifically M/XDRTB presents 

challenges to the global efforts to eradicate TB [134]. XDRTB is more expensive and 

difficult to treat than MDRTB. Compared to first-line drugs, SLDs are more expensive, 

less effective, more toxic, must be taken for longer duration and have higher rates of 

treatment failure and death [149]. Given the lack of accurate, rapid drug susceptibility 

testing (DST) for MDRTB and XDRTB [134], the epidemiology of DRTB in high-

burden settings has been limited.   

Several studies [136-141] have described the prevalence of and risk factors 

associated with DRTB in a number of different countries. Additionally, the WHO has 

emphasized the importance of collecting surveillance data on the proportion of TB cases 

that are MDRTB or XDRTB. However, true rates of DRTB remain unknown throughout 

the world, especially in regions where the burden of TB is high.  

The Global Consortium for Drug-resistant TB Diagnostics (GCDD) was 

established in 2008 to characterize the genetic basis of drug resistance and evaluate 
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molecular and microbiological methods to detect DRTB quickly and efficiently. The 

objectives of this study were to analyze the clinical and epidemiologic characteristics of 

multi and extensively drug resistant tuberculosis (M/XDRTB) to estimate the prevalence 

of M/XDRTB and to identify factors that are linked to M/XDRTB. Patients from 

Mumbai, India; Chisinau, Moldova; and Port Elizabeth, South Africa were selected due 

to the high documented risk for DRTB and the ethnic diversity of these regions. 

Methods 

Study Population: To evaluate the performance of rapid drug susceptibility tests 

among patients with suspected, but not confirmed DRTB, we enrolled previously 

diagnosed TB cases into a longitudinal cohort study conducted by the GCDD. The study 

methods have been described elsewhere [72] and the methods for collecting baseline data 

that were used for the current study are briefly described here. To ensure generalizability 

of study findings, TB patients were prospectively enrolled in three countries selected for 

their high prevalence of drug resistant TB and proven laboratory capacity. They included: 

(i) The P.D. Hinduja National Hospital (PD-HNH) and Medical Research Centre (MRC) 

a tertiary care center in central Mumbai, (ii) the Phthisiopneumology Institute (PPI) in 

Chisinau, Moldova a scientific research and medical consultation and training center, and 

(iii) in Port Elizabeth, South Africa patients were enrolled at one of six primary health 

care facilities and one regional hospital. 

Patients at least 5 years of age, who were acid-fast bacilli sputum smear-positive, 

1+ or greater (within previous 14 days), positive on GeneXpert, or with high suspicion of 

active TB and: previously received treatment for a prior TB episode or were failing TB 

treatment or had close contact with a known DRTB case or were newly diagnosed with 
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MDRTB or were previously diagnosed with MDRTB and failed TB treatment, were 

recruited from each of the study clinics, between April 2012 and August 2013. The 

eligibility criteria were designed to identify patients at increased risk for DRTB. 

Following screening and informed consent, eligible patients were asked to provide 

sputum specimens and complete a baseline interview. 

Data Collection: During the study period, a total of 1,128 patients were enrolled 

and sputum samples collected from the three different sites mentioned above. Clinical 

and epidemiological characteristics were analyzed to identify possible associations with 

M/XDRTB. Patient information was collected via patient interviews and chart reviews 

(case report forms can be found in Appendix D). Clinical and epidemiological 

characteristics collected included information on socio-demographics (e.g. age, gender, 

marital status), TB history (e.g., prior TB diagnosis, treatment for a prior TB episode), 

TB contact history, medical conditions associated with TB (e.g., HIV status, diabetes) 

and TB risk factors (e.g., substance abuse, homelessness, incarceration). The patient’s 

medical record was reviewed to obtain data on TB signs and symptoms, chest x-ray 

results, HIV test results, CD4 cell counts, HIV viral load, antiretroviral therapy and TB 

treatment history. Height and weight were also measured to compute body mass index. 

Patient treatment history was assigned according to WHO standards. A new patient was 

defined as a patient who had never had treatment for TB or who had taken anti-TB drugs 

for less than 1 month. A previously treated patient was defined as a patient who had ever 

received treatment for TB for more than 1 month [144]. 

Determination of Drug Resistance: The standard protocol for DST of INH and 

RIF on the Mycobacterial Growth Indicator Tube (MGIT) 960 (BD Diagnostic Systems, 
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Franklin Lakes, NJ, USA) was followed according to the manufacturer’s instructions 

[145]. The following critical concentrations were used: 0.1 μg/ml for INH and 1.0 μg/ml 

for RIF [145]. DST for SLDs was performed by using validated critical concentrations of 

in-house (locally prepared by each site) drug solutions compatible with the WHO 

recommendations: 2.0 μg/ml for OFX, 0.25 μg/ml for MOX, 1.0 μg/ml for AMK, and 2.0 

μg/ml for CAP [146]. As there were no published WHO recommended critical 

concentrations for KAN DST by MGIT 960 at the time of the study, we used 2.5 μg/ml 

based on the literature [147, 148]. The results of the MGIT 960 were used to categorize 

participants by type of drug resistance. An M/XDRTB case was defined as having either 

MDRTB, pre-XDRTB or XDRTB. MDRTB was defined as having resistance to INH and 

RIF. Pre- XDRTB was defined as MDRTB with resistance to either a FQ or a second-line 

injectable, but not both. XDRTB was defined as MDRTB with resistance to a FQ and an 

injectable. As MOX and OFX resistance was similar, we combined these two drugs and 

created a single variable for FQ resistance.  

Statistical analysis: As the objective of this study was to analyze the clinical and 

epidemiologic characteristics associated with M/XDRTB, we used the χ2 test or Fisher's 

exact test to determine if the characteristics were associated with M/XDRTB. We 

investigated the association of each covariate with the outcome of interest by using 

regression. We first performed univariate analysis to determine factors related to 

M/XDRTB. Associations between selected factors were estimated by computing odds 

ratios (ORs) and their 95% confidence interval (CI). A multiple logistic regression model 

was used to estimate the effect of each covariate on the odds of M/XDRTB versus non-

MDRTB, while simultaneously adjusting for all other variables in the model. A p-value 
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of < 0.05 was considered as statistically significant. All statistical analyses were carried 

out using SAS version 9.3 (SAS Institute Inc, Cary, NC).  

Since characteristics of M/XDRTB vary by location, we examined the interaction 

between study site and each significant correlate of M/XDRTB. Multiplicative and 

additive models of interaction were used. To test for multiplicative interactions, ORs 

were first examined across different strata and then an interaction term was included in a 

logistic regression model. A p-value below 0.05 was used to indicate a significant 

interaction. In addition to this, a multiple logistic regression model was used to evaluate 

departure from additivity. To assess the deviation from the additive model of no 

interaction between variables, three measures of additive interaction were used: relative 

excess risk due to interaction (RERI), attributable proportion (AP) and synergy index 

(SI). We considered RERI and AP to be equal to 0 and SI equal to 1 to indicate the 

absence of additive interactions [159]. Conversely, additive interaction is considered 

present if RERI and AP do not equal 0 and SI exceeds unity. Furthermore, if RERI is 

greater than 0, this denotes a synergetic interaction, which implies that the combined 

action between two exposures in an additive model is greater than the sum of the 

individual effects. The SI and its 95% CI, as proposed by Rothman, was calculated [160]; 

SI = (OR11- 1)/(OR01+ OR10- 2). OR10 and OR01 mean the OR for the presence of each 

factor in the absence of the other, whereas OR11 means the OR of the joint effect of two 

factors.  

Ethical considerations: This study was approved by the Institutional Review 

Board (IRB) at the University of California, San Diego (UCSD) and at each enrolling 

site: P.D. Hinduja National Hospital and Medical Research Centre, IRB Project Number. 
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507-09-CR; Ministry of Health Care of the Republic of Moldova, Institution of Public 

Health Phthisiopneumology Institute, Ethics Committee of IMSP Phthisiopneumology 

Institute (no applicable reference number); and Universiteit-Stellenbosch University 

Health Research Ethics Committee Tygerberg, South Africa, Ethics Reference Number 

N10/08/261. Written informed consent was obtained from each patient prior to study 

enrollment. 

Results 

Between April 2012 and August 2013, a total of 1,128 patients with clinical 

suspicion of DRTB were enrolled in the study. A total of 838 patients were included in 

the present analyses (Figure 4.1).  
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TB = tuberculosis; GCDD = Global Consortium for Drug-resistant TB Diagnostics; DST=drug susceptibility 
testing; X/MDRTB = multi and extensively drug resistant TB 
 

Figure 4.1: Flow chart for selection of patients included in the study 

Among these patients, 305 (36.4%) were non-M/XDRTB and 533 (63.6%) had 

M/XDRTB. Among those with M/XDRTB, 164 (30.8%) had MDRTB only, 230 (43.2%) 

had pre-XDRTB with FQ resistance, 59 (11.1%) were pre-XDRTB with injectable 

resistance and 80 (15.0%) were XDRTB. The average age of participants was 34.7 years 

with 529 (63%) of the cohort being male. Table 4.1 shows the distribution of the clinical 

and epidemiological data by drug resistance. 

n=855 

n=845 

Excluded 7, no DST 

Excluded 10, poly-drug resistant 

Excluded 60, mono-drug resistant TB 

1,128 TB patients enrolled in GCDD 

from April 2012 to August 2013 

n=915 

Excluded 213, not TB 

 

n=838 

305  
non-

M/XDRTB 
isolates 

533  
M/XDRTB 
isolates 
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Table 4.1: Clinical and demographic characteristics of patients (N=838) 

 

  

Characteristic 

Total 
(N=838) (%) 

Non-MDRTB 
(N=305) (%) 

M/XDRTB 
(N=533) (%) 

OR (95%CI) 

Age (yrs)     

<25 225 (26.8) 43 (14.1) 182 (34.1) 3.5 (2.3 to 5.3) 

25-34 231 (27.6) 94 (30.8) 137 (25.7) 1.2 (0.8 to 1.8) 

35-44 165 (19.7) 70 (23.0) 95 (17.8) 1.1 (0.7 to 1.7) 

45+ 217 (25.9) 98 (32.1) 119 (22.3) ref 

BMI     

<18 398 (47.5) 131 (43.0) 267 (50.1) 1.3 (1.0 to 1.8) 

18+ 440 (52.5) 174 (57.0) 266 (49.9) ref 

Study site     

Mumbai, India 464 (55.4) 75 (24.6) 389 (73.0) 25.6 (16.0 to 40.9) 

Chisinau, Moldova 202 (24.1) 87 (28.5) 115 (21.6) 6.5 (4.0 to 10.6) 

Port Elizabeth, South Africa  172 (20.5) 143 (46.9) 29 (5.4) ref 

Gender     

Male 529 (63.1) 218 (71.5) 311 (58.3) ref 

Female 309 (36.9) 87 (28.5) 222 (41.7) 1.8 (1.3 to 2.4) 

Marital status     

Single 401 (47.9) 160 (52.5) 241 (45.2) ref 

Married/living with partner 381 (45.5) 120 (39.3) 261 (49.0) 1.4 (1.1 to 1.9) 

Divorced/widowed 56 (6.7) 25 (8.2) 31 (5.8) 0.8 (0.5 to 1.5) 

# of people currently living with    

Less than or equal to 4 437 (52.1) 175 (57.4) 262 (49.2) ref 

Greater than 5 401 (47.9) 130 (42.6) 271 (50.8) 1.4 (1.1 to 1.9) 

# of rooms for sleeping     

Less than or equal to 2 639 (76.3) 191 (62.6) 448 (84.1) 3.2 (2.3 to 4.4) 

Greater than 2 199 (23.7) 114 (37.4) 85 (15.9) ref 

Own home      

No 337 (40.2) 160 (52.5) 177 (33.2) ref 

Yes 498 (59.4) 143 (46.9) 355 (66.6) 2.2 (1.7 to 3.0) 

Refuse to answer 3 (0.4) 2 (0.7) 1 (0.2)  

Education level     

Primary-secondary 690 (82.3) 279 (91.5) 411 (77.1) ref 

University/Higher 148 (17.7) 26 (8.5) 122 (22.9) 3.2 (2.0 to 5.0) 

Income source     

Full-time 284 (33.9) 69 (22.6) 215 (40.3) 1.7 (1.2 to 2.5) 

Part-time 189 (22.6) 107 (35.1) 82 (15.4) 0.4 (0.3 to 0.6) 

Other 365 (43.6) 129 (42.3) 236 (44.3) ref 

Income (US$)     

<$100 432 (51.6) 193 (63.3) 239 (44.8) ref 

>$100 406 (48.4) 112 (36.7) 294 (55.2) 2.2 (1.7 to 3.0) 
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Table 4.1: Clinical and demographic characteristics of patients (N=838), Continued 

Characteristic 

Total 
(N=838) (%) 

Non-MDRTB 
(N=305) (%) 

M/XDRTB 
(N=533) (%) 

OR (95%CI) 

Smoking     

Cigarettes/Bidis     

No 543 (64.8) 134 (43.9) 409 (76.7) 4.3 (3.2 to 5.8) 

Yes 293 (35.0) 171 (56.1) 122 (22.9) ref 

Refuse to answer 2 (0.2) 0 (0.0) 2 (0.4)  

Marijuana     

No 758 (90.5) 243 (79.7) 515 (96.6) 8.6 (4.8 to 15.5) 

Yes 76 (9.1) 61 (20.0) 15 (2.8) ref 

Refuse to answer 4 (0.5) 1 (0.3) 3 (0.6)  

Drank alcohol in the past 3 months    

No 687 (82.0) 215 (70.5) 472 (88.6) 3.2 (2.3 to 4.7) 

Yes 151 (18.0) 90 (29.5) 61 (11.4) ref 

Ever jailed     

No 738 (88.1) 228 (74.8) 510 (95.7) 7.3 (4.5 to 11.9) 

Yes 98 (11.7) 75 (24.6) 23 (4.3) ref 

Refuse to answer 2 (0.2) 2 (0.7) 0 (0.0)  

Ever hospitalized     

No 522 (62.3) 166 (54.4) 356 (66.8) 1.7 (1.2 to 2.2) 

Yes 314 (37.5) 137 (44.9) 177 (33.2) ref 

Refuse to answer 2 (0.2) 2 (0.7) 0 (0.0)  

Seen a doctor in past 2yrs other than TB    

No 699 (83.4) 234 (76.7) 465 (87.2) 2.0 (1.4 to 2.9) 

Yes 137 (16.3) 69 (22.6) 68 (12.8) ref 

Refuse to answer 2 (0.2) 2 (0.7) 0 (0.0)  

Close contact with known TB case     

No 280 (33.4) 66 (21.6) 214 (40.2) 3.2 (2.3 to 4.5) 

Yes 351 (41.9) 174 (57.0) 177 (33.2) ref 

Unknown 207 (24.7) 65 (21.3) 142 (26.6)  

Previously treated for TB     

Yes 577 (68.9) 204 (66.9) 373 (70.0) 1.2 (0.9 to 1.6) 

No 261 (31.1) 101 (33.1) 160 (30.0) ref 

Smear positive     

No 45 (5.4) 25 (8.2) 20 (3.8) ref 

Yes 769 (91.8) 273 (89.5) 496 (93.1) 2.3 (1.2 to 4.2) 

Unknown 24 (2.9) 7 (2.3) 17 (3.2)  

Cough     

No 110 (13.1) 40 (13.1) 70 (13.1) ref 

Yes 728 (86.9) 265 (86.9) 463 (86.9) 1.0 (0.7 to 1.5) 

Fever     

No 290 (34.6) 139 (45.6) 151 (28.3) ref 

Yes 544 (64.9) 165 (54.1) 379 (71.1) 2.1 (1.6 to 2.8) 

Unknown 4 (0.5) 1 (0.3) 3 (0.6)  
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Table 4.1: Clinical and demographic characteristics of patients (N=838), Continued 

Characteristic 

Total (N=838) 
(%) 

Non-MDRTB 
(N=305) (%) 

M/XDRTB 
(N=533) (%) 

OR (95%CI) 

Night sweats     

No 332 (39.6) 116 (38.0) 216 (40.5) ref 

Yes 503 (60.0) 188 (61.6) 315 (59.1) 0.9 (0.7 to 1.2) 

Unknown 3 (0.4) 1 (0.3) 2 (0.4)  

Unintentional weight loss     

No 246 (29.4) 104 (34.1) 142 (26.6) ref 

Yes 584 (69.7) 194 (63.6) 390 (73.2) 1.5 (1.1 to 2.0) 

Unknown 8 (1.0) 7 (2.3) 1 (0.2)  

Hemoptysis     

No 762 (90.9) 278 (91.1) 484 (90.8) ref 

Yes 74 (8.8) 25 (8.2) 49 (9.2) 1.1 (0.7 to 1.9) 

Unknown 2 (0.2) 2 (0.7) 0 (0.0)  

Diabetes     

No 776 (92.6) 289 (94.8) 487 (91.4) ref 

Yes 46 (5.5) 9 (3.0) 37 (6.9) 2.4 (1.2 to 5.1) 

Unknown 16 (1.9) 7 (2.3) 9 (1.7)  

HIV status      

Negative 491 (58.6) 169 (55.4) 322 (60.4) 5.3 (3.3 to 8.6) 

Positive 98 (11.7) 72 (23.6) 26 (4.9) ref 

Pending/Not Tested 249 (29.7) 64 (21.0) 185 (34.7)   

*Due to rounding percents may not add up to 100% 
BMI = Body mass index 
HIV = Human Immunodeficiency Virus 
M/XDRTB = Multi and extensively drug resistant tuberculosis 
TB = Tuberculosis 
CI = Confidence interval 
OR = Odds ratio 
Ref=reference category 
ap-value of chi-square comparing those with M/XDRTB vs. non-MDRTB



100 

 

 
 

Second-line drug resistance: Of the 838 people included in our analysis, 577 

(68.9%) had been previously treated for TB. Statistically significant differences were 

observed between new and previously treated TB cases regarding drug resistance to all 

SLDs except KAN. Statistically significant differences were not observed between new 

and previously treated TB cases regarding MDRTB (P=0.352); however statistically 

significant differences were observed in those with XDRTB (P=0.006) (Figure 4.2). As 

there were differences between study sites regarding drug resistance, we categorized 

resistance to SLDs by site (Table 4.2). In Mumbai, previously treated patients had a 

higher prevalence of SLD resistance compared to those newly diagnosed with TB across 

all drugs: AMK (P = 0.0108), CAP (P= 0.0148), KAN (P=0.0134) and FQ (P = 0.9039). 

In Chisinau, previously treated patients had a higher prevalence of SLD resistance than 

those previously treated for TB across all drugs tested: AMK (P = 0.0653), CAP (P= 

0.4406), KAN (P <0.0074) and FQ (P <0.0001). In Port Elizabeth, newly diagnosed 

patients had a higher prevalence of SLD resistance compared to those previously treated 

for TB across all drugs tested: AMK (P <0.0001), CAP (P <0.0001), KAN (P <0.0001) 

and FQ (P <0.0001). 
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Table 4.2: Drug resistance profile of second-line drugs in new and previously treated 

patients by study site 

  Previously treated Newly treated   

Drug AMK AMK   

Study Site R S % Resistant R S % Resistant p-value* 

Mumbai, India 48 317 13.2% 4 95 4.0% 0.0108 

Chisinau, Moldova 5 41 10.9% 6 150 3.9% 0.0653 

Port Elizabeth, South Africa  12 154 7.2% 5 1 83.3% <0.0001 

Total 65 512   15 246     

 

  Previously treated Newly treated   

Drug CAP CAP   

Study Site R S % Resistant R S % Resistant p-value* 

Mumbai, India 46 319 12.6% 4 95 4.0% 0.0148 

Chisinau, Moldova 3 43 6.5% 6 150 3.9% 0.4406 

Port Elizabeth, South Africa  12 154 7.2% 5 1 83.3% <0.0001 

Total 61 516   15 246     

 

  Previously treated Newly treated   

Drug KAN KAN   

Study Site R S % Resistant R S % Resistant p-value* 

Mumbai, India 52 313 14.3% 5 94 5.1% 0.0134 

Chisinau, Moldova 22 24 47.8% 42 114 26.9% 0.0074 

Port Elizabeth, South Africa  12 154 7.2% 5 1 83.3% <0.0001 

Total 86 491   52 209     

 

  Previously treated Newly treated   

Drug FQ FQ   

Study Site R S % Resistant R S % Resistant p-value* 

Mumbai, India 220 145 60.3% 59 40 59.6% 0.9039 

Chisinau, Moldova 11 35 23.9% 7 149 4.5% <0.0001 

Port Elizabeth, South Africa  10 156 6.0% 3 3 50.0% <0.0001 

Total 241 336   69 192     

R = resistant; S = susceptible; AMK = amikacin, CAP = capreomycin, KAN = kanamycin, FQ= fluoroquinolones 
*p-value represents difference in prevalence in previously treated TB patients compared to newly treated TB patients 
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Patients previously treated for TB: Of the 838 people included in our analysis, 

577 (68.9%) had been previously treated for TB. The median age of these subjects was 

27 years. This patient population had significant prior TB treatment history. The median 

number of previous treatment episodes was 2 (range, 1–10) and the median number of 

drugs resistant to at baseline was 2 (range, 0-7). Overall, 309 (53.6%) of the previously 

treated patients were currently failing TB treatment, with 166 (28.8%) failing MDRTB 

treatment. Of the 577 previously treated patients, 169 (29.3%) reported having previously 

received a FQ and 123 (21.3%) had previously received an injectable. On the basis of 

previous treatment category, 290 subjects (50.3%) were classified as “relapse”, 67 

(11.6%) were classified as “treatment after default” and 209 (36.2%) were classified as 

“treatment after failure” (Table 4.3).   

Table 4.3: Treatment histories among 577 previously treated subjects 

Previously treated (n=577) 

Age at first diagnosis N = 438 median 27 years (range 1-70) 

Number of previous treatments N = 438 median 2 treatments (range 1-10) 

Number of drugs resistant to at baseline N = 577 median 2 drugs (range 0-7) 

Failing TB treatment N = 577 309 (53.6%) 

Failing MDRTB treatment N = 577 166 (28.8%) 

Exposure to fluoroquinolones N = 577 169 (29.3%) 

Exposure to injectable N = 577 123 (21.3%) 

MDRTB N = 577 373 (64.6%) 

XDRTB N = 577 66 (11.4%) 

Category N = 577   

Relapse  290 (50.3%) 

Treatment after default  67 (11.6%) 

Treatment after failure  209 (36.2%) 

Other  9 (1.6%) 

Unknown   2 (0.4%) 

MDRTB = Multidrug resistant tuberculosis 
TB = Tuberculosis 
XDRTB = extensively drug resistant tuberculosis 
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Factors associated with M/XDRTB: Results of univariate analysis of correlates of 

drug resistance are shown in Table 4.1. Drug resistance was associated with young age, 

low BMI, study site, female gender, being married/living with partner, currently living 

with five people or more, using two rooms or less for sleeping, owning a home, higher 

education, having a full-time job, averaging over $100 per month (US$) in income, being 

a non-cigarette smoker, not having consumed alcohol in the past three months, no prior 

jail history, no prior hospitalizations, not having seen a doctor in the past two years other 

than for TB, no close contact with a known TB case, smear positive status, having a 

fever, unintentional weight loss, having diabetes and HIV negative status (all p-values 

<0.05).  

Multivariable logistic regression analysis was performed to identify factors 

independently associated with M/XDRTB.  The following covariates were included in the 

final model: age, study site, gender, education level, ever hospitalized, previously treated 

for TB and the interaction between study site and previous TB treatment (Table 4.4). 

Those less than 25 years of age, compared to those 45 years of age and older were twice 

(OR 1.8, 95%CI 1.0 to 3.1) as likely to have M/XDRTB. Individuals in Mumbai, India, 

compared to those in Port Elizabeth, South Africa, were 33 (OR 33.1, 95% CI 18.8 to 

58.3) times more likely to have M/XDRTB. Individuals in Chisinau, Moldova, compared 

to those in Port Elizabeth, South Africa, were 13 (OR 13.0, 95%CI 6.8 to 24.6) times 

more likely to have M/XDRTB. Compared to those with primary/secondary education, 

those with higher education were 2.4 (OR 2.4, 95%CI 1.4 to 4.0) times more likely to 

have M/XDRTB. Individuals who had ever been hospitalized, compared to those who 

had never been hospitalized were twice (OR 1.9, 95%CI 1.2 to 2.9) as likely to have 
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M/XDRTB. Patients previously treated with TB, compared to those newly diagnosed 

with TB, were twice as likely to have M/XDRTB (OR 1.7, 95% CI 1.1 to 2.8). 

Table 4.4: Multivariable analysis of factors associated with M/XDRTB (N=838). 

Characteristic Adjusted Odds Ratio (95%CI) 

Age (yrs)  

<25 1.8 (1.0 to 3.1) 

25-34 1.0 (0.6 to 1.6) 

35-44 1.3 (0.8 to 2.2) 

45+ ref 

Study site  

Mumbai, India 33.1 (18.8 to 58.3) 

Chisinau, Moldova 13.0 (6.8 to 24.6) 

Port Elizabeth, South Africa  ref 

Gender  

Male ref 

Female 1.2 (0.8 to 1.8) 

Education level  

Primary-secondary ref 

University/Higher 2.4 (1.4 to 4.0) 

Hospitalized  

No ref 

Yes 1.9 (1.2 to 2.9) 

Previously treated for tuberculosis   

Yes 1.7 (1.1 to 2.8) 

No ref 

CI = Confidence interval 
M/XDRTB = Multi and extensively drug resistant tuberculosis  
Ref=reference category 
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Interaction between factors and M/XDRTB: After evaluating the independent 

effects of each significant factor on M/XDRTB, the interactions of these factors were 

investigated. When examining the interaction between having been previously treated for 

TB and study site on the odds of having M/XDRTB, the relative excess risk of 

M/XDRTB in patients by study site and prior TB treatment together exceeded the sum of 

the relative excess risks for each factor alone. Assuming a multiplicative scale, the OR 

for interaction was 2.3 (95% CI 0.02, 246.2) and 17.2 (95% CI 0.2, 1816.0) for Mumbai, 

India and Chisinau, Moldova, respectively. Under an additive scale, the SI was 2.7 (95% 

CI 0.03, 287.0) and 20.2 (95% CI 0.1, 3812.8), respectively, indicating the synergistic 

effect of study site and having previously been treated for TB; however the multiplicative 

ORs and additive SIs were not statistically significant (Table 4.5, Figure 4.3). 
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Discussion 

We found the most important factors associated with developing M/XDRTB were 

young age (<25 yrs), study site, higher educational level, having ever been previously 

hospitalized and having previously been treated for TB. Additionally there was an 

interaction between study site and having previously been treated for TB. To our 

knowledge, this is the first study to explore the characteristics of developing M/XDRTB 

and report an interaction between study site and having been previously treated for TB.  

 SLD resistance is associated with poor treatment outcomes and delayed diagnosis 

[161]. Resistance in previously treated cases is an indicator of current treatment practices 

whereas drug resistance in new cases is an indicator of disease transmission with resistant 

bacilli [142]. In our study, the prevalence of SLD resistance in previously treated patients 

was higher than new cases for each drug, except for KAN. When examining the drug 

resistance profile by study site, Port Elizabeth, South Africa had a higher prevalence of 

KAN resistance in newly diagnosed patients compared to those previously treated for TB 

(83.3% vs. 7.23%). In fact, Port Elizabeth had higher rates of resistance in newly 

diagnosed patients compared to those previously treated for TB for all SLDs indicating 

higher rates of primary resistance in this site. Resistance to SLDs at the start of treatment 

is a critical risk factor for the subsequent development of acquired resistance to other 

drugs in the regimen [162]. In our study, the prevalence of XDRTB was 5.4% in new 

cases and 11.4% in previously treated cases. In a study designed to identify DRTB in new 

and previously treated patients in South Korea, resistance to at least one first-line drug 

was found in 11.7% of new cases and in 41.6% of previously treated cases. The 

proportion of XDRTB among MDRTB patients in their study was 16.7% [29].  
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In this study, individuals less than 25 years of age were more likely to have 

M/XDRTB, than those older than 45 years of age. In a study examining risk factors 

associated with TB, Yu et al. [27] reported a relative risk of 2.7 in persons older than 50 

years of age, compared to persons less than 30 years old, signifying a strong association 

between aging and DRTB. In contrast, Macedo et al. found that MDRTB and XDRTB 

incidences were associated with young adult age [28] which is consistent with our 

findings. Buu et al. also observed an association between MDRTB and young age and 

concluded that the strong association with young age suggests recent transmission [163]. 

MDRTB associated with young adult age can create obstacles towards economic and 

social development in countries where TB is endemic [3]. 

The WHO has listed 27 “high-burden” MDRTB countries, three of these countries 

are India, Moldova and South Africa. India is a high-burden country for both TB and 

MDRTB. In 2013, the WHO estimated that India accounted for 20.4% of the total 

number of TB cases worldwide, with 2.2% and 15% of the new and retreatment cases 

respectively being caused by multidrug-resistant strains [133]. In a recent study by 

Isaakidis et al. [136] assessing the burden of drug-susceptible and DRTB in Mumbai, 

researchers found that almost one in four new TB cases and one in two of those 

previously treated for TB had DRTB. Moldova has one of the highest reported 

nationwide proportions of TB patients with MDRTB in the world. Almost one fourth of 

people newly diagnosed with TB in Moldova and two-thirds of those returning for 

treatment, have MDRTB [133]. In a study by Jenkins et al., researchers found that 

between 7.2% and 9.2% of non-MDRTB cases in Moldova were subsequently diagnosed 



111 

 

 

 

with MDRTB during treatment [138]. These findings suggest that there is a growing 

DRTB epidemic in both India and Moldova. 

Socioeconomic status (SES) of individuals has been shown to influence a 

person’s susceptibility to TB infection. People with low SES are exposed to several risk 

factors (including malnutrition, indoor air pollution, overcrowding, alcohol, etc.) which 

increases their risk for TB [42]. SES is difficult to measure, and there are no uniform 

criteria to assess it. In the present study, we collected information on a range of variables 

expected to reflect SES. Several of them showed some degree of association with having 

M/XDRTB in univariate analysis. Only educational level had an independent effect on 

the odds of having M/XDRTB in multivariate analysis, when adjusting for main 

demographic variables. Our study showed that a higher educational level was associated 

with M/XDRTB, which is in contrast to other reports of low educational level and TB, in 

general. Individuals with higher education tend to work and are more likely to come in 

contact with and spread M/XDRTB as they are mobile and active. 

Our study also identified having ever been hospitalized (for any reason) as an 

important factor for M/XDRTB, with having previously been hospitalized associated 

with a two-fold increase. This finding points to the possibility of nosocomial transmission 

as a catalyst to the growing TB epidemic. In a study by Zetola at al. researchers found 

that the number of days spent in medical wards was strongly associated with the 

development of TB within the following 12 months after discharge. In addition to this, 

TB-related mortality was also higher among these previously hospitalized patients [56]. 

Delays in the diagnosis of drug resistance and large, congregate TB wards which are 
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typical in many high-burden settings remain a dangerous combination for the 

transmission of MDRTB [57]. 

Prior TB treatment is a well-established risk factor for DRTB [158, 161, 164, 

165]. In our study, having previously been treated for TB was associated with a two-fold 

increase for having M/XDRTB. A systematic review concluded that the risk of MDRTB 

was up to ten times higher in previously treated patients compared to newly treated 

patients [69]. The process of resistance in TB is particularly dangerous for patients who 

have received prior treatment without success. In many of these individuals, lesions 

advance by repeated reactivations and inadequate treatments, which can be a risk factor 

for mutant bacilli resistant to one or more drugs [166]. 

The most noteworthy finding of this study is the interaction between study site 

and having previously been treated for TB on the odds of M/XDRTB development. In 

our study, the combined effects of these two variables dramatically increased one’s odds 

of developing M/XDRTB. Patients previously treated with TB, in Mumbai, were sixty-

six times more likely to have M/XDRTB whereas patients previously treated with TB in 

Chisinau, were one hundred nineteen times more likely to have M/XDRTB (compared to 

patients newly diagnosed with TB in Port Elizabeth, South Africa). Prior episodes of anti-

TB treatment can increase the risk of receiving non-standard regimens or interrupted 

treatment [70]. A sub-minimum inhibitory concentration effect may occur when TB 

patients receive non-standard regimens (sensitive strains are killed and mutant MDRTB 

strains take the place of the sensitive ones) resulting in the emergence of MDRTB [71]. 

As the risk of contracting TB is higher for people who live in areas with high rates of TB; 

it is important to ensure TB patients in these “high-burden” areas receive standard 
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regimens the first time, that interrupted treatment is avoided, and that poor adherence to 

treatment is reduced. 

Our study showed no effect on several clinical and epidemiological factors and 

M/XDRTB in multivariate analysis. However, univariate analysis demonstrated several 

key associations with M/XDRTB and BMI, gender, marital status, number of people 

currently living with, number of rooms used for sleeping, home ownership, source of 

income, income (in US dollars), smoking cigarettes, smoking marijuana, alcohol 

consumption in the past three months, ever been jailed, having seen a doctor in the past 

two years other than for TB, close contact with a known TB case, smear positive status, 

having a fever, unintentional weight loss, hemoptysis, diabetes and HIV. It is possible 

that there was not enough power to demonstrate these effects in multivariate analysis; 

further studies are needed to clarify these associations.  

Limitations: While this study made use of a comprehensive clinical and 

laboratory database, there are several limitations to this study. First, of the 1,128 

consecutive patients enrolled 19% did not have TB (Figure 1). Secondly, data on some 

factors (close contact with a known case (24.7%), HIV status (29.7%) and abnormal chest 

x-ray (20.9%)) were unknown at the time the study was performed. Our analysis was also 

limited by missing and misclassified data, problems frequently encountered when 

analyzing surveillance data sets. However, it seems unlikely that there should be 

systematic differences in the quality of data collected at baseline for individuals with and 

without M/XDRTB, and, therefore, our central conclusions should be unaffected. Despite 

the study limitations, our approach in evaluating factors associated with M/XDRTB 

provides information that may help identify vulnerable patients. 
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Conclusions 

This study identified young age (<25 yrs), study site, educational level, having 

ever been previously hospitalized and having previously been treated for TB as factors 

associated with M/XDRTB. In order to control TB, it is essential to understand the 

complex risk factors and socio-demographic dimensions of the disease. Knowledge of the 

main risk factors for M/XDRTB permits the identification of populations at highest risk 

of MDRTB, pre-XDRTB and XDRTB.  Additionally, these findings can provide useful 

information for controlling the transmission of DRTB. 
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CHAPTER 5 OVERALL CONCLUSIONS AND DISCUSSION 

To maximize the sensitivity and specificity of molecular diagnostics based on 

detection of mutations conferring FQ resistance in Mtb, we need an understanding of the 

frequency and geographic distribution of these mutations. In this review, gyrA mutations 

reported in codons 88-94 appeared to account for at least 82% of phenotypic ofloxacin 

resistance and 85% of moxifloxacin resistance globally. While we did observe 

geographic differences in the frequencies of specific gyrA mutations between countries, it 

is likely that next generation molecular assays that can detect all of the gyrA and gyrB 

mutations documented to confer resistance, will have good sensitivity and specificity 

globally. Using existing molecular diagnostics to rapidly detect FQ resistance in clinical 

Mtb strains could substantially enhance drug resistance control efforts, with the goal of 

interruption of disease transmission and ultimately incidence reduction, especially in 

countries with cross-resistance.  

Our study showed that the high prevalence of drug resistance continues to be a 

major challenge for TB control as the transmission of DRTB is extensive and widespread. 

The prevalence of MDRTB remains high and the presence of pre-XDRTB and XDRTB 

will impose new challenges in the global effort to control TB. Young age (<25 yrs), study 

site, educational level, having ever been previously hospitalized and having previously 

been treated for TB were characteristics associated with having M/XDRTB. Continuous 

surveillance is needed to identify DRTB, especially among patients previously treated for 

TB. It is important to improve early diagnosis of MDRTB and to provide effective 

treatment to all MDRTB patients in order to prevent the development of additional drug 

resistance in these high-risk populations. 
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The three papers included in this dissertation all reveal that resistance to 

commonly used anti-TB drugs is emerging worldwide. Early detection of DRTB is 

crucial both for patient management and infection control. The diagnosis of MDRTB and 

XDRTB is based on mycobacterial culture and DST on liquid or solid media, with results 

available in weeks to months. As the rate of DRTB continues to rise, rapid tests to 

promptly identify resistance to first- and second-line anti-TB drugs are urgently needed. 

The increased prevalence of MDRTB and XDRTB in Mumbai, India, Chisinau, Moldova 

and Port Elizabeth, South Africa is a growing threat to TB control. The high prevalence 

of DRTB, observed in our study, highlights the importance of developing more rapid and 

effective DRTB detection methods for the initiation of early and proper treatment of 

patients and for the effective management of TB in these respective countries.  

Strengths and Limitations 

In the course of conducting this study, a few issues came to light. A potential 

limitation of this study is its cross-sectional nature. Cross-sectional studies are carried out 

at one time point or over a short period, which makes it difficult to determine whether the 

outcome followed exposure in time or exposure resulted from the outcome (ie. Did a 

patient develop FQ-resistant TB as a result of prior FQ exposure or did FQ resistance 

develop during the current treatment?). Cross-sectional studies are typically conducted to 

estimate the prevalence of the outcome of interest for a given population, for the purposes 

of public health planning. Data can also be collected on individual characteristics, 

including exposure to risk factors, alongside information about the outcome. Thus, cross-

sectional studies provide a “snapshot” of the outcome and the characteristics associated 

with it, at a specific point in time.  
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One weakness of cross-sectional studies is the bias associated with the way the 

data are collected. As cross-sectional studies measure prevalent, rather than incident 

cases, the data reflect determinants of survival (survival bias). Additionally our study was 

susceptible to misclassification due to recall bias. A potential for recall bias exists 

whenever historical self-reported information is elicited from respondents (have you ever 

been treated with a fluoroquinolone?). 

While there are limitations to this study design, there are also strengths. In this 

study, we were able to study multiple outcomes and exposures. Additionally, the 

information we collected on the prevalence of DRTB, by site, is important in assessing 

the burden of DRTB and in planning and allocating health resources to each respective 

site. A second strength of this study was the training provided to the study personnel. All 

study personnel were trained prior to the beginning of the study and completed training 

on how to protect human subjects. Additionally the clinical and laboratory personnel 

from each site were trained in the use of laboratory techniques and on how to properly 

use case report forms for data collection. A third strength of the study was the data 

quality control measures. These quality assurance measures were used to prevent 

incorrect data from being entered. As this method could not prevent every error, some 

data were verified via internal quality checks and corrected in a timely manner. A fourth 

strength of the study was the multi-site study design. While the sample is not globally 

representative and does not generalize to all DRTB patients; the sites from which patients 

were sampled do encompass a broad geographical distribution. Multisite studies provide 

large, diverse samples with sufficient statistical power to detect significant associations 

between exposures and outcomes. The findings are more generalizable than studies in a 
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single institution and, therefore, more likely to influence practices and policies. This 

multisite study was successful as it established communication, trust and collaboration 

among participating sites and assured data integrity before study initiation and continued 

to maintain an open line of communication as the study progressed. 

Public Health Implications 

Mtb is a major public health concern as the bacterium spreads from person to 

person. Effective and rapid diagnosis is a key objective of worldwide TB control 

strategies. Currently, the only commercial assay available for the rapid detection of FQ 

resistance in clinical samples is the MTBDRsl line probe assay (Hain Lifescience, 

Nehren, Germany). The reported pooled sensitivity of this assay is 87% indicating that 

there is room for improvement. Before this assay can be improved, we must have an 

understanding of the frequency of mutations in FQ resistant Mtb isolates (aim of paper 1). 

Before a successful TB treatment strategy can be implemented in a country, we 

must have an idea of the prevalence of DRTB of that country (aim of paper 2). The 

prevalence of DRTB describes the severity of the problem; an effective TB treatment 

program should be familiar with the prevalence of DRTB in new and previously treated 

patients. Once an effective TB treatment strategy is implemented, continuous surveillance 

of DRTB prevalence rates can be used to evaluate the success of the TB treatment 

strategy.  

This study identified young age (<25 yrs), study site, educational level, having 

ever been previously hospitalized and having previously been treated for TB as factors 

associated with M/XDRTB. Knowledge of the main characteristics of M/XDR-TB 

permits the identification of populations at highest risk of DRTB, specifically MDR-TB, 
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pre-XDR-TB and XDR-TB (aim of paper 3). Recognizing factors conferring risk permits 

the prompt identification of patients at risk for developing DRTB, thus allowing effective 

treatment regimens targeted to these high-risk populations to be implemented.  

Currently, the WHO has a standardized treatment regimen for the treatment of 

DRTB. Treating DRTB is complex and no single strategy will apply to all patients. Based 

on the differences in the prevalence of DRTB reported, by country, in this study, the 

WHO treatment regimen is not working. Treatment for DRTB should be individualized 

and 1) based on prior medications taken by the patient, 2) consider commonly used drugs 

and 3) consider the prevalence of drug resistance to the first and second-line drugs on a 

per country basis.  

Future Directions 

Our study identified characteristics associated with having M/XDRTB, in 

Mumbai, India, Chisinau, Moldova and Port Elizabeth, South Africa. To determine if 

these characteristics are associated with developing M/XDRTB, a prospective cohort 

study should be designed. In an ideal prospective cohort study, investigators would enroll 

subjects and collect baseline exposure information from individuals who are at risk for 

DRTB, but do not have DRTB. These individuals would be prospectively followed until 

they developed and were treated for DRTB. In a prospective cohort study, baseline 

information is collected from all subjects in the same way using exactly the same 

questions and data collection methods for all subjects. The investigators design the 

questions and data collection procedures carefully in order to obtain accurate information 

about exposures before DRTB develops in any of the subjects. After baseline information 

is collected, subjects in a prospective cohort study are then followed over a period of time 
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to determine if and when they develop DRTB and whether their exposure status changes. 

In this way, investigators can eventually use the data to answer many questions about the 

associations between “risk factors” and developing DRTB. As an example, one could 

identify patients previously hospitalized and not previously hospitalized in the past year 

at baseline and compare their subsequent incidence of developing DRTB. 



 

 

121 

 

APPENDICES 

Appendix A: List of all mutations not meeting criterion for inclusion 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

A74S gyrA 
MOX 357 540 1 0 0.28% 

OFL 1737 1121 1 0 0.06% 

A74S & 

D94G gyrA OFL 1737 1121 11 0 0.63% 

A74S & 

D94N 
gyrA 

OFL 1737 1121 1 0 0.06% 

CIPRO 279 151 1 0 0.36% 

LEVO 259 72 1 0 0.39% 

A90A  gyrA OFL 1995 1572 1 0 0.05% 

A90E & 

T80A gyrA OFL 1761 1149 1 0 0.06% 

A90G & 

D94G & 

T80A gyrA OFL 1761 1149 1 0 0.06% 

A90G & 

T80A gyrA OFL 1761 1149 0 1 0.00% 

A90P & 

D94G gyrA OFL 1995 1572 1 0 0.05% 

A90V & 

D94C & 

D94G & 

D94Y gyrA OFL 1995 1572 1 0 0.05% 

A90V & 

D94G & 

S91P gyrA OFL 1995 1572 1 0 0.05% 

A90V & 

D94H gyrA OFL 1995 1572 1 0 0.05% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

A90V & 

D94V 
gyrA 

CIPRO 334 287 1 0 0.30% 

GAT 198 91 1 0 0.51% 

LEVO 412 248 1 0 0.24% 

MOX 357 540 1 0 0.28% 

SITA 59 0 1 0 1.69% 

SPX 109 0 1 0 0.92% 

A90V & 

G88A gyrA OFL 1982 1504 2 0 0.10% 

A90V & 

L96P gyrA CIPRO 334 287 1 0 0.30% 

A90V & 

S91A gyrA OFL 1995 1572 1 0 0.05% 

D84G gyrA 

CIPRO 279 151 1 0 0.36% 

GAT 187 91 1 0 0.53% 

LEVO 259 72 1 0 0.39% 

MOX 357 540 1 0 0.28% 

OFL 1737 1121 1 0 0.06% 

D89G gyrA 
MOX 357 540 1 0 0.28% 

OFL 1982 1504 2 0 0.10% 

D89N gyrA OFL 1982 1504 4 0 0.20% 

D94A & 

D94G gyrA OFL 1995 1572 6 0 0.30% 

D94A & 

D94G & 

S91P gyrA OFL 1995 1572 1 0 0.05% 

D94A & 

S69T gyrA OFL 1627 1121 1 0 0.06% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

D94A & 

S91P 
gyrA 

CIPRO 334 287 1 0 0.30% 

GAT 198 91 1 0 0.51% 

MOX 357 540 1 0 0.28% 

OFL 1995 1572 1 0 0.05% 

D94A/Y gyrA OFL 1995 1572 1 0 0.05% 

D94C gyrA OFL 1995 1572 2 0 0.10% 

D94C & 

D94G & 

D94N & 

D94S & 

D94Y gyrA OFL 1995 1572 1 0 0.05% 

D94C & 

D94G & 

D94Y gyrA OFL 1995 1572 1 0 0.05% 

D94F gyrA OFL 1995 1572 1 0 0.05% 

D94G & 

D111N gyrA CIPRO 318 151 2 0 0.63% 

D94G & 

D94N & 

D94S gyrA OFL 1995 1572 4 0 0.20% 

D94G & 

D94N & 

D94Y gyrA OFL 1995 1572 1 0 0.05% 

D94G & 

D94Y gyrA OFL 1995 1572 2 0 0.10% 

D94G & 

S91P gyrA OFL 1995 1572 5 0 0.25% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

D94H & 

S91P 
gyrA 

CIPRO 334 287 1 0 0.30% 

GAT 198 91 1 0 0.51% 

MOX 357 540 1 0 0.28% 

OFL 1995 1572 1 0 0.05% 

D94N & 

D94Y gyrA OFL 1995 1572 1 0 0.05% 

D94N & 

G88C gyrA OFL 1982 1504 1 0 0.05% 

D94N & 

G112H 
gyrA 

LEVO 396 112 1 0 0.25% 

OFL 1813 1323 1 0 0.06% 

D94N & 

S91P gyrA CIPRO 334 287 1 0 0.30% 

D94N/G gyrA OFL 1995 1572 2 0 0.10% 

D94S gyrA 
LEVO 412 248 1 0 0.24% 

OFL 1995 1572 1 0 0.05% 

D94V & 

G88R gyrA OFL 1982 1504 1 0 0.05% 

D94Y & 

R98L gyrA OFL 1843 1340 1 0 0.05% 

D94Y & 

S91P gyrA CIPRO 334 287 1 0 0.30% 

G247S gyrA MOX 10 26 0 1 0.00% 

G668D gyrA OFL 38 20 6 0 15.79% 

G88A gyrA 
LEVO 412 248 1 0 0.24% 

OFL 1982 1504 4 0 0.20% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

G88A & 

B94Y 
gyrA 

CIPRO 295 287 1 0 0.34% 

LEVO 412 248 1 0 0.24% 

OFL 1982 1504 1 0 0.05% 

G88A & 

H70R 
gyrA 

GAT 187 91 1 0 0.53% 

LEVO 259 72 1 0 0.39% 

MOX 357 540 1 0 0.28% 

OFL 1737 1121 1 0 0.06% 

H52Q gyrA OFL 1474 1026 1 0 0.07% 

H70R gyrA 
LEVO 259 72 2 0 0.77% 

OFL 1737 1121 1 0 0.06% 

L109V gyrA OFL 1835 1340 0 1 0.00% 

P102H gyrA 
MOX 357 540 0 1 0.00% 

OFL 1835 1340 0 1 0.00% 

Q60R gyrA OFL 1605 1104 1 0 0.06% 

R68G gyrA OFL 1627 1121 2 1 0.12% 

S90P gyrA OFL 1995 1572 1 0 0.05% 

S91A gyrA LEVO 412 248 4 0 0.97% 

S91L gyrA OFL 1995 1572 1 0 0.05% 

S91T gyrA 

CIPRO 334 287 1 0 0.30% 

GAT 198 91 1 0 0.51% 

MOX 357 540 1 0 0.28% 

OFL 1995 1572 1 0 0.05% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

T80S gyrA 
MOX 357 540 1 0 0.28% 

OFL 1761 1149 1 0 0.06% 

A471V gyrB CIPRO 39 0 1 0 2.56% 

A543T gyrB OFL 536 191 1 0 0.19% 

D500A gyrB OFL 838 393 2 0 0.24% 

D500H & 

G509A gyrB OFL 838 393 1 0 0.12% 

D500N gyrB OFL 838 393 2 0 0.24% 

D533A gyrB OFL 838 393 1 0 0.12% 

E419K & 

T539P gyrB OFL 206 21 1 0 0.49% 

E424K gyrB OFL 206 21 4 0 1.94% 

E498K gyrB 
LEVO 234 70 1 0 0.43% 

OFL 609 236 1 0 0.16% 

E540A gyrB OFL 684 211 1 0 0.15% 

E540D gyrB OFL 684 211 1 0 0.15% 

E540V gyrB OFL 684 211 1 0 0.15% 

G425E gyrB OFL 206 21 1 0 0.49% 

G551R gyrB 
LEVO 137 40 1 0 0.73% 

OFL 486 191 1 0 0.21% 

G551R & 

T539N 
gyrB 

LEVO 137 40 1 0 0.73% 

OFL 486 191 1 0 0.21% 

G570R gyrB MOX 10 26 0 1 0.00% 

K679R gyrB MOX 10 26 0 1 0.00% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

Q577H gyrB OFL 254 44 1 0 0.39% 

R485H gyrB 

GAT 38 30 0 1 0.00% 

LEVO 38 30 0 1 0.00% 

MOX 38 30 0 1 0.00% 

OFL 339 158 0 1 0.00% 

R485L gyrB OFL 339 158 1 0 0.29% 

S434A gyrB OFL 206 21 1 0 0.49% 

S486F gyrB OFL 472 186 1 1 0.21% 

S540L gyrB OFL 684 211 2 0 0.29% 

T539P gyrB OFL 708 239 1 0 0.14% 

A90V & 

D500A gyrA/gyrB OFL 838 393 1 0 0.12% 

A90V & 

D500N gyrA/gyrB OFL 838 393 1 0 0.12% 

A90V & 

D94A & 

N538T gyrA/gyrB OFL 838 393 1 0 0.12% 

A90V & 

D94A & 

D94G & 

S91P & 

N538T gyrA/gyrB OFL 838 393 1 0 0.12% 

A90V & 

E498K 
gyrA/gyrB 

LEVO 234 70 1 0 0.43% 

OFL 609 236 1 0 0.16% 

A90V & 

G551R 
gyrA/gyrB 

LEVO 137 40 3 0 2.19% 

OFL 486 191 5 0 1.03% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

A90V & 

N538T gyrA/gyrB OFL 838 393 1 0 0.12% 

A90V & 

R485C gyrA/gyrB OFL 339 158 1 0 0.29% 

A90V & 

T539A 
gyrA/gyrB 

LEVO 256 42 1 0 0.39% 

OFL 708 239 1 0 0.14% 

A90V & 

T539N 
gyrA/gyrB 

CIPRO 98 0 2 0 2.04% 

GAT 59 0 2 0 3.39% 

LEVO 256 42 2 0 0.78% 

MOX 59 0 2 0 3.39% 

OFL 708 239 2 0 0.28% 

SITA 59 0 2 0 3.39% 

SPX 59 0 2 0 3.39% 

A90V & 

T539P 
gyrA/gyrB 

OFL 708 239 1 0 0.14% 

D94A & 

A543T 
gyrA/gyrB 

LEVO 137 40 6 0 4.38% 

OFL 536 191 6 0 1.12% 

D94A & 

D500N gyrA/gyrB OFL 838 393 1 0 0.12% 

D94A & 

E424K gyrA/gyrB OFL 206 21 1 0 0.49% 

D94A & 

E481Q & 

D483H gyrA/gyrB OFL 206 21 1 0 0.49% 

D94A & 

E540D gyrA/gyrB OFL 684 211 1 0 0.15% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

D94A & 

I458M gyrA/gyrB OFL 206 21 1 0 0.49% 

D94A & 

N538K gyrA/gyrB OFL 838 393 1 0 0.12% 

D94A & 

N538T gyrA/gyrB OFL 838 393 2 0 0.24% 

D94A & 

N538I 
gyrA/gyrB 

LEVO 314 112 2 0 0.64% 

OFL 838 393 2 0 0.24% 

D94A & 

T539P gyrA/gyrB OFL 708 239 2 0 0.28% 

D94G & 

A543V 
gyrA/gyrB 

LEVO 137 40 2 0 1.46% 

OFL 536 191 6 0 1.12% 

D94G & 

D414K gyrA/gyrB OFL 206 21 1 0 0.49% 

D94G & 

D414P gyrA/gyrB OFL 206 21 1 0 0.49% 

D94G & 

E424K gyrA/gyrB OFL 206 21 4 0 1.94% 

D94G & 

E522Q gyrA/gyrB OFL 838 393 3 0 0.36% 

D94G & 

G551R gyrA/gyrB OFL 486 191 1 0 0.21% 

D94G & 

N538T gyrA/gyrB OFL 838 393 1 0 0.12% 

D94G & 

R485G gyrA/gyrB OFL 339 158 1 0 0.29% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency 

of Mutation 

Among 

Resistant 

Isolates 

D94G & 

S486F 
gyrA/gyrB 

CIPRO 98 0 1 0 1.02% 

GAT 97 30 1 0 1.03% 

LEVO 97 30 1 0 1.03% 

MOX 97 30 1 0 1.03% 

SITA 59 0 1 0 1.69% 

SPX 59 0 1 0 1.69% 

D94N & 

A543V 
gyrA/gyrB 

LEVO 137 40 2 0 1.46% 

OFL 536 191 2 0 0.37% 

D94N & 

D500N gyrA/gyrB OFL 838 393 1 0 0.12% 

D94N & 

E419K & 

E424K & 

R460K gyrA/gyrB OFL 206 21 1 0 0.49% 

D94N & 

G551R 
gyrA/gyrB 

LEVO 137 40 1 0 0.73% 

OFL 486 191 1 0 0.21% 

D94N & 

N538K gyrA/gyrB OFL 838 393 1 0 0.12% 

D94N & 

N538S gyrA/gyrB OFL 838 393 1 0 0.12% 

D94N & 

V461A gyrA/gyrB OFL 206 21 1 0 0.49% 

D94V & 

N538T gyrA/gyrB OFL 838 393 1 0 0.12% 

D94Y & 

E419K gyrA/gyrB OFL 206 21 1 0 0.49% 
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Appendix A: List of all mutations not meeting criterion for inclusion, Continued 

Mutation Gene Drug 

# 

Resistant 

Isolates 

Examined 

# 

Susceptible 

Isolates 

Examined 

# 

Resistant 

Isolates 

w/Mutation 

# 

Susceptible 

Isolates 

w/Mutation 

Frequency of 

Mutation 

Among 

Resistant 

Isolates 

G88A & 

G509C 
gyrA/gyrB 

LEVO 315 112 2 0 0.63% 

OFL 830 333 2 0 0.24% 

S91P & 

N464S gyrA/gyrB OFL 206 21 1 0 0.49% 

S91P & 

D500N gyrA/gyrB OFL 838 393 1 0 0.12% 
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Appendix B: PRISMA Checklist 

Section/topic  # Checklist item  
Reported 
on page 

#  

TITLE    

Title  1 
Identify the report as a systematic review, meta-analysis, or 
both.  

15  

ABSTRACT    

Structured summary  2 

Provide a structured summary including, as applicable: 
background; objectives; data sources; study eligibility criteria, 
participants, and interventions; study appraisal and synthesis 
methods; results; limitations; conclusions and implications of 
key findings; systematic review registration number.  

15-16  

INTRODUCTION    

Rationale  3 
Describe the rationale for the review in the context of what is 
already known.  

16-18  

Objectives  4 
Provide an explicit statement of questions being addressed 
with reference to participants, interventions, comparisons, 
outcomes, and study design (PICOS).  

18-19  

METHODS    

Protocol and 
registration  

5 
Indicate if a review protocol exists, if and where it can be 
accessed (e.g., Web address), and, if available, provide 
registration information including registration number.  

NA  

Eligibility criteria  6 

Specify study characteristics (e.g., PICOS, length of follow-
up) and report characteristics (e.g., years considered, 
language, publication status) used as criteria for eligibility, 
giving rationale.  

19  

Information sources  7 
Describe all information sources (e.g., databases with dates 
of coverage, contact with study authors to identify additional 
studies) in the search and date last searched.  

19  

Search  8 
Present full electronic search strategy for at least one 
database, including any limits used, such that it could be 
repeated.  

19  

Study selection  9 
State the process for selecting studies (i.e., screening, 
eligibility, included in systematic review, and, if applicable, 
included in the meta-analysis).  

19  

Data collection process  10 
Describe method of data extraction from reports (e.g., piloted 
forms, independently, in duplicate) and any processes for 
obtaining and confirming data from investigators.  

19-20  

Data items  11 
List and define all variables for which data were sought (e.g., 
PICOS, funding sources) and any assumptions and 
simplifications made.  

19-20  
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Appendix B: PRISMA Checklist, Continued 

Section/topic  # Checklist item  
Reported 
on page 

#  

METHODS    

Risk of bias in individual 
studies  

12 

Describe methods used for assessing risk of bias of 
individual studies (including specification of whether this was 
done at the study or outcome level), and how this information 
is to be used in any data synthesis.  

20-21  

Summary measures  13 
State the principal summary measures (e.g., risk ratio, 
difference in means).  

20-21  

Synthesis of results  14 
Describe the methods of handling data and combining results 
of studies, if done, including measures of consistency (e.g., 
I2) for each meta-analysis.  

20-21  

Risk of bias across 
studies  

15 
Specify any assessment of risk of bias that may affect the 
cumulative evidence (e.g., publication bias, selective 
reporting within studies).  

20-21  

Additional analyses  16 
Describe methods of additional analyses (e.g., sensitivity or 
subgroup analyses, meta-regression), if done, indicating 
which were pre-specified.  

20-21  

RESULTS    

Study selection  17 
Give numbers of studies screened, assessed for eligibility, 
and included in the review, with reasons for exclusions at 
each stage, ideally with a flow diagram.  

21-22  

Study characteristics  18 
For each study, present characteristics for which data were 
extracted (e.g., study size, PICOS, follow-up period) and 
provide the citations.  

23-28  

Risk of bias within 
studies  

19 
Present data on risk of bias of each study and, if available, 
any outcome level assessment (see item 12).  

20-21  

Results of individual 
studies  

20 

For all outcomes considered (benefits or harms), present, for 
each study: (a) simple summary data for each intervention 
group (b) effect estimates and confidence intervals, ideally 
with a forest plot.  

NA  

Synthesis of results  21 
Present results of each meta-analysis done, including 
confidence intervals and measures of consistency.  

21-46  

Risk of bias across 
studies  

22 
Present results of any assessment of risk of bias across 
studies (see Item 15).  

21-46  

Additional analysis  23 
Give results of additional analyses, if done (e.g., sensitivity or 
subgroup analyses, meta-regression [see Item 16]).  

21-46  
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Appendix B: PRISMA Checklist, Continued 

Section/topic  # Checklist item  
Reported 

on page #  

DISCUSSION    

Summary of evidence  24 

Summarize the main findings including the strength of 
evidence for each main outcome; consider their relevance to 
key groups (e.g., healthcare providers, users, and policy 
makers).  

47-51  

Limitations  25 
Discuss limitations at study and outcome level (e.g., risk of 
bias), and at review-level (e.g., incomplete retrieval of 
identified research, reporting bias).  

51-52  

Conclusions  26 
Provide a general interpretation of the results in the context 
of other evidence, and implications for future research.  

53  

FUNDING    

Funding  27 
Describe sources of funding for the systematic review and 
other support (e.g., supply of data); role of funders for the 
systematic review.  

56  
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Appendix C: Cumulative Frequencies of the Most Frequently Occurring Double 

Mutations within gyrA Gene among Mycobacterium tuberculosis Isolates Resistant to 

Fluoroquinolones 

Mutation  
FLQ 

Tested 

# 
Resistant 

(R) 
Isolates 

Examined 

# 
Susceptible 
(S) Isolates 
Examined 

# R 
Isolates 

with 
Mutation 

# S 
Isolates 

with 
Mutation 

Freq. of 
Mutation 
among 

R 
Isolates 

Freq. of 
Mutation 
among 

S 
Isolates 

A90V D94G 

OFL 1995 1572 53 0 0.03 0.00 

MOX   357 540 4 0 0.01 0.00 

LEVO 412 248 1 0 0.00 0.00 

GAT 198 91 1 0 0.01 0.00 

A90V S91P 

OFL 1995 1572 17 0 0.01 0.00 

MOX   357 540 1 0 0.00 0.00 

LEVO 412 248 2 0 0.00 0.00 

CIPRO 334 287 3 0 0.01 0.00 

GAT 198 91 2 0 0.01 0.00 

SPX 109 0 1 0 0.01 NA 

SITA 59 0 1 0 0.02 NA 

A90V D94A 

OFL 1995 1572 8 0 0.00 0.00 

MOX   357 540 1 0 0.00 0.00 

LEVO 412 248 5 0 0.01 0.00 

CIPRO 334 287 3 0 0.01 0.00 

GAT 198 91 2 0 0.01 0.00 

SPX 109 0 1 0 0.01 NA 

SITA 59 0 1 0 0.02 NA 

A90V D94N 

OFL 1995 1572 10 0 0.01 0.00 

LEVO 412 540 1 0 0.00 0.00 

CIPRO 334 287 1 0 0.00 0.00 

D94G D94N 

OFL 1995 1572 5 0 0.00 0.00 

MOX   357 540 3 0 0.01 0.00 

LEVO 412 248 1 0 0.00 0.00 

GAT 198 91 1 0 0.01 0.00 

A90V P102H 
OFL 1835 1340 3 0 0.00 0.00 

MOX 357 540 2 0 0.01 0.00 

D94A D94N 
OFL 1995 1572 3 0 0.00 0.00 

MOX 357 540 2 0 0.01 0.00 

A90V D94Y 

OFL 1995 1572 2 0 0.00 0.00 

MOX   357 540 1 0 0.00 0.00 

LEVO 412 248 1 0 0.00 0.00 

GAT 198 91 1 0 0.01 0.00 
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Appendix D: Case Report Forms 
Screening CRF 

Screening ID Number: ___________________ 
Study ID Number: _____________________ 
Today’s Date:  __________   (DD-MM-YYYY) 
Initials:  ___________ (3 letters) 

   Direct subject interview           Transcribed 
Check the box if subject gives verbal consent (or assent) to be screened for the GCDD XDR-TB Study 
       Verbal consent/assent given 
 
A.  DEMOGRAPHIC CHARACTERISTICS 
1.  Study Site:   

 India 
 P.D. Hinduja National Hospital  

 Moldova  
 Phthisiopneumology Institute,Chisinau       
 Municipal TB Hospital, Chisinau 
 Municipal TB Hospital, Balti                             

                                  Vorniceni Clinic  
 South Africa 

 Jose Pearson                              
 Empilweni TB Hospital 
 New Brighton Clinic                               
 Zwide Primary Health Care Clinic 
 Chatty Primary Health Care Clinic                  
 Motherwell NU11 Primary Health Care Clinic 
 Motherwell NU2 Primary Health Care Clinic                         
 Soweto Primary Health Care Clinic 
 Kwazakhele Primary Health Care Clinic                                 
 Mabandla Primary Health Care Clinic 

2.  Subject Year of birth:  ____________ (e.g.,1950) 
3.  Subject Gender:       Male   Female   Transgender 
4.  Subject Ethnicity:    Hispanic   Non-Hispanic  
5.  Race (specify one or more):  
I.   Black (specify one or more below if applicable): 

  Xhosa    Zulu 
        Other Black: _____________________ 
II.   Colored (specify one or more below if applicable):  

  Xhosa   Zulu 
  Other Black: ___________________ 

III.  Asian (specify one or more below if applicable):   
  Maharashtrian    Gujrathi    South Indian   
  Bikol 
  Punjabi     Bihari    Bengali   
  Indo-Aryan 
  North East      Chinese    Dravidian                     

                               Filipino  
 Other Asian: ___________________ 

IV.    White (specify one or more below if applicable):    
       Russian   Bulgarian   Gagauz            
                               Ukrainian 

     Moldovan/Romanian  
  Other White: ___________________ 

V.    Native Hawaiian or other Pacific Islander 
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VI.   American Indian / Alaskan Native  
VII.   Other:__________________ 
VIII.   Unknown 
 
B.  ELIGIBILITY AND PARTICIPATION 
1. Is the subject 5 years of age or older?  

 Yes [Go to #2]  No/Unknown [Not eligible] 
2a.  Is the subject AFB smear-positive from a sputum specimen obtained within the past 14 days (1+ or 
greater)?  
  Yes  No     Unknown  
2b. Is the subject positive for M. tuberculosis by GeneXpert within the past 14 days? 
   Yes [Go to #3]  No     Unknown  

    
 

If Study Site=India, Go to #3 
If 2a=Yes, Go to #3 
If 2a=No/Unknown AND Study 
Site=Moldova or South Africa, Not 
Eligible. Stop Here. 

3.  Has the subject previously received >1 month of treatment for a prior TB episode (not including the 
current  TB illness)?   
  Yes [Go to #4]  No [Go to #4]  Unknown 
[Go to #4] 
4.  Has the subject had close contact with a known drug-resistant TB case? (ever lived, worked, or gone to        
 school with a person known to have M/XDR-TB)  
  Yes [Go to #5]  No [Go to #5]       Unknown 
[Go to #5]  
5. Is the subject failing standard TB treatment? (Defined as persistently positive sputum smear or culture 

after ≥ 3 months of a standard TB treatment regimen) 
  Yes [Go to #6]  No [Go to #6]       Unknown 
[Go to #6] 
6.  Has the subject been diagnosed with MDR-TB within the last 30 days? 
  Yes [Go to #7]  No [Go to #7]       Unknown 
[Go to #7]  
7.  Is the subject failing MDR-TB treatment for presumed or confirmed MDR-TB?  (Defined as persistently 
 positive sputum smear or culture after ≥ 3 months of a standard MDR-TB treatment regimen). 
  Yes [Go to#8]  No [Go to #8]       Unknown 
[Go to #8]  
 [If Yes for at least one of #3-7; subject may be eligible, Go to #8.] 
 [If No/unknown for #3-7, Subject is not eligible. Stop Here.] 
8. Has anti-tuberculosis drug susceptibility testing for the fluoroquinolone and injectables (second line drug 
 testing) been performed and reported within the previous 3 months? 
   Yes [Not eligible]  No [Go to #9]  Unknown 
[Not eligible]       
(Conduct all applicable procedures for obtaining informed consent before answering this question)  
9.  Did the subject provide informed consent to participate in the study? 
  Yes   
  No [Record reasons for refusal to participate]:_______________________________________ 
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Appendix E 
Enrollment Interview CRF 

Screening ID Number: ___________________ 
Study ID Number: _____________________ 
Today’s Date:  __________   (DD-MM-YYYY) 
Initials:  ___________ (3 letters) 

   Direct Subject Interview           Transcribed 
 
A.  SOCIODEMOGRAPHICS 
1.  What is your age?  _____________ Years 
2.  Subject Ethnicity:    Hispanic   Non-Hispanic  
3.  Race (specify one or more):    
I.   Black (specify one or more below if applicable): 

  Xhosa    Zulu 
        Other Black: _____________________ 
II.     Colored (specify one or more below if applicable):  

  Xhosa   Zulu 
  Other Black: ___________________ 

III.   Asian (specify one or more below if applicable):   
  Maharashtrian    Gujrathi    South Indian    Bikol 
  Punjabi     Bihari    Bengali    Indo-

Aryan 
  North East      Chinese    Dravidian                         

Filipino  
 Other Asian: ___________________ 

IV.     White (specify one or more below if applicable):    
       Russian   Bulgarian   Gagauz              

Ukrainian 
     Moldovan/Romanian  

  Other White: ___________________ 
V.     Native Hawaiian or other Pacific Islander 
VI.   American Indian / Alaskan Native  
VII.   Other: ________________________________ 
4. What is your gender?    Male    Female      Transgender 
5. What is your marital status?   
   Single/Never Married      Married                      Widowed  
   Living with partner but not married                                  Divorced 
6. Where were you born?  
 City:_______________   State/Province:___________________ Country:__________________ 
       6a. What Map Grid Code was this address in?  Row: ___________ Column: ___________ 
                Refused Map Grid Code                     Not On Map 
       6b. How old were you when you first moved away from that address? __________ Years-Old 
                Still living at address where born   [Skip to Question 10]  
7. Where were you living when you were FIRST diagnosed with tuberculosis?   
 City:_______________   State/Province:___________________ Country:__________________ 
       7a. What Map Grid Code was this address in?   Row:___________  Column:___________  
                      Refused Map Grid Code            Not On Map            Don’t Remember                   
       7b. Please estimate how long you lived there before you were FIRST diagnosed with tuberculosis?  
                              Years: __________    Months: __________             Don’t Remember  
       7c. Please estimate in the two years prior to FIRST diagnosis of tuberculosis approximately how many times did 
you change your place of residence?  
      None        1-2 times       3-5 times       6-10 times       More than 10 times      Don’t Remember  
8.  Where do you currently live?      
                Same as Question 7 (address where FIRST diagnosed with tuberculosis)  
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                               [If checked, Skip to Question 9] 
         City:_______________        State/Province:___________________         Country:__________________ 
        8a. What Map Grid Code is your current address in?   Row: ____________     Column: _____________  
                          Refused Map Grid Code                      Not On Map 
        8b. Please estimate how long you have lived at your current address?  
                                            Years: ___________  Months: ____________           Don’t  Know 
9. Did you move to your current address specifically to get TB treatment?       No      Yes  
10. In what year were you diagnosed with tuberculosis?  __________    Don’t Remember   
11. How many people do you currently live with (besides yourself)?   _____ People 
(If subject lives in a homeless shelter, on the street, in an informal dwelling, or other similar situation, ask them to 
estimate the total number of people who live there) 

11a. How many rooms are used for sleeping?    _____ Rooms 
12. Do you own your own home/apartment?    
      No      Yes    Refuse to Answer 

12a. If No, where do you currently live? 
      Rented house/Apartment 
      Friend’s or Family’s home 
      Homeless shelter 
      Informal dwelling 
      On the street 
      Other, specify: ________________________________________ 
13. In the past 3 months, what has been your primary source of income? (Check all that apply) 
      Regular full-time job 
      Part-time work 
      Friends/family members 
      Bartering/trading 
      Panhandling/begging 
      Farming 
      Sex work 
      Welfare/government aid 
      None (no income) 
      Other, specify: _________________________________________ 
14. In the past 3 months, how much money did you earn on average per month?  ____________ 
      14a.    Rupee    Leu          Rand          Other (specify) __________________ 
15. What is the highest level of education you have attended? 
     None 
     1-6th Grade 
     7-12th Grade 
     Any trade school 
     Any college graduate  
     Any graduate program  
16. Have you ever smoked cigarettes or bidis?            No        Yes   Refuse to Answer 
 16a. If Yes, have you smoked in the last 3 months?   No        Yes   Refuse to Answer 
 16b. If Yes, how many cigarettes/bidis did you typically smoke per day in the past 3 months? ______ 

 Don’t know                       Refuse to Answer 
17. Have you ever smoked marijuana, cannabis or hashish?   No     Yes        Refuse to Answer 
 17a. If Yes, have you smoked in the last 3 months?     No     Yes        Refuse to Answer 
18. Have you ever smoked hookah?                       No     Yes        Refuse to Answer 
 18a. If Yes, have you smoked in the last 3 months?    No     Yes        Refuse to Answer 
 
19. During a typical week in the last 3 months, how many days did you drink alcohol (beer, wine, spirits)?   __________ 

Days 
20. On a typical day when you drank in the last 3 months, how many drinks did you have? 
     (One drink is 12 oz of beer, 4 oz of wine or 2 oz of spirits)    ________ Drinks 
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21. Have you ever taken street drugs (e.g., heroin, cocaine, methamphetamine, opium, mushrooms, LSD)? 
            No       Yes  Refuse to 
Answer 
 21a. If Yes, have you done so in the past 2 years?      No       Yes  Refuse to Answer 
22. Have you ever injected any drug not prescribed by a doctor?    No       Yes  Refuse to Answer 
 22a. If Yes, have you done so in the past 2 years?      No       Yes  Refuse to Answer 
23. Have you ever been in jail or correctional facility?     No       Yes  Refuse to Answer 
 23a. If Yes, was it within the past 2 years?       No       Yes  Refuse to Answer 
24. Have you ever been hospitalized?       No       Yes  Refuse to Answer 
 24a. If Yes, was it within the past 2 years?       No       Yes  Refuse to Answer 
25.  Have you seen a doctor or health care worker in the past 2 years for anything other than TB?  
            No       Yes  Refuse to 
Answer 
26. Have you ever traded sex for money, goods, or shelter?     No       Yes  Refuse to 
Answer 
 26a. If Yes, have you done so in the past 2 years?      No       Yes  Refuse to Answer 
27. Have you ever lived in group housing? (shelter, old age home, etc.) 
            No       Yes  Refuse to 
Answer 
 27a. If Yes, have you done so in the past 2 years?      No       Yes  Refuse to Answer 
  
B.  TB AND DRUG-RESISTANCE RISK INFORMATION 
1. Have you ever lived, worked, or gone to school with a person who was diagnosed with TB? 
    No            Yes        Unknown   
 1a. If Yes, is this person known to have M/XDR-TB?                 No        Yes          Unknown  
                
2. Have you previously been treated for TB (prior to the current TB illness)?    
                                         No        Yes          Unknown 
      2a. If Yes, how old were you the first time you were treated for TB? _______ Years       
      2b. How many prior TB episodes have you had?  __________ Number of episodes 

    
C. CLINICAL HISTORY  
Do you currently have any of the following: 
1. Cough for more than 2 weeks                 No  Yes    Unknown  Refuse to 
Answer 
2. Fever?                  No     Yes    Unknown  Refuse to 
Answer 

3. Night sweats? (wet sheets 3 times/week):             No     Yes    Unknown  Refuse to 
Answer 
4. Unintentional weight loss?                           No.           Yes    Unknown  Refuse to 
Answer 
5. Hemoptysis?                  No            Yes    Unknown  Refuse to 
Answer 
6. Please select all the conditions that currently apply to the subject: 
(Responses should be based on the subject’s reported history and the physician’s examination.) 

6a. Does the subject have diabetes mellitus?       No         Yes        Unknown      Refuse to Answer 
             6a1. If Yes, does the subject take oral hypoglycemic agents? 

                                                                              No         Yes        Unknown      Refuse to Answer 
      6a2. If Yes, does the subject take insulin?                                   
                                                                              No         Yes       Unknown       Refuse to Answer 

       6b. Does the subject have silicosis? 
                                                                              No         Yes       Unknown       Refuse to Answer 

       6c. Does the subject have chronic liver disease (hepatitis B/C, cirrhosis)? 
                                                                              No        Yes        Unknown       Refuse to Answer 
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       6d. Does the subject have lung cancer or neck cancer? 
                                                                              No        Yes        Unknown       Refuse to Answer 

       6e. Does the subject have leukemia or lymphoma? 
                                                                              No        Yes        Unknown       Refuse to Answer 

       6f. Does the subject have chronic kidney disease (e.g., end stage renal disease) requiring hemodialysis? 
                                                                              No        Yes        Unknown       Refuse to Answer 

       6g. Has the subject ever had a transplant requiring immunosuppressant therapy? 
                                                                              No        Yes        Unknown       Refuse to Answer 
   6g1. If Yes, what organ?   
             Heart        Kidney       Liver       Cornea      Pancreas       Intestine       Bone 
 
             Vasculature   Lungs      Refuse to Answer   Other: ______________________ 
    
6g2. If Yes, was it:       
                                  Within the past 2 years           2 years ago or longer            Unknown     

6g3. If Yes, 15 mg prednisone/day  1 month?  
                                                                No              Yes         Unknown        Refuse to Answer 
6g4. If Yes, TNF-alpha inhibitors [e.g., Infliximab/Etanercept]?  
                                                                 No   Yes              Unknown        Refuse to Answer 
6g5. Other?  
                                                                 No   Yes              Unknown        Refuse to Answer 
     6g5a. If Yes, specify: ________________________________________ 
 

    6h. Does the subject currently use an immunosuppressant drug for something other than a transplant?  
                                                                 No   Yes              Unknown        Refuse to Answer 

          6h1. If yes 15 mg prednisone/day 1 month? 
                                                                 No   Yes              Unknown        Refuse to Answer 
   6h2. If yes, TNF-alpha inhibitors [e.g., Infliximab/Etanercept]? 
                                                                 No   Yes              Unknown        Refuse to Answer 
   6h3. Other?  
                                                                 No   Yes              Unknown        Refuse to Answer 

        6h3a. If yes, specify: ________________________________________ 
     6i. Does the subject have any other serious illness/condition (hypertension, heart disease, etc.)? 

                                                                 No   Yes              Unknown        Refuse to Answer 
   6i1. If yes, specify: _______________________________________________ 

 
D.  HIV/AIDS STATUS 
1. Have you ever been tested for HIV?    No   Yes   
Refuse to Answer 

                                    

If Yes, most recent test (DD-MM-YYYY): ______________________                     Unknown 
           
If Yes, what was the result of your last HIV test:   Positive  Negative     Pending    

 Not Tested   Refuse to Answer  
 

 
E.  PHYSICAL EXAMINATION 
     Users should use a period (.) as a decimal mark 
 1.  Weight: ____________  Kg  Lbs 
 2.  Height:_____________  Cm  Inches 
          Measured        Estimated 
 
F. SPECIMEN COLLECTION 
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       1.  Was at least 5ml sputum collected (Spot 1) at this visit?     No         Yes 
 
       1a. If No, did subject attempt to provide sputum, but could not produce at least 5ml?   No   Yes 
 
  2.  Was blood collected at this visit?        No   Yes   
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Appendix F 
Enrollment Chart Review CRF 

Study ID Number: _____________________ 
Today’s Date:  __________   (DD-MM-YYYY) 
 Initials:  ___________ (3 letters) 

   Direct Chart Review           Transcribed 
A.  TB History 
 
1. Has the subject previously received treatment for TB (>1month of treatment for a prior TB episode)?  
   
    No     Yes    Unknown 
  
 If Yes, 
 1a. Was the subject treated with Fluoroquinolones?         No                  Yes   Unknown 
 1b. Was the subject treated with 2nd line Injectables?    No                 Yes   Unknown 
  
             
2.  Subject TB category is (check one):   

   New. (A subject who has never had treatment for TB or who has taken antituberculosis drugs for less than 1 
month). 
 

   Previously Treated. (A subject who has ever received treatment for TB for ≥ 1 month) 
          
        If previously treated, specify if possible: 

   Relapse. A subject previously treated for TB who has been declared cured or treatment completed, and 
is diagnosed with bacteriologically positive (smear or culture) tuberculosis. 

   Treatment after failure. A subject who is started on a re-treatment regimen after having failed previous 
treatment. 

   Treatment after default. A subject who returns to treatment, positive bacteriologically, following 
interruption of treatment for 2 months or more. 

   Other. All cases that do not fit the above definitions. This group includes a chronic case, a subject who 
is sputum-positive at the end of a re-treatment regimen. 

   Unknown 
Comments:_____________________________________________________________________________________
______________________________________________________________________________________ 
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B.  TB Drug History  
    
List all drugs subject has taken for this current TB illness. Ignore treatment interruptions <2 weeks. 

 No Drugs Documented 

Drug 
Currently 

Taking 
Yes       No 

Start 
Date 

 

Unknown 
Start Date 

Stop 
Date 

 

 
Unknown 
Stop Date 

 
Dose 
(mg)  

 

 
Unknown 

Dose 
 

 
Timing 
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C. CHEST X-RAY 
1.  Has the subject had a chest X-ray performed? 

  Yes     No       Unknown 
            If yes, date of most recent X-ray:  ___________________  (DD-MM-YYYY)      Unavailable 
                          

       Findings 
 
          1a. Abnormal:                 Yes         No  
  
           If Abnormal, check all that apply: 
  
              I.  Cavities                   Yes               No 
 
             II. Infiltrate                 Yes               No                 
 
             III. Pleural effusion  Yes               No 
 
             IV. Bilateral                Yes               No 
 

 
 

 Unknown 
 
 
 

 Unknown 
 

 Unknown 
 

 Unknown 
 

 Unknown 

D. HIV STATUS 
1.     HIV Test Results    Positive               Negative               Pending              Not Tested 
        If HIV Positive or Negative:  
         Date of most recent test:  _______________ (DD-MM-YYYY)          Unavailable 
         Source:              Results report from laboratory or HIV testing site  
                 HIV status recorded in chart without other documentation 
        If HIV Positive: 
              1a. Most recent CD4 count (cells/mm3):  ________________      Unavailable 
              Date of most recent test:  _______________ (DD-MM-YYYY)         Unavailable 
               1b. Viral load (copies/mm3):  ________________        Unavailable 
              Date of most recent test:  _______________ (DD-MM-YYYY)         Unavailable
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