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Introduction

The global incidence rate of  tuberculosis (TB) in 2022 was 
approximately 134  cases per 100,000 population, with an 
estimated 10.6 million new TB cases, including 5.8 million 
men, 3.5 million women, and 1.3 million children. People 
living with HIV accounted for 6.3% of  the total. This 
represented a 3.9% increase in TB incidence between 2020 
and 2022, reversing previous declines. TB caused an estimated 
1.3 million deaths in 2022, including 167,000 among people 
with HIV.[1]

Eight countries‑India, Indonesia, China, the Philippines, 
Pakistan, Nigeria, Bangladesh, and the Democratic Republic of  
the Congo—accounted for over two‑thirds of  global TB cases. 
Despite substantial global efforts to save 75 million lives since 
2000, a significant gap persists between estimated TB cases and 
those diagnosed, with around 3.1 million cases undiagnosed or 
unreported in 2022.[2]

Drug‑resistant TB remains a significant challenge, with an 
estimated 410,000 people developing multidrug‑resistant or 
rifampicin‑resistant TB (MDR/RR‑TB) in 2022. However, only 
about 175,650 were diagnosed and started on treatment. The 
treatment success rate for drug‑resistant TB was 63% globally. 
Conventional regimens for MDR/RR‑TB and XDR‑TB involve 
prolonged treatment durations, high pill burdens, and the use of  
painful injectable medications, leading to poor adherence and 
treatment outcomes.[1]
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Abstract

Tuberculosis  (TB) remains a global health challenge, with an estimated 10.6 million new cases and 1.3 million deaths in 2022. 
Recent years have seen a 3.9% increase in TB incidence, reversing prior declines. Drug‑resistant TB poses significant hurdles, with 
multidrug‑resistant (MDR) and rifampicin‑resistant (RR) TB affecting 410,000 individuals, yet only 175,650 were diagnosed and 
treated. Advances in TB treatment include the World Health Organization’s recommended 6‑month BPaLM regimen (Bedaquiline, 
Pretomanid, Linezolid, Moxifloxacin), demonstrating 89% treatment success for MDR/RR‑TB cases. Innovative diagnostics like 
molecular tests, IGRA, CAD for chest radiography, and new skin tests enhance detection accuracy. Vaccine development is promising, 
with 16 candidates in clinical trials. Emerging drugs and regimens aim to shorten treatment duration and improve outcomes. This 
article reviews recent advancements in TB treatment regimens, diagnostics, and vaccines, emphasizing the importance of these 
innovations in addressing drug‑resistant TB and improving global TB control efforts.
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Recent advances in TB treatment regimens have focused on 
shorter, more effective, less toxic, and less burdensome options. 
Trials combining new drugs  (bedaquiline, delamanid, and 
pretomanid) with repurposed ones (linezolid and moxifloxacin) 
have produced shorter, all‑oral treatments. For example, the 
Nix‑TB trial in South Africa demonstrated that a 6‑month 
regimen of  bedaquiline, pretomanid, and linezolid (BPaL) had 
a 90% success rate for MDR‑TB and extensively drug‑resistant 
TB  (XDR‑TB). However, high doses of  linezolid in the trial 
caused significant side effects. The follow‑up ZeNix trial found 
that a lower dose of  linezolid was equally effective with fewer 
side effects.[2]

Médecins Sans Frontières sponsored several trials, including TB 
PRACTECAL, which showed that adding moxifloxacin (BPaLM) 
resulted in better cure rates (89%) and fewer side effects than 
the longer standard regimen (52%).[2] Other trials, like endTB, 
endTB‑Q, and BEAT India, have also reported encouraging 
results, highlighting shorter and more effective treatments 
for MDR‑TB and XDR‑TB.[3] Additionally, 92 countries have 
adopted 9‑month oral regimens for MDR/RR‑TB. New 
WHO guidelines now include these shorter regimens based 
on recent trial data and recommended the new 6‑month 
treatment regimen for individuals with MDR/RR‑TB, this 
includes bedaquiline  (B), pretomanid  (Pa), linezolid  (L), and 
moxifloxacin (M), collectively referred to as BPaLM [Table 1] 
and for those with pre‑XDR‑TB, the regimen can be used 
without moxifloxacin (BPaL).[2]

This article examines the latest advancements in TB management, 
highlighting innovative drug regimens that promise to enhance 
patient outcomes, reduce the burden of  treatment, and address 
the growing threat of  drug‑resistant TB. This article briefly 
touches on the area of  diagnostics, and vaccines for TB. By 
understanding these emerging drugs, healthcare professionals 

can better manage TB cases, particularly those involving 
drug‑resistant strains, thus contributing to the global effort to 
control and eventually eradicate TB.

New Treatment Regimen for Drug‑Resistant 
TB

Bedaquiline (B)
Bedaquiline (trade name B) is a medication primarily used in the 
treatment of  multidrug‑resistant tuberculosis  (MDR‑TB) and 
extensively drug‑resistant tuberculosis  (XDR‑TB). Chemically 
known as  (R)‑6‑bromo‑2‑methoxy‑2,3‑dihydroimidazo[2,1‑b]
[1,3]thiazole‑5‑carboxylic acid methylamide, it belongs to the 
diarylquinoline class of  compounds.[4] Bedaquiline works by 
inhibiting mycobacterial ATP synthase, crucial for energy 
production in Mycobacterium tuberculosis  (M.TB), thereby 
exerting a bactericidal effect against resistant TB strains. After 
oral administration, Bedaquiline is slowly absorbed, reaching 
peak plasma concentrations within 5 hours. It undergoes hepatic 
metabolism primarily via CYP3A4 enzymes and is mainly 
excreted through feces. The drug has a long elimination half‑life 
of  approximately 5.5 months, allowing for less frequent dosing 
after an initial loading phase.[5] Resistance to Bedaquiline can 
develop through mutations in the atpE gene, which codes for the 
drug’s target ATP synthase. Cross‑resistance with similar drugs 
like TMC207 is possible.[6] Therefore, monitoring for resistance 
during treatment and using combination therapy with other 
anti‑TB medications are recommended to minimize resistance 
development.[3]

Clinical trials have demonstrated Bedaquiline’s efficacy in reducing 
time to sputum culture conversion and improving treatment 
outcomes in patients with MDR‑TB and XDR‑TB. Common side 
effects include QT prolongation (requiring ECG monitoring), 
hepatic dysfunction, arthralgia, and headache. It is generally 

Table 1: Summary of BPaLM Regimen for drug resistant TB
Drug Indication Dose Age Criteria Duration 

of  Course
Side Effects Contraindications Other Relevant 

Information
Bedaquiline 
(B)

MDR/
RR‑TB and 
pre‑XDR‑TB

400 mg daily for 
2 weeks, then 
200 mg three 
times a week

Adults and 
adolescents 
aged 14 years 
and above

6 months Nausea, headache, 
chest pain, increased 
liver enzymes, QT 
prolongation

Known 
hypersensitivity to 
Bedaquiline, severe 
hepatic impairment

Monitor ECG regularly 
due to the risk of  QT 
prolongation; avoid use 
with other QT‑prolonging 
drugs.

Pretomanid 
(Pa)

MDR/
RR‑TB and 
pre‑XDR‑TB

200 mg daily Adults and 
adolescents 
aged 14 years 
and above

6 months Peripheral neuropathy, 
nausea, vomiting, liver 
enzyme elevations

Known 
hypersensitivity to 
Pretomanid, severe 
hepatic impairment

Limited safety data for 
children under 14 years, 
pregnancy, and breastfeeding.

Linezolid 
(L)

MDR/
RR‑TB and 
pre‑XDR‑TB

600 mg daily Adults and 
adolescents 
aged 14 years 
and above

6 months Myelosuppression, 
peripheral neuropathy, 
optic neuropathy
GI disturbances

Known 
hypersensitivity to 
linezolid, uncontrolled 
hypertension, MAOI 
use

Adjust dose if  severe adverse 
events occur; monitor blood 
counts regularly.

Moxifloxacin 
(M)

MDR/
RR‑TB

400 mg daily Adults and 
adolescents 
aged 14 years 
and above

6 months Nausea, diarrhea, 
QT prolongation, 
tendonitis, liver 
enzyme elevations

Known 
hypersensitivity to 
moxifloxacin, history 
of  tendon disorders

Use with caution in patients 
with a history of  QT 
prolongation or electrolyte 
imbalances
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well‑tolerated, but caution is advised in patients with pre‑existing 
QT interval prolongation or electrolyte imbalances.[7] Approved 
by the FDA in 2012, Bedaquiline is indicated for use in adults and 
adolescents aged 14 years and older. The recommended dosing 
regimen starts with 400 mg once daily for 2 weeks, followed by 
200 mg three times per week. It typically forms part of  a 6‑month 
treatment regimen for multidrug‑resistant tuberculosis under 
specific treatment guidelines.[1,3]

Pretomanid (Pa)
Pretomanid  (trade name Pa) is a medication used to treat 
multidrug‑resistant tuberculosis  (MDR‑TB) and extensively 
drug‑resistant tuberculosis (XDR‑TB). Chemically known as (S)
‑6‑Nitro‑2,3‑dihydroimidazo[2,1‑b][1,3]oxazole‑5‑carboxamide, 
it belongs to the nitroimidazole class of  compounds. Pretomanid 
interferes with mycolic acid biosynthesis in Mycobacterium 
tuberculosis, disrupting cell wall integrity and leading to bacterial 
death.[8] After oral administration, Pretomanid is well‑absorbed, 
with peak plasma concentrations achieved within 2–4 hours. It 
undergoes hepatic metabolism primarily via CYP1A2 and FMO3 
enzymes, and is eliminated through urine and feces. The drug has 
a half‑life of  approximately 16–18 hours, allowing for once‑daily 
dosing.[1,9] Resistance to Pretomanid can develop through 
mutations in genes involved in mycolic acid synthesis pathways, 
and cross‑resistance with other nitroimidazoles may occur. 
Although resistance testing is not widely available, monitoring 
for treatment outcomes and relapse is crucial during therapy.[10]

Clinical trials, including the Nix‑TB trial, have demonstrated 
Pretomanid’s efficacy in treating MDR‑TB and XDR‑TB, 
particularly when used in combination with other anti‑TB drugs 
such as Bedaquiline and Linezolid. Common side effects include 
peripheral neuropathy and hepatotoxicity. Due to limited safety 
data, Pretomanid is not recommended during pregnancy and 
breastfeeding.[11] Approved by the FDA in 2019, Pretomanid is 
indicated for adults and adolescents aged 14 years and older. The 
recommended dose is 200 mg once daily, typically as part of  a 
6‑month treatment regimen like BPaL (Bedaquiline, Pretomanid, 
and Linezolid), following specific treatment guidelines for 
drug‑resistant tuberculosis.[10]

Linezolid (L)
Linezolid  (trade name L) is a vital medication employed 
in combating multidrug‑resistant tuberculosis  (MDR‑TB) 
and extensively drug‑resistant tuberculosis  (XDR‑TB). 
Chemically known as  (S)‑N‑[[3‑[3‑Fluoro‑4‑(morpholin‑4‑yl) 
phenyl]‑2‑oxooxazolidin‑5‑yl] methyl] acetamide, it belongs to the 
oxazolidinone class of  antibiotics. Linezolid exerts its therapeutic 
effect by inhibiting bacterial protein synthesis, specifically 
binding to the 23S ribosomal RNA of  the 50S subunit and 
disrupting the formation of  the initiation complex.[12] Following 
oral administration, Linezolid is well‑absorbed, achieving peak 
plasma concentrations within 1–2 hours. It undergoes hepatic 
metabolism primarily through oxidation and subsequent 
glucuronidation, with excretion mainly occurring via urine.[13] 

With a half‑life of  approximately 5–7 hours, Linezolid permits 
once‑daily dosing, facilitating adherence to treatment regimens. 
Resistance to Linezolid may emerge due to mutations in the 23S 
rRNA gene or ribosomal proteins, potentially leading to reduced 
drug binding. Cross‑resistance with other oxazolidinones is also 
possible, underscoring the importance of  resistance testing and 
employing combination therapies to mitigate resistance risks 
effectively.[14]

Clinical trials have demonstrated Linezolid’s efficacy 
when used in combination with drugs like Bedaquiline 
and Pretomanid, showing improvements in treatment 
outcomes, faster sputum culture conversion, and favorable 
clinical responses in patients with drug‑resistant TB strains. 
However, its use is associated with common side effects 
such as myelosuppression  (e.g.  thrombocytopenia, anemia), 
neuropathy (particularly with prolonged use), and gastrointestinal 
disturbances, necessitating regular monitoring of  blood counts 
during treatment.[11] Approved for use in adults and adolescents 
aged 14 years and above, Linezolid is typically prescribed at a 
dose of  600 mg once daily, with adjustments based on individual 
tolerability and renal function. It forms a critical component of  
6‑month treatment regimens tailored for managing MDR‑TB 
and XDR‑TB.[12]

Moxifloxacin (M)
Moxifloxacin, marketed under the trade name M, is an 
essential antibiotic used in the treatment of  multidrug‑resistant 
tuberculosis  (MDR‑TB), forming a crucial component of  
the BPaLM regimen. Structurally identified as 1-cyclopropyl-
6-fluoro-1,4-dihydro-8-methoxy-7-[(4aS,7aS)-octahydro-6H-
pyrrolo[3,4-b] pyridin-6-yl]-4-oxo-3-quinolinecarboxylic acid, it 
belongs to the fluoroquinolone class of  antibiotics. Moxifloxacin 
exerts its therapeutic effect by inhibiting bacterial DNA gyrase 
and topoisomerase IV, pivotal enzymes involved in DNA 
replication, repair, and recombination within Mycobacterium 
tuberculosis.[15] Upon oral administration, Moxifloxacin is 
well‑absorbed, achieving peak plasma concentrations within 
1–4 hours. It undergoes hepatic metabolism primarily through 
glucuronidation and sulfation processes, with subsequent 
elimination occurring predominantly via urine and feces. With 
a half‑life of  approximately 12 hours, Moxifloxacin supports 
convenient once‑daily dosing, enhancing patient compliance 
during treatment.[16] Resistance to Moxifloxacin can develop due 
to mutations in genes encoding DNA gyrase or topoisomerase 
IV, potentially leading to reduced efficacy. Cross‑resistance 
with other fluoroquinolones is also a concern, necessitating 
resistance testing to guide treatment strategies and advocating 
for combination therapy to mitigate resistance risks effectively.[17]

Clinical trials have validated Moxifloxacin’s efficacy within 
the BPaLM regimen, alongside Bedaquiline, Pretomanid, and 
Linezolid, showcasing its role in improving treatment outcomes 
and shortening therapy durations for drug‑resistant tuberculosis. 
However, caution is warranted regarding its use due to common 
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adverse effects such as QT prolongation  (mandating ECG 
monitoring), gastrointestinal disturbances (e.g. nausea, vomiting, 
diarrhea), and potential central nervous system effects, especially 
in patients with a history of  QT prolongation or tendon 
disorders.[18] Approved for use in adults and adolescents aged 
14  years and above, Moxifloxacin is typically prescribed at a 
dose of  400 mg once daily for a duration of  6 months as part 
of  comprehensive multidrug‑resistant TB treatment protocols.[19]

However, the high costs of  new drugs like Bedaquiline hinder 
their widespread use, especially in developing countries. There 
is also a risk of  developing resistance to these new drugs, 
emphasizing the need for careful and responsible use.

Implementation Considerations of BPaLM 
Regimen

The BPaLM/BPaL regimen represents a significant 
a d v a n c e m e n t  i n  t r e a t i n g  m u l t i d r u g ‑ r e s i s t a n t 
tuberculosis  (MDR‑TB), but several critical considerations 
and limitations influence its clinical application. Firstly, the 
safety and efficacy of  Pretomanid, a pivotal component of  
this regimen, have not been extensively studied in children 
under 14  years old, leading to restricted use in adults and 
adolescents aged 14  years and above until more data is 
available. Furthermore, limited safety data for Pretomanid in 
pregnant and breastfeeding women underscores the need for 
alternative treatment options with established safety profiles 
during pregnancy and lactation.[20,21]

Patients with a history of  QT prolongation or electrolyte 
imbalances are at higher risk of  developing QT interval 
prolongation when treated with medications like Moxifloxacin. 
Bedaquiline, and Moxifloxacin have been associated with 
QT prolongation—a condition that can potentially lead 
to serious cardiac arrhythmias. Regular monitoring of  
electrocardiograms (ECGs) is essential to detect any abnormalities 
early. Additionally, concurrent use of  other medications known 
to prolong the QT interval should be avoided to mitigate the 
risk of  adverse cardiac effects.[22]

Medications like Linezolid can cause severe adverse effects such 
as myelosuppression (reduced blood cell production). Regular 
monitoring of  blood counts allows healthcare providers to 
detect and manage these adverse events promptly. Adjustments 
in medication dosage may be necessary based on individual 
patient responses to treatment to balance therapeutic efficacy 
with tolerability.[3,23]

Special caution is advised for patients with low CD4 
counts  (<100  cells/mm3),  (e.g.,  Person with HIV infection) 
as compromised immune function may impact tolerance and 
increase the risk of  adverse effects of  BPaLM/BPaL regimen, 
necessitating careful assessment and potentially additional 
monitoring or treatment adjustments.[1,24] Additionally, while 
effective for most forms of  TB, the BPaLM/BPaL regimen 

is not recommended for severe cases such as extrapulmonary 
TB involving the central nervous system, osteoarticular TB, or 
disseminated (miliary) TB, highlighting the importance of  precise 
diagnostic and treatment planning tailored to the specific clinical 
presentation of  each TB case.[25] These considerations collectively 
guide healthcare providers in optimizing treatment outcomes 
while navigating the complexities and limitations associated 
with the BPaLM/BPaL regimen in managing challenging forms 
of  tuberculosis.

Advancements in Tuberculosis Diagnostics, 
Vaccines, and Therapeutics

According to WHO Global Tuberculosis Report‑2023 in recent 
advancements, the tuberculosis  (TB) diagnostic pipeline has 
expanded significantly, featuring molecular tests for disease and 
drug resistance, interferon‑gamma release assays  (IGRA) for 
infection detection, biomarker‑based assays, computer‑aided 
detection  (CAD) for digital chest radiography TB screening, 
and new aerosol‑capture technologies. WHO endorsed three 
M.TB. antigen‑based skin tests in 2022, improving specificity 
over tuberculin tests. Targeted next‑generation sequencing for 
drug‑resistant TB from sputum was recommended for enhanced 
drug susceptibility testing. By August 2023, 16 vaccine candidates 
were in clinical trials, targeting TB prevention and treatment 
enhancement. Additionally, 28 drugs were in various trial phases, 
including new entities and repurposed options, with ongoing 
trials focusing on TB preventive treatment regimens and delivery 
models.[2]

Conclusion

The BPaLM/BPaL regimen has shown high efficacy in treating 
drug‑resistant TB, with an 89% success rate for MDR/RR‑TB 
cases. However, safety concerns, especially for vulnerable 
populations such as children and pregnant women, necessitate 
cautious implementation and monitoring. The expanded 
diagnostic pipeline, including molecular tests, IGRA assays, CAD, 
and aerosol‑capture technologies, enhances detection and drug 
susceptibility testing. Ongoing clinical trials for new vaccines and 
drug candidates offer hope for better preventive and therapeutic 
options. Addressing these challenges through rigorous safety 
protocols, patient monitoring, and tailored treatment strategies 
is crucial for optimizing TB control efforts and improving global 
health outcomes.
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