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Abstract The incidence of drug-resistant tuberculosis (TB), particularly

multidrug-resistant TB and extensively drug-resistant TB, is increasing and is a

major complication in global attempts to control TB. New anti-TB drugs and rapid

diagnostics have been developed; however, the pathogenesis of drug resistance

remains unclear. Fragmented treatment regimens, efflux pumps, and pharmacoki-

netic variability may all play a part in the rise of drug-resistant pathogens. Drug-

resistant TB continues to be associated with poor treatment outcomes and high

mortality rates.

1 Introduction

Tuberculosis (TB) is an ancient disease and one of the world’s deadliest commu-

nicable diseases. The World Health Organization (WHO) TB estimates for 2013

included approximately 9.0 million cases and 1.5 million deaths. Although global

rates of new TB cases have been decreasing since 2005, cases of multidrug-resistant

TB (MDR TB) and extensively drug-resistant TB (XDR TB) have been increasing

and are out of control in some regions, including Africa. Drug-resistant TB is

currently one of the most important threats to global control of the disease (Dye

et al. 2002). The proportion of MDR TB is higher among people who have been

treated previously (20.5%) and lower among new cases (<3%). Eastern European

and central Asian countries have the highest levels of MDR TB: 35% of new cases

and 75% of previously treated cases. Drug-resistance surveillance data from 108 of

144 countries (75%) indicate that approximately 480,000 individuals developed

MDR TB in 2013. Furthermore, approximately 9% of MDR TB cases were actually
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XDR TB. More than half of these MDR TB cases were estimated to have occurred

in India, China, and the Russian Federation.

Mortality rates for untreated TB are high. Tiemersma et al. (2011) conducted a

natural history study of TB and found that around 70% of HIV-negative patients

with sputum smear-positive pulmonary TB and 20% of patients with culture-

positive (but smear-negative) TB died within 10 years.

According to WHO, satisfactory treatment of XDR TB requires an 8-month

intensive phase and a 20-month minimum overall treatment duration. Treatment

regimens including second-line drugs are more toxic, more expensive, and less

convenient than the standard anti-TB regimen. Drug-resistant TB, particularly

MDR TB and XDR TB, requires a longer duration of treatment and has worse

outcomes than drug-susceptible TB (Dheda et al. 2010a; Jacobson et al. 2010;

Kvasnovsky et al. 2011). For instance, only 48% of patients with MDR TB are

treated successfully, with the disease incurring mortality rates of 15% and a rate of

lost of 28%. Treatment outcomes for patients with XDR TB are worse, with a

success rate of 33% and a mortality rate of 26% (WHOGlobal Tuberculosis Report

2013).

Analysis suggests the proportion of new MDR TB cases remained at approxi-

mately 3.5% over the period 2008–2013. However, although drug-resistant TB,

especially MDR TB and XDR TB, represents a small proportion of the patients with

TB in countries with a high TB burden, these patients consume a large proportion of

TB-control resources. In South Africa, the per-patient cost of treating XDR TB was

US $26,392 (in 2011), four times greater than that for MDR TB and 103 times

greater than that for drug-sensitive TB. Although drug-resistant TB represents only

a fraction (2.2%) of the total case burden, it consumes 32% of the total estimated

national TB budget in South Africa (Pooran et al. 2013). This disproportionate

amount of total TB costs is due to the high cost of managing drug-resistant TB, high

drug prices (Kang et al. 2006), implementation of the new Xpert MTB/RIF assay as

the primary TB diagnostic test (Theron et al. 2011), and the need for extensive

supervised patient care, all of which are likely to increase substantially.

2 Pathogenesis and Mechanisms of Drug-Resistant

Tuberculosis (TB)

Drug-resistant TB develops in two ways. The first is primary or initial drug

resistance: an individual is infected with a strain of M. tuberculosis that is already
drug resistant. This kind of infection usually occurs in regions with a high preva-

lence of drug-resistant TB. The second is acquired or secondary drug resistance:

resistance to the TB treatment develops as a result of inadequate or incorrect

treatment regimens, efflux pumps, and genotype. Treating drug-susceptible TB

with monotherapy increases the risk of drug-resistant mutations being selected

and eventually becoming the dominant strain.

194 L. Liang et al.



2.1 Selection of Drug Resistance

Spontaneous gene mutations of chromosomes that encode the target of anti-TB

drugs and related M. tuberculosis metabolic enzymes are an important cause of

single-drug resistance, and MDR is due to a variety of these drug-target gene

mutations occurring. Luria and Delbruck (1943) famously showed that resistance-

related M. tuberculosis genetic mutations were independent of selection pressure.

Although the rate of spontaneous mutation is low in individual patients, there is

concern that, given the large bacterial burden of up to 109 units and the level of

bacterial replication, pre-existingM. tuberculosis resistant to one anti-TB drug may

be possible in some patients.

The probability of pre-existing drug resistance to two or three anti-TB drugs is

very small. However, resistance can be acquired, for example, if a patient receives

long-term monotherapy, does not comply with treatment regimens, or receives a

drug combination that is a pharmacokinetic mismatch (e.g., drugs in the combina-

tion have markedly different pharmacokinetic half-lives). The pharmacokinetic

mismatch between rifapentine and isoniazid is thought to be a reason for the high

rate of acquired rifamycin resistance among patients co-infected with TB and HIV

who were treated with once-weekly rifapentine and isoniazid (Vernon et al. 1999).

In this situation, patients actually received monotherapy. The initial drugs killed

most of the susceptible M. tuberculosis subpopulation, and the pre-existing drug-

resistant subpopulation was then able to replicate, eventually replacing the drug-

resistant population. This form of resistance is known as acquired resistance, and

accumulation of acquired resistance may cause MDR and XDR TB.

2.2 Acquired Drug Resistance Based on Drug
Concentrations and Efflux Pumps

In some cases, drug-sensitive TB will progress to drug-resistant TB even if patients

adhere to treatment (Calver et al. 2010). Some studies have shown that patients with

low serum levels of isoniazid and rifampin may have a longer time to culture

conversion and a worse overall treatment outcome, with the low concentration of

anti-TB drugs possibly playing a role in acquired drug resistance (Blumberg et al.

2003; Jayaram et al. 2004; Weiner et al. 2005; Park et al. 2015). Studies using the

hollow fiber system model of TB have shown that when one fluoroquinolone drug is

used to kill M. tuberculosis, the bacteria easily develop resistance to that drug

despite the drug concentration being much higher than the minimum inhibitory

concentration (Gumbo et al. 2004, 2005). Other studies using the hollow fiber

system model of TB also showed rapid development of resistance to isoniazid,

rifampin, pyrazinamide, and ethambutol (Gumbo et al. 2007a, b, 2009). Acquired

drug resistance is associated not only with the area under the curve but also with

peak drug concentrations. Pasipanodya et al. (2012) conducted a meta-analysis and
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found that the faster the isoniazid underwent acetylation, the higher the rate of

acquired drug resistance. Another study found that drug concentrations and phar-

macokinetics varied widely between patients. Among a sample of 142 patients, the

ratio of the highest to lowest dose for isoniazid, rifampin, and pyrazinamide was

2.7; the ratios of the highest peak concentration to lowest concentration was 102 for

rifampin, 31 for isoniazid, and 63 for pyrazinamide, and peak drug concentration

and the area under the curve predicted more than 91% of treatment failures.

Patients with low rifampin and isoniazid peaks and area under the curve concen-

trations developed acquired drug resistance (Pasipanodya et al. 2013).

Acquired drug resistance is also associated with many resistance efflux pumps,

which can protect M. tuberculosis replication and enable generation of chromo-

somal mutations (Srivastava et al. 2010; Pasipanodya and Gumbo 2011). Dose-

scheduling studies found that once-weekly therapy regimens, which are associated

with more abrupt changes in drug concentrations than are regular daily therapy

regimens, were associated with efflux pump-related resistance. Efflux pumps are

also a cause of clinically relevantM. tuberculosis drug resistance (Jiang et al. 2008;
Spies et al. 2008).

2.3 Drug-Resistant TB Genotypes

Given M. tuberculosis has a low mutation rate and a slow replication rate, it is

unclear how M. tuberculosis acquires resistance to multiple anti-TB drugs, espe-

cially under treatment with multiple drugs. The target encoding gene mutation of

clinical drug-resistant M. tuberculosis isolates is closely related to drug resistance.

The biological variability of M. tuberculosis is the main molecular cause of drug

resistance; Table 1 shows the M. tuberculosis genes that are resistant to common

anti-TB drugs. Recently, whole genome sequencing of clinical M. tuberculosis
isolates has revealed the importance of mutation in the emergence of drug resis-

tance (Ioerger et al. 2010; Casali et al. 2012). Sequencing of M. tuberculosis from
patients for whom drug treatment failed revealed that multiple new drug-resistance

mutations can occur (Sun et al. 2012). Multidrug resistance may pre-exist in some

patients who were initially infected with a drug-susceptible strain of

M. tuberculosis (Ford et al. 2013). Moreover, several studies have suggested that

certain strains of M. tuberculosis may be associated with multi-drug resistance

(Borrell and Gagneux 2009). Some drug-susceptible TB treated with ‘DOTS’
(directly observed treatment, short-course) progressed to MDR TB, which might

be due to hypermutable M. tuberculosis strains in patients who also rapidly metab-

olize first-line drugs (Gumbo 2013). Mutation rates can differ both between and

within genotypes, and the reasons for this are unclear. Some whole genome

sequencing studies have shown that target-encoding mutations are relative to

compensatory mutations in the M. tuberculosis genome (Comas et al. 2012; Sun

et al. 2012). It is possible that the drug-resistance encoding mutation could affect

both the strain structure and the antigen of M. tuberculosis.

196 L. Liang et al.



3 Diagnosis of Drug-Resistant TB

Laboratory testing is important for the confirmation of TB, especially drug-resistant

TB. The identification of drug-resistant TB needs to detect M. tuberculosis, culture
it, and then identify the bacterial species and strains. A drug-sensitivity test (DST)

is then conducted using either liquid or solid methods or a WHO-approved molec-

ular method.

3.1 Definitions of Drug-Resistant TB (WHO, 2013)

Mono-resistance: resistance to one first-line anti-TB drug only.

Poly-resistance: resistance to more than one first-line anti-TB drug, other than both

isoniazid and rifampin.

MDR: resistance to at least isoniazid and rifampin.

XDR: resistance to any fluoroquinolone and at least one of three injectable second-

line drugs (capreomycin, kanamycin, and amikacin), in addition to multidrug-

resistance.

Rifampin resistance: resistance to rifampin detected using phenotypic or genotypic

methods, with or without resistance to other anti-TB drugs. It includes any

resistance to rifampin, whether mono-resistance, poly-resistance, MDR,

or XDR.

Table 1 Genetic mutations related to drug-resistant Mycobacterium tuberculosis

Anti-tuberculosis

drug

Mutated

gene

Minimum inhibitory

concentration

Percentage of

mutation Gene product

Isoniazid katG
inhA

0.02–0.2 50–95 Catalase peroxidase

reductase analog

Rifampin rpoB 0.05–1 95 Subunit of RNA

polymerase

Pyrazinamide pncA 16–50(PH 5.5) 72–97 Pyrazinamidase

Ethambutol embB 1–5 47–65 Arabinosyltransferase

Streptomycin RpsL rrs
gidB

2–8 52–59; 8–21 Ribosomal protein S12

16S rRNA

Amikacin rrs 2–4 76 16S rRNA

Capreomycin tlyA Methyl transferase

Fluoroquinolones gyrA
gyrB

0.5–2.5 75–94 DNA gyrase A subunit

Ethionamide etsA
etsB

2.5–10 37 Nitric oxide

Paminosalicylic

acid

inhA
thyA

1–8 36–56 Synthesis of thymidine
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3.2 Phenotypic Drug Sensitivity Test (DST)

3.2.1 Liquid and Solid Methods

Solid DST methods can be used for sputum, other body fluids, and other samples to

detect different concentrations of first-line and second-line anti-TB drugs. How-

ever, the specificity of the solid method is low, the process is complex, and

biological security is difficult to maintain. These problems limit the clinical appli-

cation of the conventional solid methods (Martin et al. 2008; Visalakshi et al. 2010).

The liquid method can shorten the detection time but still needs 4–6 weeks to

obtain a DST result, and the instrument and reagents are expensive (van Kampen

et al. 2010).

3.2.2 Drug-Resistance Test by Phage

Subramanyam et al. 2013 reported that the sensitivity and specificity of phage lysin

in detecting M. tuberculosis from sputum specimens was 90% and 81%, respec-

tively, compared with conventional Lowenstein–Jensen (LJ) medium. The agree-

ment between the methods was 87%, and the rate of contamination was 9.3%

3.2.3 Microscopic Observation Drug Susceptibility

Microscopic observation drug susceptibility (MODS) entails using an inverted

microscope to identify bacteria by observing the structure of the strain in the liquid

medium. Anti-TB drugs can be added to the liquid and the DST completed directly.

Agarwal et al. 2014 reported that the identification rate between the MODS assay

and the reference solid LJ/liquid mycobacteria growth indicator tube (MGIT)

culture was 94.8% (95% confidence interval 92.3–96.5). Huang et al. (2013)

reported that the sensitivity and specificity of the MODS assay to detect resistance

to pyrazinamide were 97.8% and 96.5%, respectively. MODS is the best method

with which to detect pyrazinamide-resistant TB in resource-limited regions.

3.3 Genotype DST

The molecular DST (MDST) provides a rapid TB diagnosis and detection of drug

resistance with satisfactory sensitivity and specificity. These new molecular tests

can detect TB drug resistance within 2 h. The Xpert MTB/RIF assay is a new test

that can detect whether the TB is active and whether theM. tuberculosis is resistant
to rifampin.
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3.3.1 Line Probe Assay

The GenoType MTBDRplus assay can rapidly detect M. tuberculosis genes that

confer resistance to rifampicin and isoniazid; both sensitivity and specificity are

satisfied (Crudu et al. 2012; Raveendran et al. 2012; Aubry et al. 2014). WHO

recommends this testing for the detection of MDR TB.

3.3.2 Xpert MTB/RIF Assay

The Xpert MTB/RIF assay can both detect M. tuberculosis and complete DST for

rifampin within 2 h. Its advantages include that it deals directly with sputum

specimens, it avoids contamination and biological hazards, and the operation

process is simple (Menzies et al. 2012). The Xpert MTB/RIF assay is validated

for sputum, and research indicates it can be used to diagnosis extra-pulmonary TB

(Causse et al. 2011; Hillemann et al. 2011; Vadwai et al. 2011; Biadglegne et al.

2014).

4 Therapy of Drug-Resistant TB

To gain worldwide control of TB, treatments for drug-resistant TB, especially MDR

TB and XDR TB, are urgently needed. Treatment strategies for drug-resistant TB

should be based on the specific drug resistance and treatment history, among others.

Treatment for drug-resistant TB currently involves an integrated strategy that

includes chemotherapy, immunotherapy, interventional therapy, surgery, tradi-

tional Chinese medicine, and nutritional support.

4.1 Chemotherapy for Drug-Resistant TB

Chemotherapy remains the primary treatment for drug-resistant TB. The chemo-

therapy regimen should be based on anti-TB medication history, drug resistance,

and the prevalence of M. tuberculosis strains in the region.

Mono-resistant TB often involves initial drug resistance or primary drug-

resistant TB, and the standard chemotherapy for the particular category of TB

will be effective. However, the lack of four effective core drug combinations within

the standard chemotherapy regimens means the potential does exist for the cure rate

to decrease or the relapse rate to increase. As a result, especially for mono-

resistance to rifampin, the chemotherapy regimen should be adjusted appropriately

to avoid the possibility of treatment failure and the risk of acquired drug resistance.

Drug-Resistant Tuberculosis 199



MDR or poly-resistant TB are both more complex than mono-resistant TB. Drug

resistance takes many forms but usually falls into one of three combinations:

resistance to two drugs, resistance to three drugs, or resistance to four drugs.

Patients with TB treated with the standard chemotherapy regimen are at greater

risk for MDR TB, and treatment regimens should be adjusted to ensure patients

receive four drugs that are effective or to which the TB is likely susceptible.

WHO (2011) recommends three basic treatment strategies for MDR TB—

standardized, individualized, or empirical—as outlined in the following sections.

4.1.1 Standardized Treatment

Standardized treatment is a group of treatment regimens designed according to DST

information and categories of patients within a country or region; patients with the

same type of disease should be treated with the same treatment regimen within a

country or region.

4.1.2 Individualized Treatment

Individualized treatment is based on the history of anti-TB treatment received and

DST results for each patient (often DST is conducted for both first- and second-line

drugs). Different patients should receive different individualized treatment

regimens.

4.1.3 Empirical Treatment

Each patient’s treatment regimen should be determined according to their anti-TB

medication history and the DST of a country or region. The treatment regimen

should be adjusted according to DST results (often DST is conducted only for a

limited number of drugs). This type of treatment is mainly suitable for regions in

which individual DST is not available. The basic strategy also applies to other types

of drug-resistant TB.

The principles for the treatment of MDR TB with chemotherapy are as follows:

(1) Regimens include at least four drugs to which the isolate is (or probably is)

susceptible. (2) Regimens include a later-generation fluoroquinolone (e.g.,

moxifloxacin or levofloxacin) plus an injectable drug (e.g., amikacin or kanamy-

cin), any first-line drug to which the isolate is susceptible, and a fourth drug (e.g.,

cycloserine, terizidone, ethionamide). (3) Injectable drugs are used for at least

6 months, and the total duration of treatment is 18–24 months.

Effective chemotherapy for the treatment of XDR TB is still lacking. Treatment

is often based on nutritional support, symptom relief, improving respiratory func-

tion, and other measures to control infection with other pathogens. For disease with

low-level resistance to a fluoroquinolone but sensitive to a later-generation
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fluoroquinolone (moxifloxacin is often used even when a DST indicates resistance

to fluoroquinolones) (Jacobson et al. 2010) and possibly sensitive to a drug such as

amikacin or capreomycin (administered via injection), the anti-TB treatment reg-

imen could consist of the above-mentioned later-generation Fluoroquinolone,

Amikacin, or Capreomycin and two drugs from the fifth group of anti-TB drugs

(see Table 2). Linezolid and bedaquiline may shorten the time of sputum negative

conversion for patients with XDR TB, but the cost and toxic effects are significant

issues (Lee et al. 2012; Worley and Estrada 2014; Guglielmetti et al. 2015).

4.2 Immune Therapy

About 20% of TB cases self-cured before the age of anti-TB chemotherapy, which

supports the theory of immune-mediated clearance of M. tuberculosis. Some

studies have reported immune-mediated clearance (Eum et al. 2010; Basile et al.

2011; Lindau et al. 2013). The most two active and acceptable immune agents are

cytokine and Mycobacterium vaccine.

Many studies have shown the ability of immunomodulatory drugs to improve

TB treatment outcomes (Dlugovitzky et al. 2006; Dheda et al. 2010b; Faujdar et al.

2011; Gao et al. 2011; Yang et al. 2011; Butov et al. 2012; Gupta et al. 2012a, b;

Skrahin et al. 2014). Immunomodulatory drugs currently in clinical use include

mycobacterium vaccae, interferon-γ, recombinant human interleukin 2, steroids,

and tumor necrosis factor antagonists, among others. Immune agents are not

recommended for patients with mono-resistant TB who are in good physical

condition. Patients in poor physical condition can be treated with one kind of

immune agent. Patients with MDR TB or XDR TB can be treated with one or

two select immune agents depending on their physical and financial status.

Table 2 Alternative grouping of anti-tuberculosis agents (2011)

Grouping Drugs

Group 1: first-line oral agents Isoniazid (H); rifampin (R); ethambutol (E);

pyrazinamide (Z); rifabutin (Rfb)

Group 2: injectable agents Kanamycin (Km); amikacin (Am); capreomycin

(Cm); streptomycin (S)

Group 3: fluoroquinolones Moxifloxacin (Mfx); levofloxacin (Lfx); ofloxacin

(Ofx)

Group 4: oral bacteriostatic second-line

agents

Ethionamide (Eto); protionamide (Pto); cycloserine

(Cs); terizidone (Trd); P-aminosalicylic acid (PAS)

Group 5: agents with unclear efficacy

(not recommended by WHO for routine

use in patients with MDR TB)

Clofazimine (Cfz); linezolid (Lzd); amoxicillin/

clavulanate (Amx/Clv); thioacetazone (Thz);

imipenem/cilastatin (Ipm/Cln); high-dose isoniazid

(high-dose H); clarithromycin (Clr)
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4.3 Interventional Therapy

The widespread clinical use of bronchoscopy in recent years means anti-TB drugs

administered via percutaneous lung puncture or bronchoscopy have become an

effective treatment method for drug-resistant TB, particularly MDR TB.

Interventional therapy is gradually being used as a supplementary treatment

method to cure drug-resistant TB (Yang et al. 2012), and we suggest that, as long

as conditions permit, interventional therapy should be used as early as possible for

drug-resistant TB, particularly MDR TB.

4.4 Surgical Therapy of Drug-Resistant TB

In the past 10 years, the increase in drug-resistant TB has seen a corresponding

increase in the number of patients requiring surgical treatment. Surgical therapy has

become more important in the treatment of drug-resistant TB, especially MDR TB.

The current theory for surgical therapy is that, for MDR TB, as long as lesions or

cavities are confined to one lung or a lung lobe, surgery should be undertaken early

to ensure a high cure rate and the lowest possible spread rate (Branscheid et al.

2003; Cummings et al. 2012; Suarez-Garcia and Noguerado 2012; Weyant and

Mitchell 2012; Marrone et al. 2013; Calligaro et al. 2014; Mordant et al. 2014).

However, surgery is not the end therapy for MDR TB. Generally, patients with

MDR TB should receive more than 2 months of anti-TB chemotherapy before

surgery as the chemotherapy could reduce spread to the surrounding lung tissue.

Patients still require 12–24 months of chemotherapy after surgery.

4.5 Traditional Chinese Medicine Treatment and Nutrition
Support

Traditional Chinese medicine can improve the immune function, physical condi-

tion, and clinical symptoms of patients with drug-resistant TB (Wang et al. 2015).

Treatment of drug-resistant TB can lead to malnutrition, which can lead to wors-

ening of drug-resistant TB. Therefore, patients with drug-resistant TB require

nutritional support (Chisti et al. 2013; Hood 2013).
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5 Perspectives

The early diagnosis of TB and drug-resistant TB is necessary for the global control

of this disease. The slow growth of M. tuberculosis is the greatest obstacle to rapid

diagnosis and DST. The further development of diagnostic tools, especially molec-

ular methods, mean rapid detection of M. tuberculosis and specific chromosome

mutations associated with phenotypic resistance to treatment will be possible.

However, the cost efficiency of and appropriate settings for these new molecular

methods will limit their clinical use. We hope more new laboratory tests and anti-

TB drugs will be used clinically to improve drug-resistant TB-related mortality

rates and treatment outcomes.

References

Agarwal A, Dhole TN, Sharma YK (2014) Evaluation of p-nitro benzoic acid (pnb) inhibition test

to differentiate Mycobacterium tuberculosis complex from non-tuberculous mycobacteria

using microscopic observation of drug susceptibility (MODS) methodology. Indian J Tuberc

61:232–235

Aubry A, Sougakoff W, Bodzongo P, Delcroix G, Armand S, Millot G, Jarlier V, Courcol R,

Lemaitre N (2014) First evaluation of drug-resistant Mycobacterium tuberculosis clinical

isolates from Congo revealed misdetection of fluoroquinolone resistance by line probe assay

due to a double substitution T80A-A90G in GyrA. PLoS One 9, e95083. doi:10.1371/journal.

pone.0095083

Basile JI, Geffner LJ, Romero MM, Balboa L, Sabio YGC, Ritacco V, Garcia A, Cuffre M,

Abbate E, Lopez B, Barrera L, Ambroggi M, Aleman M, Sasiain MC, de la Barrera SS (2011)

Outbreaks of mycobacterium tuberculosis MDR strains induce high IL-17 T-cell response in

patients with MDR tuberculosis that is closely associated with high antigen load. J Infect Dis

204:1054–1064. doi:10.1093/infdis/jir460

Biadglegne F, Mulu A, Rodloff AC, Sack U (2014) Diagnostic performance of the Xpert MTB/RIF

assay for tuberculous lymphadenitis on fine needle aspirates from Ethiopia. Tuberculosis

(Edinb) 94:502–505. doi:10.1016/j.tube.2014.05.002

Blumberg HM, Burman WJ, Chaisson RE, Daley CL, Etkind SC, Friedman LN, Fujiwara P,

Grzemska M, Hopewell PC, Iseman MD, Jasmer RM, Koppaka V, Menzies RI, O’Brien RJ,

Reves RR, Reichman LB, Simone PM, Starke JR, Vernon AA (2003) American Thoracic

Society/Centers for Disease Control and Prevention/Infectious Diseases Society of America:

treatment of tuberculosis. Am J Respir Crit Care Med 167:603–662. doi:10.1164/rccm.167.4.

603

Borrell S, Gagneux S (2009) Infectiousness, reproductive fitness and evolution of drug-resistant

Mycobacterium tuberculosis. Int J Tuberc Lung Dis 13:1456–1466

Branscheid D, Albrecht CM, Diemel KD (2003) Surgical therapy of pulmonary tuberculosis.

Internist (Berl) 44:1406–1412. doi:10.1007/s00108-003-1074-6

Butov DA, Efremenko YV, Prihoda ND, Yurchenko LI, Sokolenko NI, Arjanova OV, Stepanenko

AL, Butova TS, Zaitzeva SS, Jirathitikal V, Bourinbaiar AS, Kutsyna GA (2012) Adjunct

immune therapy of first-diagnosed TB, relapsed TB, treatment-failed TB, multidrug-resistant

TB and TB/HIV. Immunotherapy 4:687–695. doi:10.2217/imt.12.59

Calligaro GL, Moodley L, Symons G, Dheda K (2014) The medical and surgical treatment of

drug-resistant tuberculosis. J Thorac Dis 6:186–195. doi:10.3978/j.issn.2072-1439.2013.11.11

Drug-Resistant Tuberculosis 203

http://dx.doi.org/10.1371/journal.pone.0095083
http://dx.doi.org/10.1371/journal.pone.0095083
http://dx.doi.org/10.1093/infdis/jir460
http://dx.doi.org/10.1016/j.tube.2014.05.002
http://dx.doi.org/10.1164/rccm.167.4.603
http://dx.doi.org/10.1164/rccm.167.4.603
http://dx.doi.org/10.1007/s00108-003-1074-6
http://dx.doi.org/10.2217/imt.12.59
http://dx.doi.org/10.3978/j.issn.2072-1439.2013.11.11


Calver AD, Falmer AA, Murray M, Strauss OJ, Streicher EM, Hanekom M, Liversage T,

Masibi M, van Helden PD, Warren RM, Victor TC (2010) Emergence of increased resistance

and extensively drug-resistant tuberculosis despite treatment adherence, South Africa. Emerg

Infect Dis 16:264–271. doi:10.3201/eid02l0.090968

Casali N, Nikolayevskyy V, Balabanova Y, Ignatyeva O, Kontsevaya I, Harris SR, Bentley SD,

Parkhill J, Nejentsev S, Hoffner SE, Horstmann RD, Brown T, Drobniewski F (2012) Micro-

evolution of extensively drug-resistant tuberculosis in Russia. Genome Res 22:735–745.

doi:10.1101/gr.128678.111

Causse M, Ruiz P, Gutierrez-Aroca JB, Casal M (2011) Comparison of two molecular methods for

rapid diagnosis of extrapulmonary tuberculosis. J Clin Microbiol 49:3065–3067. doi:10.1128/

JCM.00491-11

Chisti MJ, Ahmed T, Pietroni MA, Faruque AS, Ashraf H, Bardhan PK, Hossain I, Das SK, Salam

MA (2013) Pulmonary tuberculosis in severely-malnourished or HIV-infected children with

pneumonia: a review. J Health Popul Nutr 31:308–313

Comas I, Borrell S, Roetzer A, Rose G, Malla B, Kato-Maeda M, Galagan J, Niemann S, Gagneux

S (2012) Whole-genome sequencing of rifampicin-resistant Mycobacterium tuberculosis
strains identifies compensatory mutations in RNA polymerase genes. Nat Genet 44:106–110.

doi:10.1038/ng.1038

Crudu V, Stratan E, Romancenco E, Allerheiligen V, Hillemann A, Moraru N (2012) First

evaluation of an improved assay for molecular genetic detection of tuberculosis as well as

rifampin and isoniazid resistances. J Clin Microbiol 50:1264–1269. doi:10.1128/JCM.05903-

11

Cummings I, O’Grady J, Pai V, Kolvekar S, Zumla A (2012) Surgery and tuberculosis. Curr Opin

Pulm Med 18:241–245. doi:10.1097/MCP.0b013e3283521391

Dheda K, Shean K, Zumla A, Badri M, Streicher EM, Page-Shipp L, Willcox P, John MA,

Reubenson G, Govindasamy D, Wong M, Padanilam X, Dziwiecki A, van Helden PD,

Siwendu S, Jarand J, Menezes CN, Burns A, Victor T, Warren R, Grobusch MP, van der

Walt M, Kvasnovsky C (2010a) Early treatment outcomes and HIV status of patients with

extensively drug-resistant tuberculosis in South Africa: a retrospective cohort study. Lancet

375:1798–1807. doi:10.1016/S0140-6736(10)60492-8

Dheda K, Schwander SK, Zhu B, van Zyl-Smit RN, Zhang Y (2010b) The immunology of

tuberculosis: from bench to bedside. Respirology 15:433–450. doi:10.1111/j.1440-1843.

2010.01739.x

Dlugovitzky D, Fiorenza G, Farroni M, Bogue C, Stanford C, Stanford J (2006) Immunological

consequences of three doses of heat-killed Mycobacterium vaccae in the immunotherapy of

tuberculosis. Respir Med 100:1079–1087. doi:10.1016/j.rmed.2005.09.026

Dye C, Williams BG, Espinal MA, Raviglione MC (2002) Erasing the world’s slow stain:

strategies to beat multidrug-resistant tuberculosis. Science 295:2042–2046. doi:10.1126/sci

ence.1063814

Eum SY, Lee YJ, Min JH, Kwak HK, Hong MS, Kong JH, Hwang SH, Park SK, Leblanc JJ, Via

LE, Barry CE, Cho SN (2010) Association of antigen-stimulated release of tumor necrosis

factor-alpha in whole blood with response to chemotherapy in patients with pulmonary

multidrug-resistant tuberculosis. Respiration 80:275–284. doi:10.1159/000283687

Faujdar J, Gupta P, Natrajan M, Das R, Chauhan DS, Katoch VM, Gupta UD (2011) Mycobac-
terium indicus pranii as stand-alone or adjunct immunotherapeutic in treatment of experimen-

tal animal tuberculosis. Indian J Med Res 134:696–703. doi:10.4103/0971-5916.90999

Ford CB, Shah RR, Maeda MK, Gagneux S, Murray MB, Cohen T, Johnston JC, Gardy J,

Lipsitch M, Fortune SM (2013) Mycobacterium tuberculosis mutation rate estimates from

different lineages predict substantial differences in the emergence of drug-resistant tuberculo-

sis. Nat Genet 45:784–790. doi:10.1038/ng.2656

Gao XF, Yang ZW, Li J (2011) Adjunctive therapy with interferon-gamma for the treatment of

pulmonary tuberculosis: a systematic review. Int J Infect Dis 15:e594–e600. doi:10.1016/j.ijid.

2011.05.00

204 L. Liang et al.

http://dx.doi.org/10.3201/eid02l0.090968
http://dx.doi.org/10.1101/gr.128678.111
http://dx.doi.org/10.1128/JCM.00491-11
http://dx.doi.org/10.1128/JCM.00491-11
http://dx.doi.org/10.1038/ng.1038
http://dx.doi.org/10.1128/JCM.05903-11
http://dx.doi.org/10.1128/JCM.05903-11
http://dx.doi.org/10.1097/MCP.0b013e3283521391
http://dx.doi.org/10.1016/S0140-6736(10)60492-8
http://dx.doi.org/10.1111/j.1440-1843.2010.01739.x
http://dx.doi.org/10.1111/j.1440-1843.2010.01739.x
http://dx.doi.org/10.1016/j.rmed.2005.09.026
http://dx.doi.org/10.1126/science.1063814
http://dx.doi.org/10.1126/science.1063814
http://dx.doi.org/10.1159/000283687
http://dx.doi.org/10.4103/0971-5916.90999
http://dx.doi.org/10.1038/ng.2656
http://dx.doi.org/10.1016/j.ijid.2011.05.00
http://dx.doi.org/10.1016/j.ijid.2011.05.00


Guglielmetti L, Du DL, JachymM, Henry B, Martin D, Caumes E, Veziris N, Metivier N, Robert J

(2015) Compassionate use of bedaquiline for the treatment of multidrug-resistant and exten-

sively drug-resistant tuberculosis: interim analysis of a French cohort. Clin Infect Dis

60:188–194. doi:10.1093/cid/ciu786

Gumbo T (2013) Biological variability and the emergence of multidrug-resistant tuberculosis. Nat

Genet 45:720–721. doi:10.1038/ng.2675

Gumbo T, Louie A, Deziel MR, Parsons LM, Salfinger M, Drusano GL (2004) Selection of a

moxifloxacin dose that suppresses drug resistance inMycobacterium tuberculosis, by use of an
in vitro pharmacodynamic infection model and mathematical modeling. J Infect Dis

190:1642–1651. doi:10.1086/424849

Gumbo T, Louie A, Deziel MR, Drusano GL (2005) Pharmacodynamic evidence that ciproflox-

acin failure against tuberculosis is not due to poor microbial kill but to rapid emergence of

resistance. Antimicrob Agents Chemother 49:3178–3181. doi:10.1128/AAC.49.8.3178-3181.

2005

Gumbo T, Louie A, Deziel MR, Liu W, Parsons LM, Salfinger M, Drusano GL (2007a)

Concentration-dependent Mycobacterium tuberculosis killing and prevention of resistance by

rifampin. Antimicrob Agents Chemother 51:3781–3788. doi:10.1128/AAC.01533-06

Gumbo T, Louie A, Liu W, Ambrose PG, Bhavnani SM, Brown D, Drusano GL (2007b) Iso-

niazid’s bactericidal activity ceases because of the emergence of resistance, not depletion of

Mycobacterium tuberculosis in the log phase of growth. J Infect Dis 195:194–201. doi:10.

1086/510247

Gumbo T, Dona CS, Meek C, Leff R (2009) Pharmacokinetics-pharmacodynamics of

pyrazinamide in a novel in vitro model of tuberculosis for sterilizing effect: a paradigm for

faster assessment of new antituberculosis drugs. Antimicrob Agents Chemother

53:3197–3204. doi:10.1128/AAC.01681-08

Gupta A, Ahmad FJ, Ahmad F, Gupta UD, Natarajan M, Katoch VM, Bhaskar S (2012a) Efficacy

of Mycobacterium indicus pranii immunotherapy as an adjunct to chemotherapy for tubercu-

losis and underlying immune responses in the lung. PLoS One 7, e39215. doi:10.1371/journal.

pone.0039215

Gupta A, Ahmad FJ, Ahmad F, Gupta UD, Natarajan M, Katoch VM, Bhaskar S (2012b)

Protective efficacy of Mycobacterium indicus pranii against tuberculosis and underlying

local lung immune responses in guinea pig model. Vaccine 30:6198–6209. doi:10.1016/j.

vaccine.2012.07.061

Hillemann D, Rusch-Gerdes S, Boehme C, Richter E (2011) Rapid molecular detection of

extrapulmonary tuberculosis by the automated GeneXpert MTB/RIF system. J Clin Microbiol

49:1202–1205. doi:10.1128/JCM.02268-10

Hood ML (2013) A narrative review of recent progress in understanding the relationship between

tuberculosis and protein energy malnutrition. Eur J Clin Nutr 67:1122–1128. doi:10.1038/ejcn.

2013.143

Huang ZK, Luo Q, Jiang BX, Li WT, Xu XM, Xiong GL, Li JM (2013) Performance of the

microscopic observation drug susceptibility assay in pyrazinamide susceptibility testing for

Mycobacterium tuberculosis. Chin Med J (Engl) 126:4334–4339

Ioerger TR, Feng Y, Chen X, Dobos KM, Victor TC, Streicher EM, Warren RM, Gey van Pittius

NC, Van Helden PD, Sacchettini JC (2010) The non-clonality of drug resistance in Beijing-

genotype isolates of Mycobacterium tuberculosis from the Western Cape of South Africa.

BMC Genomics 11:670. doi:10.1186/1471-2164-11-670

Jacobson KR, Tierney DB, Jeon CY, Mitnick CD, Murray MB (2010) Treatment outcomes among

patients with extensively drug-resistant tuberculosis: systematic review and meta-analysis.

Clin Infect Dis 51:6–14. doi:10.1086/653115

Jayaram R, Shandil RK, Gaonkar S, Kaur P, Suresh BL, Mahesh BN, Jayashree R, Nandi V,

Bharath S, Kantharaj E, Balasubramanian V (2004) Isoniazid pharmacokinetics-

pharmacodynamics in an aerosol infection model of tuberculosis. Antimicrob Agents

Chemother 48:2951–2957. doi:10.1128/AAC.48.8.2951-2957.2004

Drug-Resistant Tuberculosis 205

http://dx.doi.org/10.1093/cid/ciu786
http://dx.doi.org/10.1038/ng.2675
http://dx.doi.org/10.1086/424849
http://dx.doi.org/10.1128/AAC.49.8.3178-3181.2005
http://dx.doi.org/10.1128/AAC.49.8.3178-3181.2005
http://dx.doi.org/10.1128/AAC.01533-06
http://dx.doi.org/10.1086/510247
http://dx.doi.org/10.1086/510247
http://dx.doi.org/10.1128/AAC.01681-08
http://dx.doi.org/10.1371/journal.pone.0039215
http://dx.doi.org/10.1371/journal.pone.0039215
http://dx.doi.org/10.1016/j.vaccine.2012.07.061
http://dx.doi.org/10.1016/j.vaccine.2012.07.061
http://dx.doi.org/10.1128/JCM.02268-10
http://dx.doi.org/10.1038/ejcn.2013.143
http://dx.doi.org/10.1038/ejcn.2013.143
http://dx.doi.org/10.1186/1471-2164-11-670
http://dx.doi.org/10.1086/653115
http://dx.doi.org/10.1128/AAC.48.8.2951-2957.2004


Jiang X, Zhang W, Zhang Y, Gao F, Lu C, Zhang X, Wang H (2008) Assessment of efflux pump

gene expression in a clinical isolate Mycobacterium tuberculosis by real-time reverse tran-

scription PCR. Microb Drug Resist 14:7–11. doi:10.1089/mdr.2008.0772

Kang YA, Choi YJ, Cho YJ, Lee SM, Yoo CG, Kim YW, Han SK, Shim YS, Yim JJ (2006) Cost of

treatment for multidrug-resistant tuberculosis in South Korea. Respirology 11:793–798.

doi:10.1111/j.1440-1843.2006.00948.x

Kvasnovsky CL, Cegielski JP, Erasmus R, Siwisa NO, Thomas K, Der Walt ML (2011) Exten-

sively drug-resistant TB in Eastern Cape, South Africa: high mortality in HIV-negative and

HIV-positive patients. J Acquir Immune Defic Syndr 57:146–152. doi:10.1097/QAI.

0b013e31821190a3

Lee M, Lee J, Carroll MW, Choi H, Min S, Song T, Via LE, Goldfeder LC, Kang E, Jin B, Park H,

Kwak H, Kim H, Jeon HS, Jeong I, Joh JS, Chen RY, Olivier KN, Shaw PA, Follmann D, Song

SD, Lee JK, Lee D, Kim CT, Dartois V, Park SK, Cho SN, Barry CE (2012) Linezolid for

treatment of chronic extensively drug-resistant tuberculosis. N Engl J Med 367:1508–1518.

doi:10.1056/NEJMoa1201964

Lindau D, Gielen P, Kroesen M, Wesseling P, Adema GJ (2013) The immunosuppressive tumour

network: myeloid-derived suppressor cells, regulatory T cells and natural killer T cells.

Immunology 138(2):105–115. doi:10.1111/imm.12036

Luria SE, Delbruck M (1943) Mutations of bacteria from virus sensitivity to virus resistance.

Genetics 28:491–511

Marrone MT, Venkataramanan V, Goodman M, Hill AC, Jereb JA, Mase SR (2013) Surgical

interventions for drug-resistant tuberculosis: a systematic review and meta-analysis. Int J

Tuberc Lung Dis 17:6–16. doi:10.5588/ijtld.12.0198

Martin A, Cubillos-Ruiz A, Von Groll A, Portillo PD, Portaels F, Palomino JC (2008) Nitrate

reductase assay for the rapid detection of pyrazinamide resistance in Mycobacterium tubercu-

losis using nicotinamide. J Antimicrob Chemother 61:123–127. doi:10.1093/jac/dkm418

Menzies NA, Cohen T, Lin HH, Murray M, Salomon JA (2012) Population health impact and cost-

effectiveness of tuberculosis diagnosis with Xpert MTB/RIF: a dynamic simulation and

economic evaluation. PLoS Med 9, e1001347. doi:10.1371/journal.pmed.1001347

Mordant P, Henry B, Morel S, Robert J, Veziris N, Du DL, Frechet-Jachym M, Similowski T,

Caumes E, Riquet M, Pimpec-Barthes FL (2014) Adjuvant surgical resection for multidrug-

resistant tuberculosis: a review. Rev Mal Respir 31:511–524. doi:10.1016/j.rmr.2014.01.014

Park JS, Lee JY, Lee YJ, Kim SJ, Cho YJ, Yoon HI, Lee CT, Song J, Lee JH (2015) Serum levels

of anti-tuberculosis drugs and their effect on tuberculosis treatment outcome. Antimicrob

Agents Chemother. doi:10.1128/AAC.00693-15

Pasipanodya JG, Gumbo T (2011) A new evolutionary and pharmacokinetic-pharmacodynamic

scenario for rapid emergence of resistance to single and multiple anti-tuberculosis drugs. Curr

Opin Pharmacol 11:457–463. doi:10.1016/j.coph.2011.07.001

Pasipanodya JG, Srivastava S, Gumbo T (2012) Meta-analysis of clinical studies supports the

pharmacokinetic variability hypothesis for acquired drug resistance and failure of

antituberculosis therapy. Clin Infect Dis 55:169–177. doi:10.1093/cid/cis353

Pasipanodya JG, McIlleron H, Burger A, Wash PA, Smith P, Gumbo T (2013) Serum drug

concentrations predictive of pulmonary tuberculosis outcomes. J Infect Dis 208:1464–1473.

doi:10.1093/infdis/jit352

Pooran A, Pieterson E, Davids M, Theron G, Dheda K (2013) What is the cost of diagnosis and

management of drug resistant tuberculosis in South Africa? PLoS One 8, e54587. doi:10.1371/

journal.pone.0054587

Raveendran R, Wattal C, Oberoi JK, Goel N, Datta S, Prasad KJ (2012) Utility of GenoType

MTBDRplus assay in rapid diagnosis of multidrug resistant tuberculosis at a tertiary care

centre in India. Indian J Med Microbiol 30:58–63. doi:10.4103/0255-0857.93034

Skrahin A, Ahmed RK, Ferrara G, Rane L, Poiret T, Isaikina Y, Skrahina A, Zumla A, Maeurer MJ

(2014) Autologous mesenchymal stromal cell infusion as adjunct treatment in patients with

206 L. Liang et al.

http://dx.doi.org/10.1089/mdr.2008.0772
http://dx.doi.org/10.1111/j.1440-1843.2006.00948.x
http://dx.doi.org/10.1097/QAI.0b013e31821190a3
http://dx.doi.org/10.1097/QAI.0b013e31821190a3
http://dx.doi.org/10.1056/NEJMoa1201964
http://dx.doi.org/10.1111/imm.12036
http://dx.doi.org/10.5588/ijtld.12.0198
http://dx.doi.org/10.1093/jac/dkm418
http://dx.doi.org/10.1371/journal.pmed.1001347
http://dx.doi.org/10.1016/j.rmr.2014.01.014
http://dx.doi.org/10.1128/AAC.00693-15
http://dx.doi.org/10.1016/j.coph.2011.07.001
http://dx.doi.org/10.1093/cid/cis353
http://dx.doi.org/10.1093/infdis/jit352
http://dx.doi.org/10.1371/journal.pone.0054587
http://dx.doi.org/10.1371/journal.pone.0054587
http://dx.doi.org/10.4103/0255-0857.93034


multidrug and extensively drug-resistant tuberculosis: an open-label phase 1 safety trial.

Lancet Respir Med 2:108–122. doi:10.1016/S2213-2600(13)70234-0

Spies FS, Da Silva PE, Ribeiro MO, Rossetti ML, Zaha A (2008) Identification of mutations

related to streptomycin resistance in clinical isolates of Mycobacterium tuberculosis and

possible involvement of efflux mechanism. Antimicrob Agents Chemother 52:2947–2949.

doi:10.1128/AAC.01570-07

Srivastava S, Musuka S, Sherman C, Meek C, Leff R, Gumbo T (2010) Efflux-pump-derived

multiple drug resistance to ethambutol monotherapy in Mycobacterium tuberculosis and the

pharmacokinetics and pharmacodynamics of ethambutol. J Infect Dis 201:1225–1231. doi:10.

1086/651377

Suarez-Garcia I, Noguerado A (2012) Drug treatment of multidrug-resistant osteoarticular tuber-

culosis: a systematic literature review. Int J Infect Dis 16:e774–e778. doi:10.1016/j.ijid.2012.

07.011

Subramanyam B, Sivaramakrishnan G, Dusthackeer A, Kumar V (2013) Phage lysin to control the

overgrowth of normal flora in processed sputum samples for the rapid and sensitive detection

of Mycobacterium tuberculosis by luciferase reporter phage assay. BMC Infect Dis 13:44.

doi:10.1186/1471-2334-13-44

Sun G, Luo T, Yang C, Dong X, Li J, Zhu Y, Zheng H, Tian W, Wang S, Barry CE, Mei J, Gao Q

(2012) Dynamic population changes in Mycobacterium tuberculosis during acquisition and

fixation of drug resistance in patients. J Infect Dis 206:1724–1733. doi:10.1093/infdis/jis601

Theron G, Peter J, van Zyl-Smit R, Mishra H, Streicher E, Murray S, Dawson R, Whitelaw A,

Hoelscher M, Sharma S, Pai M, Warren R, Dheda K (2011) Evaluation of the Xpert MTB/RIF

assay for the diagnosis of pulmonary tuberculosis in a high HIV prevalence setting. Am J

Respir Crit Care Med 184:132–140. doi:10.1164/rccm.201101-0056OC

Tiemersma EW, Van der Werf MJ, Borgdorff MW, Williams BG, Nagelkerke NJ (2011) Natural

history of tuberculosis: duration and fatality of untreated pulmonary tuberculosis in HIV

negative patients: a systematic review. PLoS One 6, e17601. doi:10.1371/journal.pone.

0017601

Vadwai V, Boehme C, Nabeta P, Shetty A, Alland D, Rodrigues C (2011) Xpert MTB/RIF: a new

pillar in diagnosis of extrapulmonary tuberculosis? J Clin Microbiol 49:2540–2545. doi:10.

1128/JCM.02319-10

van Kampen SC, Anthony RM, Klatser PR (2010) The realistic performance achievable with

mycobacterial automated culture systems in high and low prevalence settings. BMC Infect Dis

10:93. doi:10.1186/1471-2334-10-93

Vernon A, Burman W, Benator D, Khan A, Bozeman L (1999) Acquired rifamycin

monoresistance in patients with HIV-related tuberculosis treated with once-weekly rifapentine

and isoniazid. Tuberculosis Trials Consortium. Lancet 353:1843–1847. doi:10.1016/S0140-

6736(98)11467-8

Visalakshi P, Meharwal SK, Myneedu VP, Behera D (2010) Evaluation of direct method of drug

susceptibility testing of Mycobacterium tuberculosis to rifampicin and isoniazid by nitrate

reductase assay in a national reference laboratory. Diagn Microbiol Infect Dis 66:148–152.

doi:10.1016/j.diagmicrobio.2009.09.008

Wang M, Guan X, Chi Y, Robinson N, Liu JP (2015) Chinese herbal medicine as adjuvant

treatment to chemotherapy for multidrug-resistant tuberculosis (MDR-TB): a systematic

review of randomised clinical trials. Tuberculosis (Edinb) 95:364–372. doi:10.1016/j.tube.

2015.03.003

Weiner M, Benator D, Burman W, Peloquin CA, Khan A, Vernon A, Jones B, Silva-Trigo C,

Zhao Z, Hodge T (2005) Association between acquired rifamycin resistance and the pharma-

cokinetics of rifabutin and isoniazid among patients with HIV and tuberculosis. Clin Infect Dis

40:1481–1491. doi:10.1086/429321

Weyant MJ, Mitchell JD (2012) Multidrug-resistant pulmonary tuberculosis: surgical challenges.

Thorac Surg Clin 22:271–276. doi:10.1016/j.thorsurg.2012.04.003

Drug-Resistant Tuberculosis 207

http://dx.doi.org/10.1016/S2213-2600(13)70234-0
http://dx.doi.org/10.1128/AAC.01570-07
http://dx.doi.org/10.1086/651377
http://dx.doi.org/10.1086/651377
http://dx.doi.org/10.1016/j.ijid.2012.07.011
http://dx.doi.org/10.1016/j.ijid.2012.07.011
http://dx.doi.org/10.1186/1471-2334-13-44
http://dx.doi.org/10.1093/infdis/jis601
http://dx.doi.org/10.1164/rccm.201101-0056OC
http://dx.doi.org/10.1371/journal.pone.0017601
http://dx.doi.org/10.1371/journal.pone.0017601
http://dx.doi.org/10.1128/JCM.02319-10
http://dx.doi.org/10.1128/JCM.02319-10
http://dx.doi.org/10.1186/1471-2334-10-93
http://dx.doi.org/10.1016/S0140-6736(98)11467-8
http://dx.doi.org/10.1016/S0140-6736(98)11467-8
http://dx.doi.org/10.1016/j.diagmicrobio.2009.09.008
http://dx.doi.org/10.1016/j.tube.2015.03.003
http://dx.doi.org/10.1016/j.tube.2015.03.003
http://dx.doi.org/10.1086/429321
http://dx.doi.org/10.1016/j.thorsurg.2012.04.003


WHO (2011) Guidelines approved by the guidelines review committee. Guidelines for the

programmatic management of drug-resistant tuberculosis: 2011 Update. World Health Orga-

nization, Geneva

World Health Organization (2013) Definitions and reporting framework for tuberculosis. http://

www.who.int/tb/publications/definitions/en/

WHO (2014) Guidelines approved by the guidelines review committee. Companion handbook to

the WHO guidelines for the programmatic management of drug-resistant tuberculosis. World

Health Organization, Geneva

Worley MV, Estrada SJ (2014) Bedaquiline: a novel antitubercular agent for the treatment of

multidrug-resistant tuberculosis. Pharmacotherapy 34(11):1187–1197. doi:10.1002/phar.1482

Yang XY, Chen QF, Li YP, Wu SM (2011) Mycobacterium vaccae as adjuvant therapy to anti-

tuberculosis chemotherapy in never-treated tuberculosis patients: a meta-analysis. PLoS One

6, e23826. doi:10.1371/journal.pone.0023826

Yang SH, Zhan P, Sun M, Zhang YP, Ma NL (2012) Perfusing chemotherapy by percutaneous

lung puncture in the treatment of extensive drug resistant pulmonary tuberculosis. J Thorac Dis

4:624–628. doi:10.3978/j.issn.2072-1439.2012.06.09

208 L. Liang et al.

http://www.who.int/tb/publications/definitions/en/
http://www.who.int/tb/publications/definitions/en/
http://dx.doi.org/10.1002/phar.1482
http://dx.doi.org/10.1371/journal.pone.0023826
http://dx.doi.org/10.3978/j.issn.2072-1439.2012.06.09

	Drug-Resistant Tuberculosis
	1 Introduction
	2 Pathogenesis and Mechanisms of Drug-Resistant Tuberculosis (TB)
	2.1 Selection of Drug Resistance
	2.2 Acquired Drug Resistance Based on Drug Concentrations and Efflux Pumps
	2.3 Drug-Resistant TB Genotypes

	3 Diagnosis of Drug-Resistant TB
	3.1 Definitions of Drug-Resistant TB (WHO, 2013)
	3.2 Phenotypic Drug Sensitivity Test (DST)
	3.2.1 Liquid and Solid Methods
	3.2.2 Drug-Resistance Test by Phage
	3.2.3 Microscopic Observation Drug Susceptibility

	3.3 Genotype DST
	3.3.1 Line Probe Assay
	3.3.2 Xpert MTB/RIF Assay


	4 Therapy of Drug-Resistant TB
	4.1 Chemotherapy for Drug-Resistant TB
	4.1.1 Standardized Treatment
	4.1.2 Individualized Treatment
	4.1.3 Empirical Treatment

	4.2 Immune Therapy
	4.3 Interventional Therapy
	4.4 Surgical Therapy of Drug-Resistant TB
	4.5 Traditional Chinese Medicine Treatment and Nutrition Support

	5 Perspectives
	References


