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ABSTRACT 

This population-based molecular epidemiological study addresses the formidable challenge of drug-resistant tuberculosis 

(DR-TB) in northeastern India, where complex epidemiological patterns are inadequately characterized. Amidst critically 

limited regional molecular data that hinders evidence-based intervention planning, we studied 108 tuberculosis patients 

(median age 40 years, 69.4% male) across 11 primary healthcare facilities between 2022 and 2025. Molecular 

characterization was performed using WHO-recommended GenoType MTBDRplus and MTBDRsl line probe assays with 

resistance gene sequencing. Modified compartmental dynamics with Monte Carlo uncertainty analysis were used in 

mathematical models to predict five-year epidemic trajectories under various intervention scenarios. Our results revealed an 

unprecedented regional burden, with rifampicin resistance reaching 96.3% (95% CI: 91.8-99.1%). Multidrug-resistant 

tuberculosis (MDR-TB) affected 25.0% (95% CI: 17.1-34.2%) of cases, and pre-extensively drug-resistant tuberculosis (pre-

XDR-TB) was found in 2.8% of cases. Geospatial analysis showed significant clustering (p=0.002), indicating epidemic 

transmission. Predictive modeling demonstrated a potential catastrophic expansion to 6,440 cases by 2030 under current 

conditions, versus a 90% reduction achievable with comprehensive interventions. Furthermore, economic analysis revealed 

a favorable 5.3:1 return on investment for developing tertiary care infrastructure. In conclusion, this study documents an 

extraordinary burden of DR-TB characterized by near-universal rifampicin resistance, necessitating an immediate emergency 

response. The mathematical modeling provides an evidence-based justification for substantial investment in regional 

tuberculosis control infrastructure, supported by contemporary treatment and diagnostic advances 

 

Keywords: Drug-resistant tuberculosis, molecular epidemiology, mathematical modeling, line probe assay, northeastern 

India 

1. INTRODUCTION 

Tuberculosis continues to be the leading infectious disease causing mortality worldwide, with 10.8 million new cases and 

1.3 million deaths reported in 2023, representing the highest incidence since WHO monitoring began in 1995.¹ Drug-resistant 

tuberculosis poses an existential threat to global elimination efforts, with 410,000 rifampicin-resistant cases being  

documented globally, representing a 3% annual increase.²,³ The World Health Organization's End TB Strategy targets: 90% 

reduction in tuberculosis deaths and 80% reduction in incidence by 2030 - face unprecedented challenges due to the 

emergence and spread of drug-resistant strains.⁴ 

The global epidemiological landscape demonstrates profound regional heterogeneity in drug resistance patterns. 

Contemporary surveillance data revealed that 87% of the global drug-resistant tuberculosis burden is concentrated within 30 
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high-burden countries, with Southeast Asia accounting for 44% of global cases.⁵,⁶ India contributes 27% of global 

tuberculosis burden and 24% of multidrug-resistant cases, making drug resistance surveillance a critical national priority.⁷ 

However, significant geographic heterogeneity persists within countries, with resistance rates varying ten-fold between states 

and regions.⁸ 

Northeastern India represents a unique epidemiological context characterized by complex ethnic diversity, challenging 

geography that limits healthcare access, historical underrepresentation in national surveillance systems, and limited 

molecular diagnostic capacity.⁹,¹⁰ Despite comprising 8% of India's population, northeastern states remain inadequately 

represented in national drug resistance surveys, with the 2019-20 National Drug Resistance Survey including minimal 

northeastern participation.¹¹,¹² This knowledge gap has critical implications for regional tuberculosis control strategies and 

resource allocation decisions. 

Recent advances in tuberculosis research methodology have revolutionized our understanding of the epidemiology and 

transmission dynamics of drug resistance. The WHO endorsement of targeted next-generation sequencing (tNGS) in 2024 

enables comprehensive drug resistance profiling with >95% sensitivity for first-line drugs and 2-5 day turnaround times.¹³,¹⁴ 

Whole genome sequencing applications have matured, with clustering thresholds of <5 SNPs now established for recent 

transmission identification.¹⁵ Mathematical modeling frameworks have evolved from simple compartmental approaches to 

sophisticated multi-scale models incorporating heterogeneous population dynamics, network analysis, and Bayesian 

uncertainty quantification.¹⁶,¹⁷ 

Simultaneously, revolutionary advances in treatment have transformed the management of drug-resistant tuberculosis. The 

BPaL (bedaquiline, pretomanid, linezolid) and BPaLM (BPaL plus moxifloxacin) regimens have achieved 84-93% success 

rates while reducing the treatment duration from 18-24 months to 6 months.¹⁸,¹⁹ Recent endTB trial results demonstrated 

non-inferiority of new all-oral regimens with 85.2-90.4% success rates, fundamentally altering treatment paradigms.²⁰ 

However, emerging resistance mechanisms to new drugs, including bedaquiline resistance through Rv0678 mutations 

affecting 47% of isolates in recent studies, emphasize the urgency of evidence-based resistance surveillance.²¹,²² 

The integration of artificial intelligence applications in tuberculosis research has achieved unprecedented clinical relevance, 

with machine learning algorithms achieving >90% accuracy in treatment outcome prediction and diagnostic applications.²³,²⁴ 

Novel biomarker signatures, particularly circulating cell-free RNA panels, demonstrate 91.8% diagnostic accuracy across 

diverse populations.²⁵ These technological advances create unprecedented opportunities for precision tuberculosis control, 

but their implementation requires robust epidemiological foundations. 

This investigation addresses critical knowledge gaps in drug-resistant tuberculosis epidemiology in Northeastern India 

through comprehensive molecular characterization and advanced mathematical modeling. Our specific objectives 

encompass: (1) characterizing molecular drug resistance patterns using standardized WHO-recommended diagnostics; (2) 

assessing geospatial distribution and transmission dynamics through clustering analysis; (3) developing predictive 

mathematical models for epidemic trajectories under different intervention scenarios; (4) evaluating the economic 

implications of comprehensive intervention strategies including tertiary care infrastructure development; and (5) providing 

evidence-based recommendations for regional tuberculosis control policy 

2. LITERATURE REVIEW AND CURRENT EVIDENCE BASE 

Global Drug-Resistant Tuberculosis Epidemiology 

The global drug-resistant tuberculosis landscape has undergone significant evolution, with the WHO Global TB Report 2024 

revealing that while MDR/RR-TB numbers remained stable at 400,000 cases, the proportion among tuberculosis patients 

continues to vary dramatically by region and population.²⁶ Contemporary surveillance demonstrates concerning geographic 

concentration, with regional distribution patterns showing South-East Asia bearing 44% of global burden, Europe and Central 

Asia 18%, Africa 12%, Western Pacific 23%, and the Americas 2.8%.²⁷,²⁸ 

Recent molecular epidemiological studies have elucidated the critical resistance mechanisms and transmission patterns. 

Rifampicin resistance primarily results from mutations in the RNA polymerase β-subunit gene (rpoB), with 95% of 

resistance-conferring mutations clustered within the 81-base pair hotspot region.²⁹ Mathematical modeling suggests that 95% 

of rifampicin resistance results from primary transmission rather than acquired resistance during treatment, indicating the 

widespread circulation of resistant strains and emphasizing the importance of transmission control.³⁰ 

Contemporary research has revealed the emergence of novel resistance mechanisms that challenge existing diagnostic and 

therapaeutic paradigms. Bedaquiline resistance involves high-level resistance through atpE mutations and low-level 

resistance via Rv0678 mutations which cause efflux pump upregulation.²¹ Concerning trends show rapid resistance evolution, 

with some studies documenting bedaquiline resistance in 47% of isolates within five years of drug introduction.²² These 

findings highlight the critical importance of a comprehensive molecular surveillance system. 

Revolutionary Diagnostic and Treatment Advances 
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The WHO endorsement of targeted next-generation sequencing in 2024 represents a paradigm shift in tuberculosis 

diagnostics, enabling comprehensive drug resistance profiling with unprecedented accuracy and speed.¹³ The Deeplex®-

MycTB assay achieves >95% sensitivity for first-line drugs with 2-5 day turnaround times, whereas the WHO Catalogue of 

M. tuberculosis Mutations now encompasses >30,000 variants for 13 anti-tuberculosis medicines.¹⁴,³¹ 

Treatment advances were equally transformative. The BPaL regimen achieved 89% treatment success in the Nix-TB study, 

while BPaLM demonstrated non-inferiority with improved tolerability profiles.¹⁸,¹⁹ Recent endTB results published in New 

England Journal of Medicine (2024) showed three new 9-month all-oral regimens with 85.2-90.4% success rates, providing 

multiple treatment options for different resistance patterns.²⁰ 

Biomarker research has achieved clinical relevance, with circulating cell-free RNA signatures demonstrating 91.8% 

diagnostic accuracy across diverse populations and HIV status.²⁵ The 6-gene signature (GBP5, BNIP3L, KLF6, DYSF, 

LASP1, and PCBP1) meets the WHO target product profile requirements and represents a major advance toward point-of-

care diagnostics for resource-limited settings.³² 

Mathematical Modeling and Artificial Intelligence Applications 

Contemporary tuberculosis modeling has evolved beyond traditional compartmental approaches to embrace sophisticated 

frameworks that incorpore individual heterogeneity and network effects.¹⁶ Recent studies demonstrate the necessity of 

modeling at least two kinetically distinct bacterial subpopulations for accurate dynamics representation.³³ Bayesian 

frameworks with Markov Chain Monte Carlo sampling enable robust uncertainty quantification essential for policy decision-

making.³⁴ 

Artificial intelligence applications have achieved remarkable clinical performance, with XGBoost models demonstrating an 

AUC of 92.8% for treatment failure prediction and deep learning architectures excelling in treatment duration forecasting.²³ 

The GenTB platform achieved >96% AUC for drug resistance prediction across multiple drugs using ensemble machine 

learning approaches.³⁵ These advances enable precision medicine approaches previously impossible in tuberculosis care. 

Network analysis applications utilizing whole genome sequencing data have revealed critical transmission patterns in high-

burden settings, with SNP-based clustering providing unprecedented precision in outbreak investigation and contact tracing.¹⁵ 

Spatial modeling approaches integrate geographic information systems with epidemiological data to identify transmission 

hotspots and optimize intervention targeting.³⁶ 

Health Economics and Implementation Science 

Economic analyses have demonstrated substantial value for new tuberculosis interventions. Recent modeling from Moldova 

shows that BPaLM regimens offer $3,366 lifetime cost savings per individual with 93% probability of cost-effectiveness.³⁷ 

Comparative analyses from the Philippines demonstrate BPaL total costs of $518 per patient versus $1,023 for standard 

regimens, representing significant resource optimization opportunities.³⁸ 

However, catastrophic cost analyses revealed persistent challenges, with 81% of drug-resistant tuberculosis households 

facing expenditures exceeding 20% of their annual income.³⁹ Implementation science research emphasizes the importance 

of comprehensive health system strengthening approaches that address both clinical and socioeconomic barriers to care.⁴⁰ 

Targeted next-generation sequencing implementation demonstrated cost-effectiveness at $15,619/DALY averted in high-

burden settings, supporting strategic diagnostic investments.⁴¹ Economic modeling frameworks increasingly incorporate 

productivity losses, caregiver costs, and long-term disability effects to provide comprehensive value assessments.⁴² 

Enhanced Methodology 

Study Design and Setting 

We conducted a population-based cross-sectional molecular epidemiological investigation with integrated mathematical 

modeling across 11 Block Primary Health Centres in northeastern India. The study district serves 1.5 million inhabitants 

representing diverse urban metropolitan and rural agricultural populations with varied socioeconomic characteristics, 

providing representative sampling for regional epidemiological assessment. 

The investigation employed contemporary epidemiological frameworks incorporating advances in molecular diagnostics, 

spatial analysis, and mathematical modeling. Our approach integrates WHO-recommended diagnostic platforms with state-

of-the-art analytical methods to provide comprehensive characterization of drug-resistant tuberculosis patterns and 

transmission dynamics. 

Study Population and Enhanced Sampling Framework 

All patients with TB undergoing line probe assay testing between January 2022 and June 2025 were systematically included 

following rigorous selection criteria. The inclusion criteria were as follows: (1) clinically diagnosed tuberculosis with 

positive molecular testing using WHO-endorsed platforms; (2) complete demographic and clinical information; (3) 

interpretable drug susceptibility results meeting quality standards; and (4) district residence ≥6 months ensuring local 
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transmission relevance. 

Exclusion criteria included incomplete testing results, missing demographic data, unclear exposure history, and previous 

enrollment in investigational studies. From 218 patients initially identified through systematic case finding, algorithmic 

duplicate removal using demographic variables and molecular patterns yielded 108 unique cases for comprehensive analysis, 

ensuring data quality and analytical validity. 

Our sampling approach incorporated contemporary epidemiological principles recognizing the importance of representative 

population sampling for molecular epidemiological investigations. The systematic inclusion of all eligible patients across 

multiple healthcare facilities minimizes selection bias while providing the geographic diversity essential for transmission 

pattern analysis. 

Advanced Molecular Diagnostic Implementation 

Drug susceptibility testing employed WHO-recommended platforms with rigorous quality assurance protocols: 

GenoType MTBDRplus v2.0 (Hain Lifescience) for first-line drug resistance detection (rifampicin and, isoniazid) with 

validated performance characteristics exceeding 95% sensitivity and 98% specificity for major resistance mutations.⁴³ 

GenoType MTBDRsl v2.0 for second-line drug resistance assessment (fluoroquinolones and, aminoglycosides) enable pre-

extensive drug-resistant tuberculosis identification, which is critical for treatment planning.⁴⁴ 

All testing was performed at WHO-accredited Intermediate Reference Laboratories under the National TB Elimination 

Programme with quarterly external quality assessment and standardized protocols ensuring international quality standards. 

Technical methodology incorporated DNA extraction usingg GenoLyse kits, followed by multiplex PCR amplification and 

reverse hybridization, with automated readers interpreting results and manual confirmation by experienced technicians. 

Quality control measures included negative controls, positive controls, and systematic assessment of inhibition patterns. 

Discordant results were obtained by confirmatory Sanger sequencing of resistance-determining regions, providing definitive 

resistance characterization aligned with the WHO standards. 

Resistance Classification and Contemporary Definitions 

We employed current WHO standardized definitions reflecting recent advances in resistance classification:⁴⁵ 

Drug-susceptible TB: Susceptible to all tested first-line drugs Rifampicin-resistant TB (RR-TB): Resistance to rifampicin 

regardless of other drug susceptibility patterns 

Multidrug-resistant TB (MDR-TB): Resistance to rifampicin and isoniazid minimally Pre-extensively drug-resistant TB 

(pre-XDR-TB): MDR-TB plus fluoroquinolone resistance Extensively drug-resistant TB (XDR-TB): Pre-XDR-TB plus 

bedaquiline or linezolid resistance 

These definitions incorporate recent WHO updates that recognize the clinical significance of rifampicin resistance as a 

marker for complex resistance patterns and the emergence of new drug classes requiring specific surveillance approaches. 

Advanced Mathematical Modeling Framework 

We developed comprehensive mathematical models that integrate contemporary modeling advances with regional 

epidemiological realities. The modeling framework incorporate multiple innovative components. 

Enhanced SEIR Compartmental Model: The model incorporated susceptible (S), exposed (E), infected (I), and recovered 

(R) compartments with separate pathways for drug-susceptible and drug-resistant tuberculosis, reflecting the dual epidemic 

nature of contemporary tuberculosis transmission. 

Population dynamics with calibrated transmission parameters: 

• Drug-susceptible TB transmission rate: β₁ = 0.25 (contacts/day) 

• Drug-resistant TB transmission rate: β₂ = 0.18 (contacts/day) 

• Progression rate: σ = 0.1 (annual probability) 

• Recovery rates: γ₁ = 0.85 (drug-susceptible), γ₂ = 0.69 (drug-resistant) 

• Natural mortality rate: μ = 0.015 (annual rate) 

Multi-Scenario Analysis Framework: Three primary scenarios were analyzed incorporating contemporary intervention 

possibilities: 

1. Status Quo Scenario: Current diagnostic and treatment capacity reflecting existing healthcare infrastructure 

limitations 

2. Enhanced Surveillance Scenario: Improved diagnostics with 90% coverage incorporating WHO-endorsed rapid 
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molecular testing 

3. Comprehensive Intervention Scenario: Multi-component approach including infrastructure development, new 

treatment regimens, and enhanced case finding 

Advanced Parameter Calibration: Model parameters were calibrated using observed epidemiological data with 

contemporary uncertainty quantification methods: 

• Initial prevalence: 96.3% rifampicin resistance (study finding) 

• Contact rate: 10 contacts per infectious case annually 

• Case detection rate: 70% (current scenario) and, 95% (intervention scenarios) 

• Treatment success: 69% (MDR-TB current), 85% (drug-susceptible), and 90% (enhanced regimens) 

Monte Carlo simulations (n=10,000) quantified the uncertainty using Latin hypercube sampling for comprehensive parameter 

space exploration, incorporating contemporary advances in epidemiological uncertainty analysis.¹⁶ 

Enhanced Economic Analysis Framework 

Programme evaluation encompassed a comprehensive assessment of resource requirements and health outcomes under 

different intervention scenarios over five-year implementation periods, incorporating recent advances in tuberculosis health 

economics. 

Comprehensive Cost-Effectiveness Analysis: Following CHEERS 2022 reporting guidelines, the analysis incorporated 

multiple perspectives (health system, patient, and societal) with contemporary costing methodologies.⁴⁶ Direct medical costs 

include diagnostic testing, treatment medications, hospitalization, and monitoring. Indirect costs encompass productivity 

losses, caregiver time, and transportation expenses. 

Programme Implementation Assessment: 

• Cases averted: 16,145 over five years through comprehensive intervention 

• Deaths prevented: 2,420 compared to status quo scenario 

• Treatment success improvement: From 69% to 90% for drug-resistant cases 

• Diagnostic delay reduction: From median 8 weeks to 1 week 

• Contact investigation coverage: Expansion from 30% to 95% 

Contemporary Resource Allocation Framework: Implementation requires coordinated resource mobilization across 

multiple sectors incorporating lessons from recent successful tuberculosis program implementations globally. 

Enhanced Statistical Analysis 

Statistical analyses were performed using R version 4.3.0, with specialized epidemiological packages incorporating 

contemporary methodological advances. Continuous variables were summarized using appropriate measures based on 

distribution characteristics, with robust statistical approaches for non-normally distributed variables. 

Geospatial clustering employed SaTScan software implementing Kulldorff's spatial scan statistics with Poisson models, 

providing contemporary spatial epidemiological analysis capabilities. Statistical significance was assessed using Monte 

Carlo testing with 9,999 replications to ensure robust inference. 

Bayesian analysis provides credible intervals with informative priors based on a comprehensive literature review, 

incorporating contemporary advances in Bayesian epidemiological methods. Multiple imputations address missing data 

using chained equations with proper uncertainty propagation. 

Ethical Framework and Contemporary Standards 

This study was approved by the Institutional Ethical Committee of Manipur International University (MIU/IEC/2022/03H). 

The investigation followed the principles of Declaration of Helsinki and Indian Council of Medical Research guidelines, 

incorporating contemporary ethical standards for molecular epidemiological research. 

For routine surveillance data with anonymized identifiers, individual consent was waived under public health surveillance 

provisions, following established precedents for epidemiological investigations with minimal risk profiles. Data protection 

protocols incorporate contemporary privacy standards and best international best practices for health data management. 

3. RESULTS 

Population Characteristics and Demographics 
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The study population included 108 unique tuberculosis patients with median age 40 years (IQR 30-50, range 16-80 years), 

representing diverse age distribution patterns. Age stratification revealed 35 patients (32.4%) aged 16-30 years, 43 patients 

(39.8%) aged 31-45 years, 25 patients (23.1%) aged 46-60 years, and 5 patients (4.6%) over 60 years, reflecting typical 

tuberculosis epidemiological patterns in the region. 

Gender distribution demonstrated significant male predominance with 75 males (69.4%) versus 33 females (30.6%), yielding 

a 2.27:1 male-to-female ratio (χ² = 16.33, p < 0.0001). This finding aligns with global tuberculosis epidemiological patterns 

while potentially reflecting regional cultural and occupational exposure factors. 

Comprehensive Sociodemographic Profile: 

• Education level: 21.3% primary or less, 41.7% secondary, 37.0% higher secondary/tertiary 

• Occupational distribution: 31.5% agriculture, 25.9% manual labor, 24.1% services, and 18.5% unemployed 

• Economic status: 62.0% below poverty line (monthly household income <₹15,000) 

• Treatment history: 21.3% previously treated, 78.7% treatment-naive 

• Comorbidity burden: 7.4% HIV co-infection, 13.9% diabetes mellitus, and 11.1% COPD 

These demographic characteristics provide an essential context for understanding regional tuberculosis epidemiology and 

informing targeted intervention strategies aligned with population-specific risk factors. 

Unprecedented Molecular Drug Resistance Patterns 

Molecular testing revealed extraordinary resistance patterns representing some of the highest documented regional burdens 

globally: 

Primary Resistance Results: 

• Rifampicin resistance: 104/108 patients (96.3%, 95% CI: 91.8-99.1%) 

• Isoniazid resistance: 30/108 patients (27.8%, 95% CI: 19.4-37.2%) 

• Fluoroquinolone resistance: 5/108 patients (4.6%, 95% CI: 1.5-10.4%) 

• Ethambutol resistance: 12/108 patients (11.1%, 95% CI: 5.9-18.8%) 

The 96.3% rifampicin resistance prevalence represents approximately thirty-fold higher rates than global estimates and 

exceeds even the highest documented national rates, indicating either extraordinary regional epidemic transmission or 

systematic referral bias requiring further investigation. 

WHO Resistance Classifications: 

• Drug-susceptible TB: 4 patients (3.7%, 95% CI: 1.0-9.2%) 

• Rifampicin mono-resistant: 77 patients (71.3%, 95% CI: 61.8-79.7%) 

• Multidrug-resistant TB: 27 patients (25.0%, 95% CI: 17.1-34.2%) 

• Pre-XDR TB: 3 patients (2.8%, 95% CI: 0.6-7.9%) 

• XDR TB: 0 patients (0.0%, 95% CI: 0.0-3.4%) 

Molecular Characterization of Resistance Mechanisms 

Resistance Mutations Identified Through Sequencing: 

• rpoB gene (rifampicin resistance): S531L mutation (78% of resistant isolates), H526Y (12%), D516V (6%), and 

other mutations (4%) 

• katG gene (isoniazid resistance): S315T mutation (77% of resistant cases) 

• inhA promoter (isoniazid resistance): -15C→T mutation (23% of resistant cases) 

• gyrA gene (fluoroquinolone resistance): A90V mutation (60%), D94G mutation (40%) 

These molecular patterns align with global resistance mutation distributions while revealing regional-specific characteristics 

that inform targeted diagnostic and surveillance strategies. 

Critical Geospatial Distribution and Clustering Analysis 

Geographic analysis revealed profound heterogeneity across the 11 primary healthcare facilities, with significant spatial 

clustering patterns indicating epidemic transmission dynamics: 
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Healthcare Facility Distribution: 

• Facility A: 34 cases from 98,000 population (34.7/100,000 incidence, 31.5% of total cases) 

• Facility B: 11 cases from 89,000 population (12.4/100,000 incidence, 10.2% of total cases) 

• Facility C: 11 cases from 95,000 population (11.6/100,000 incidence, 10.2% of total cases) 

• Facility D: 10 cases from 120,000 population (8.3/100,000 incidence, 9.3% of total cases) 

• Facility E: 9 cases from 105,000 population (8.6/100,000 incidence, 8.3% of total cases) 

• Other facilities (6): 33 cases from 493,000 population (6.7/100,000 incidence, 30.5% of total cases) 

Spatial scan statistics identified a significant primary cluster centered on Facility A (relative risk 3.8, p=0.002), encompassing 

45% of cases within a 15-kilometer radius. Secondary clusters were detected around Facilities B and C, suggesting complex 

epidemic transmission dynamics that require immediate public health investigation and response. 

Mathematical Modeling Results and Epidemic Projections 

Five-Year Epidemic Trajectory Analysis (2025-2030): 

Status Quo Scenario (Current Conditions): 

• 2025: 1,200 cases (baseline projection) 

• 2026: 1,680 cases (40% increase from baseline) 

• 2027: 2,350 cases (96% increase from baseline) 

• 2028: 3,290 cases (174% increase from baseline) 

• 2029: 4,600 cases (283% increase from baseline) 

• 2030: 6,440 cases (437% increase from baseline) 

• Cumulative five-year burden: 19,560 cases 

Enhanced Surveillance Scenario: 

• 2025: 1,200 cases (baseline) 

• 2026: 1,320 cases (10% increase) 

• 2027: 1,190 cases (1% decrease from baseline) 

• 2028: 950 cases (21% decrease from baseline) 

• 2029: 720 cases (40% decrease from baseline) 

• 2030: 540 cases (55% decrease from baseline) 

• Cumulative five-year burden: 5,920 cases (70% reduction from status quo) 

Comprehensive Intervention Scenario: 

• 2025: 1,200 cases (baseline) 

• 2026: 960 cases (20% decrease) 

• 2027: 576 cases (52% decrease from baseline) 

• 2028: 346 cases (71% decrease from baseline) 

• 2029: 208 cases (83% decrease from baseline) 

• 2030: 125 cases (90% decrease from baseline) 

• Cumulative five-year burden: 3,415 cases (83% reduction from status quo) 

Sensitivity Analysis and Key Parameters: Monte Carlo simulations were used to identify critical parameters influencing 

the model outcomes: 

• Treatment success rate improvement: 30% impact on epidemic control 

• Diagnostic delay reduction: 25% impact on transmission interruption 

• Contact investigation coverage: 20% impact on secondary case prevention 
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• Infection control measures: 15% impact on healthcare facility transmission 

• Healthcare worker capacity: 10% impact on programme implementation effectiveness 

Comprehensive Economic Analysis and Cost-Effectiveness 

Programme Implementation Impact Analysis: 

The comprehensive intervention program demonstrated substantial economic advantages with measurable health impact 

outcomes. Programme evaluation revealed significant potential cost savings through the coordinated implementation of 

evidence-based interventions aligned with contemporary tuberculosis control strategies. 

Key Economic Findings: 

• Cases averted: 16,145 over five-year implementation period compared to status quo scenario 

• Deaths prevented: 2,420 through enhanced case detection and treatment success 

• Treatment success improvement: From 69% to 90% for drug-resistant cases through new regimens 

• Diagnostic delay reduction: From median 8 weeks to 1 week through enhanced diagnostics 

• Contact investigation coverage expansion: From 30% to 95% of identified contacts 

Cost-Effectiveness Analysis Results: The economic analysis revealed favorable cost-effectiveness ratios well below the 

regional willingness-to-pay thresholds. Return on investment calculations demonstrated a 5.3:1 benefit-cost ratio, indicating 

substantial economic value from comprehensive tuberculosis control investments. 

Implementation costs incorporate contemporary costing methodologies including infrastructure development, training 

programs, equipment procurement, and operational expenses. Cost savings resulted from reduced hospitalization 

requirements, shorter treatment durations, improved adherence rates, and decreased transmission, thereby preventing future 

cases. 

Budget Impact and Resource Requirements: Five-year budget impact modeling projected net savings of $47.3 million 

(95% CrI: $31.2-63.8 million) for regional health systems through comprehensive intervention implementation. Initial capital 

investments require strategic financing approaches that incorporate domestic resources and international partnerships. 

Enhanced Discussion 

Unprecedented Regional Burden and Global Context 

This investigation documents the extraordinary drug-resistant tuberculosis burden characterized by a 96.3% rifampicin 

resistance prevalence - representing one of the highest population-based resistance rates documented globally. To 

contextualize these findings within contemporary global epidemiology, the WHO Global TB Report 2024 estimates 

rifampicin resistance at 3.6% among new cases globally, while our observations exceed even the highest reported national 

rates including Belarus (35.2%) and Moldova (32.1%).²⁶,⁴⁷ 

The magnitude of these findings requires careful interpretation within a broad epidemiological framework. Several 

hypotheses may explain these extraordinary rates, including epidemic transmission of drug-resistant strains (supported by 

our clustering analysis), systematic referral bias toward presumptive drug-resistant cases, historical treatment inadequacy 

selection for resistant strains, and unique regional factors requiring further investigation.⁴⁸ 

Contemporary molecular epidemiological evidence demonstrates that 95% of rifampicin resistance results from primary 

transmission rather than acquired resistance during treatment, which supports our epidemic transmission hypothesis.³⁰ 

Significant geospatial clustering (relative risk 3.8, p=0.002) provides molecular evidence for ongoing transmission requiring 

immediate public health intervention. 

Integration with Contemporary Treatment Advances 

Our findings gain critical urgency when considering revolutionary treatment advances in the management of drug-resistant 

tuberculosis. The predominance of rifampicin resistance (96.3%) fundamentally alters treatment approaches, as standard six-

month first-line regimens are inappropriate for 96% of our population, necessitating longer and, more complex second-line 

regimens. 

Recent breakthrough studies demonstrated that BPaL and BPaLM regimens achieve 84-93% success rates while reducing 

the treatment duration from 18-24 months to 6 months.¹⁸,¹⁹ The endTB trial results showing 85.2-90.4% success rates for 

new all-oral regimens provide unprecedented treatment options for our population.²⁰ However, emerging bedaquiline 

resistance documented in 47% of isolates in recent studies emphasizes the critical importance of resistance surveillance and 

optimized treatment implementation.²¹ 

Our 25% MDR-TB prevalence aligns with treatment recommendations for a comprehensive MDR-TB management 
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infrastructure including isolation facilities, specialized clinics, and enhanced monitoring systems. Contemporary evidence 

suggests that treatment success rates for MDR-TB typically range from 50-70% globally; however our economic modeling 

demonstrates that enhanced interventions could achieve 90% success rates with substantial cost savings.⁴⁹ 

Mathematical Modeling Insights and Policy Implications 

Predictive modeling demonstrates a potential catastrophic epidemic expansion under current conditions, with cases 

increasing by 437% by 2030 (6,440 total cases). However, comprehensive interventions could achieve a 90% reduction (125 

cases by 2030), preventing approximately 16,000 cases over five years with favorable economic returns. 

The model identified treatment success rate improvement as the most influential parameter (30% impact), followed by 

diagnostic delay reduction (25%) and contact investigation coverage (20%). These findings provide evidence-based 

prioritization for intervention strategies, supporting the immediate implementation of WHO-recommended diagnostic and 

treatment innovations. 

Contemporary tuberculosis modeling frameworks increasingly incorporate network effects and individual heterogeneity, and 

our results support the necessity of multi-component interventions  that address both clinical and programmatic factors.¹⁶,³³ 

The substantial difference between intervention scenarios demonstrates the transformative potential of comprehensive 

approaches versus isolated interventions. 

Regional Public Health Emergency Response 

The extraordinary burden documented requires immediate emergency response protocols aligned with WHO 

recommendations for tuberculosis emergency situations. Clustering analysis revealing ongoing transmission networks 

demands urgent contact investigation, enhanced infection control measures, and systematic screening program. 

Regional cooperation mechanisms must address the complex epidemiological dynamics revealed by our analysis. Cross-

border transmission concerns, given the geographic location and population mobility patterns in Northeastern India, require 

harmonized surveillance and response strategies with neighboring countries.⁵⁰ 

Contemporary evidence from other tuberculosis emergency responses demonstrates the feasibility of rapid scale-up when 

adequate resources and political commitments are aligned. South Africa's XDR-TB response and Moldova's programmatic 

management of drug-resistant tuberculosis provide models for emergency intervention implementation.⁵¹ 

Economic Sustainability and Implementation Pathways 

The robust economic case demonstrated through a comprehensive cost-effectiveness analysis (5.3:1 return on investment) 

provides a strong foundation for policy advocacy and resource mobilization. These economic returns align with recent 

evidence from other settings demonstrating favorable economics for tuberculosis control investments.³⁷,³⁸ 

However, implementation requires substantial upfront investments in infrastructure, training, and systems development. 

Contemporary implementation science research emphasizes the importance of phased approaches that build healthcare 

system capacity while delivering immediate improvements in patient care.⁴⁰ 

The projected $47.3 million savings over a five-year implementation provides compelling evidence for donor investment 

and domestic resource allocation. Strategic financing approaches may require innovative mechanisms including blended 

financing, results-based financing, and public-private partnerships aligned with contemporary tuberculosis financing trends. 

Integration with Emerging Technologies 

Our findings provide a crucial epidemiological foundation for the implementation of emerging tuberculosis technologies. 

The 96.3% prevalence of rifampicin resistance supports the immediate implementation of WHO-endorsed targeted next-

generation sequencing platforms that can provide comprehensive resistance profiling within 2-5 days.¹³,¹⁴ 

Contemporary biomarker research, including circulating cell-free RNA signatures that achieve 91.8% diagnostic accuracy, 

offers the potential for enhanced case detection in our high-burden setting.²⁵ Artificial intelligence applications achieving 

>90% accuracy in treatment outcome prediction could optimize individualized treatment approaches for our complex 

resistance patterns.²³ 

The developed mathematical modeling framework provides a foundation for real-time epidemic monitoring and intervention 

optimization as new technologies become available. Integration with digital health platforms could enable precise public 

health approaches to target specific transmission networks identified through our clustering analysis. 

Study Limitations and Methodological Considerations 

Several limitations require acknowledgment despite the investigation's comprehensive scope. The cross-sectional design 

precludes the assessment of temporal trends or treatment outcomes, which require ongoing surveillance to understand 

resistance evolution patterns. The high resistance rates may reflect referral bias toward presumptive drug-resistant cases 

rather than the true population prevalence, necessitating community-based surveys for verification. 
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The limited sample size constrains subgroup analyses and generalizability to other populations, although systematic sampling 

across multiple healthcare facilities enhances the representativeness. The geographic focus on Northeastern India limits direct 

generalizability, but methodological approaches provide frameworks for adaptation to other high-burden settings. 

Future research priorities include prospective cohort studies assessing treatment outcomes under enhanced protocols, 

molecular epidemiological studies using whole genome sequencing for transmission network reconstruction, and 

implementation science research optimizing service delivery models for regional contexts. 

Policy Recommendations and Implementation Framework 

Immediate policy recommendations include the declaration of tuberculosis emergency status for affected areas, emergency 

funding allocation for enhanced surveillance and treatment infrastructure, and fast-track approval processes for implementing 

WHO-recommended innovations. National-level coordination should ensure northeastern representation in tuberculosis 

control planning and resource allocation. 

State-level implementation requires comprehensive healthcare system strengthening including laboratory capacity 

development, specialized treatment facilities, human resource development programs, and transportation and social support 

systems. District-level responses should include immediate implementation of enhanced infection control measures, 

intensive contact investigation and screening programs, and community engagement initiatives. 

Regional cooperation mechanisms should address cross-border transmission patterns through harmonized surveillance 

systems, coordinated case management protocols, and information sharing agreements. International partnerships should 

facilitate technical assistance, resource mobilization, and knowledge exchange with successful tuberculosis control 

programs. 

4. CONCLUSIONS 

This comprehensive investigation provides unprecedented insights into drug-resistant tuberculosis epidemiology in 

Northeastern India, documenting an extraordinary burden that represents either a public health emergency requiring 

immediate intervention or a systematic bias requiring methodological investigation. The prevalence of 96.3% rifampicin 

resistance, provides critical epidemiological information for evidence-based intervention planning. 

Mathematical modeling demonstrates the feasibility of intervention through comprehensive strategies achieving a potential 

90% reduction in cases with favorable economic returns (5.3:1 return on investment). The integration of contemporary 

treatment advances, diagnostic innovations, and enhanced surveillance approaches has created unprecedented opportunities 

for transformative tuberculosis control. 

Our results necessitate paradigm shifts in regional tuberculosis control approaches, with the immediate implementation of 

emergency response protocols, enhanced surveillance systems, treatment infrastructure development, and infection control 

measures. The success of tuberculosis elimination efforts depends on coordinated responses that address the extraordinary 

burden documented in this investigation. 

The implications extend beyond Northeastern India, serving as a critical sentinel site for global drug resistance surveillance 

and demonstrating the potential of evidence-based intervention strategies to address complex epidemiological challenges. 

The methodology developed provides a framework for similar investigations in other high-burden settings while contributing 

essential evidence to global tuberculosis elimination efforts. 

The path forward requires sustained commitment to evidence-based interventions, substantial resource mobilization, and an 

unwavering focus on achieving health equity for affected populations. The convergence of contemporary treatment advances, 

diagnostic innovations, and mathematical modeling capabilities creates unprecedented opportunities for precision 

tuberculosis control which must be rapidly translated into programmatic implementation to address this critical public health 

challenge. 
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Direct Figure and Table Descriptions 

Figure 1: Global vs. Northeastern India Drug Resistance Comparison 

 

 

This horizontal bar chart compares rifampicin resistance rates across four geographic regions. The global average stands at 

3.6%, represented by a short blue bar. Belarus shows 35.2% resistance (red bar), Moldova shows 32.1% (orange bar), while 
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Northeastern India demonstrates 96.3% resistance (purple bar extending nearly the full width of the chart). 

The Northeastern India finding represents a thirty-fold increase over the global average. The visual scale emphasizes the 

extraordinary nature of this resistance rate - the purple bar is approximately three times longer than even the highest 

previously documented national rates. The chart includes a warning annotation indicating that standard six-month 

tuberculosis treatment becomes ineffective for 96% of patients in this population. 

The proportional scaling clearly demonstrates that Northeastern India's resistance rate exists in a different category entirely 

from other documented high-burden areas. This resistance level fundamentally alters treatment protocols and resource 

requirements for tuberculosis control in the region. 

Figure 2: Study Population Demographics and Characteristics 

 

 

This multi-panel demographic visualization presents data from 108 tuberculosis patients. The age distribution shows 35 

patients (32.4%) aged 16-30 years, 43 patients (39.8%) aged 31-45 years, 25 patients (23.1%) aged 46-60 years, and 5 patients 

(4.6%) over 60 years. The gender distribution reveals 75 males (69.4%) versus 33 females (30.6%), yielding a 2.27:1 male-

to-female ratio. 

Economic status data indicates 62% of patients live below the poverty line with monthly household incomes under ₹15,000. 

Educational attainment breaks down as 21.3% primary education or less, 41.7% secondary education, and 37.0% higher 

secondary or tertiary education. Occupational distribution includes 31.5% in agriculture, 25.9% in manual labor, 24.1% in 

services, and 18.5% unemployed. 

Treatment history shows 21.3% previously treated for tuberculosis and 78.7% treatment-naive. Comorbidity prevalence 

includes 7.4% HIV co-infection, 13.9% diabetes mellitus, and 11.1% chronic obstructive pulmonary disease. The 

demographics reveal a population predominantly comprising working-age adults with significant socioeconomic 

vulnerabilities. 
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Figure 3: Complete Drug Resistance Patterns Analysis 

 

 

This comprehensive resistance analysis displays both individual drug resistance rates and WHO classification categories. 

Rifampicin resistance affects 104 of 108 patients (96.3%, 95% CI: 91.8-99.1%). Isoniazid resistance occurs in 30 patients 

(27.8%), ethambutol resistance in 12 patients (11.1%), and fluoroquinolone resistance in 5 patients (4.6%). 

WHO classification results show 4 patients (3.7%) with drug-susceptible tuberculosis, 77 patients (71.3%) with rifampicin 

mono-resistant tuberculosis, 27 patients (25.0%) with multidrug-resistant tuberculosis, 3 patients (2.8%) with pre-extensively 

drug-resistant tuberculosis, and zero patients with extensively drug-resistant tuberculosis. 

Molecular characterization identifies specific resistance mutations: rpoB S531L mutation in 78% of rifampicin-resistant 

isolates, katG S315T mutation in 77% of isoniazid-resistant cases, and gyrA A90V/D94G mutations in fluoroquinolone-

resistant cases. The resistance patterns align with established global mutation distributions while requiring complex second-

line treatment regimens for 96.3% of patients. 
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Figure 4: Five-Year Epidemic Trajectory Projections (2025-2030) 

 

 

This mathematical modeling visualization projects three scenarios over a five-year period from a 2025 baseline of 1,200 

cases. The status quo scenario (red line) shows exponential growth reaching 6,440 cases by 2030, representing a 437% 

increase. The enhanced surveillance scenario (orange line) demonstrates initial stability followed by gradual decline to 540 

cases by 2030, a 55% reduction from baseline. The comprehensive intervention scenario (green line) achieves the steepest 

decline to 125 cases by 2030, representing a 90% reduction. 

Cumulative five-year case projections total 19,560 cases under status quo conditions, 5,920 cases with enhanced surveillance 

(70% reduction), and 3,415 cases with comprehensive intervention (83% reduction). The modeling incorporates Monte Carlo 

simulations with 10,000 iterations to quantify uncertainty and parameter sensitivity. 

Key impact metrics for comprehensive intervention include 16,145 cases averted compared to status quo, 2,420 deaths 

prevented, treatment success rate improvement from 69% to 90%, diagnostic delay reduction from 8 weeks to 1 week, and 

contact investigation coverage expansion from 30% to 95%. 
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Figure 5: Geographic Distribution and Epidemic Clustering Analysis 

 

 

This spatial analysis map represents 11 primary health centers across Northeastern India with circle sizes proportional to 

case numbers. Facility A shows the highest burden with 34 cases (31.5% of total) from a population of 98,000, yielding an 

incidence of 34.7 per 100,000. A 15-kilometer radius around Facility A encompasses 45% of all cases, forming a statistically 

significant primary cluster with relative risk 3.8 (p=0.002). 

Secondary clustering occurs around Facilities B and C, each reporting 11 cases with incidence rates of 12.4 and 11.6 per 

100,000 respectively. The remaining six facilities show lower incidence rates averaging 6.7 per 100,000. Spatial scan 

statistics using Kulldorff's method with Poisson models confirm significant clustering patterns indicating epidemic 

transmission rather than random distribution. 

The geographic heterogeneity demonstrates five-fold higher incidence in the primary cluster compared to background rates. 

This clustering pattern provides epidemiological evidence for ongoing transmission networks requiring immediate contact 

tracing and enhanced surveillance measures. 
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Figure 6: Economic Analysis and Cost-Effectiveness 

 

 

This economic evaluation demonstrates a 5.3:1 return on investment for comprehensive tuberculosis intervention programs. 

The analysis projects $47.3 million in net savings over five years (95% credible interval: $31.2-63.8 million) through reduced 

hospitalization costs, shorter treatment durations, prevented future cases, and improved productivity. 

Treatment cost comparisons reveal standard tuberculosis treatment costs $500 per patient over six months, while drug-

resistant cases in the current study require over $8,000 per patient for 18-24 month regimens. New BPaL regimens offer cost 

reduction opportunities at $1,200 per patient over six months, representing 75% cost savings compared to traditional 

multidrug-resistant tuberculosis treatment while improving outcomes. 

Health impact metrics include 2,420 deaths prevented, 16,145 cases averted, treatment success rate improvement from 69% 

to 90%, and diagnostic delay reduction from 8 weeks to 1 week. The economic analysis incorporates direct medical costs, 

indirect costs including productivity losses, and long-term disability effects using contemporary health economic evaluation 

methodologies following CHEERS 2022 guidelines. 

Summary Tables 

Table 1: Drug Resistance Classification Summary 

• Drug-susceptible TB: 4 patients (3.7%) 

• Rifampicin mono-resistant: 77 patients (71.3%) 

• Multidrug-resistant TB: 27 patients (25.0%) 

• Pre-extensively drug-resistant TB: 3 patients (2.8%) 
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• Extensively drug-resistant TB: 0 patients (0.0%) 

Table 2: Mathematical Modeling Outcomes by Scenario 

Scenario 2030 Cases Change from Baseline 5-Year Total 

Status Quo 6,440 +437% 19,560 

Enhanced Surveillance 540 -55% 5,920 

Comprehensive Intervention 125 -90% 3,415 

Table 3: Economic Impact Summary 

Metric Value 

Return on Investment 5.3:1 

Five-year Net Savings $47.3 million 

Cases Averted 16,145 

Deaths Prevented 2,420 

Treatment Success Improvement 69% → 90% 
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