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Abstract  

Background: There is a growing need to identify appropriate standardized treatment strategies 

that will adequately treat various forms of drug-resistant TB and prevent multidrug-resistant TB.  

 

Methods: A Markov model estimated treatment-related acquired MDR-TB, mortality, disability-

adjusted life years, and costs in settings with different prevalence of mono-INH resistant and 

MDR-TB. We compared four treatment strategies: 1) standard WHO-recommended treatment 

strategy; 2) adding EMB throughout the 6-month treatment of new cases; 3) using a strengthened 

standardized retreatment regimen; and 4) using standardized MDR treatment for failures of 

initial treatment. Treatment-related outcomes were derived from published literature, and costs 

from direct surveys. 

 

Results: A strengthened retreatment regimen, which could achieve lower failure, relapse and 

acquired MDR rates in mono-INH-resistant cases, was predicted to be the most cost-effective 

strategy in all four settings. Empiric MDR treatment of failures of initial treatment was the most 

costly strategy but resulted in the fewest deaths. Adding EMB throughout initial treatment would 

be most effective in preventing acquired MDR, but would lead to excess cases of blindness. 

 

Conclusion: A high priority should be given to improving the standardized retreatment regimen, 

as this is predicted to produce greater benefits than other recently recommended strategies. 
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INTRODUCTION 

The World Health Organization (WHO) estimated that in 2011 there were 8.7 million new 

tuberculosis (TB) cases and 1.4 million TB deaths.[1]  As a consequence of inadequate TB 

treatment and management, drug-resistant TB (DR-TB) has emerged in all parts of the world and 

now accounts for approximately 17% of all new cases.[2] The most common form of DR-TB is 

isoniazid (INH) resistance, which is seen in 10% of new cases.[2] INH resistance is of concern as 

INH is one of the two most effective and potent first-line anti-TB drugs – and approximately one 

third of new cases with INH resistance, or 3% of all new cases, has multidrug-resistant TB 

(MDR-TB), which is a strain resistant to both INH and rifampicin (RMP).[2] Patients with 

MDR-TB have substantially worse treatment outcomes [3, 4], despite treatment that is much 

longer [5], and more toxic and expensive [1], than for drug-sensitive TB. The proportions of 

MDR-TB has been increasing in many parts of the world – the highest proportions recorded in 

the history of the WHO Global Project on Anti-tuberculosis Drug Resistance Surveillance 

reached 35.3% among new and 76.5% of previously treated TB cases in 2012 in Minsk, 

Belarus.[6] 

 

Globally, less than 4% of all new cases of TB are estimated to receive drug susceptibility testing 

(DST).[1] Thus, the vast majority of DR-TB patients are unrecognized and do not receive 

adequate treatment.[2] In order to prevent MDR-TB where proper diagnostic testing is 

unavailable, WHO [7] recommends empirically adding ethambutol (EMB) throughout initial 

treatment of new cases in settings with high levels of INH resistance. However, the ability of 

EMB to protect against MDR-TB is uncertain [8, 9], and should be weighed against the risk of 

ocular toxicity.[10-14] WHO [7] also recommends using an 8-month regimen for previously 

treated patients who had relapse or defaulted. This standardized retreatment regimen is 

comprised entirely of first line drugs, was designed for populations with low levels of INH-

resistance, and has never been tested in randomized clinical trials.[4] Published reports point 

toward unacceptably high rates of treatment failure, relapse and acquired drug resistance with 

this regimen in the presence of (non-MDR) INH resistance.[3, 4] Given that approximately 28% 

of all retreatment TB cases are resistant to INH globally [2], this regimen will likely be 

unsuccessful frequently.[3] A third related WHO recommendation is to use an empirical MDR 

regimen for patients who have failed initial treatment.[15]  
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The effectiveness of these three WHO treatment strategies is unclear in the context of emerging 

drug-resistant TB. In this study, we compared the treatment outcomes and costs of different 

strategies in four settings with different prevalence of INH mono-resistance and/or MDR. The 

four strategies compared were: current WHO standard initial and retreatment guidelines; adding 

EMB throughout initial treatment of new cases; using a hypothetical retreatment regimen 

strengthened with second-line TB drugs; and treating all failures of initial treatment with an 

empirical MDR regimen. 

 

METHODS 

Overview 

We estimated the treatment outcomes and costs of four different treatment strategies over a ten-

year analytic horizon, using a Markov decision analysis model. We adhered to published 

recommendations for conducting and reporting a cost-effectiveness analysis.[16, 17] We 

assumed a societal perspective to evaluate costs and discounted both costs and health effects at a 

3% annual rate. Our model assumed that DST was not available and did not influence the 

treatment given, thus all treatment regimens modelled were standardized. There is insufficient 

published literature for estimating input parameters specific to HIV-TB co-infected patients, thus 

we assumed that patients with HIV co-infection would have similar treatment outcomes.[18]  

 

Decision Analytic Model 

We used TreeAge Pro 2008 Suite (Release 1.0, TreeAge Software, Inc., Williamstown, MA) to 

construct the Markov model. The model described the clinical progression of TB disease (see 

Figure 1 for a schematic representation and description of the model). A 10- year analytic 

horizon was used for comparability with previously published cost-effectiveness studies 

examining TB treatment strategies.[19, 20]  

 

The model simulated the treatment outcomes and costs accrued over 10 years for four 

hypothetical cohorts of 100,000 smear-positive, treatment-naïve TB patients. Each cohort went 

through the Markov model under four different treatment strategies (described later).  When a 

cohort entered the model, its patient population was distributed across three initial health states, 

known as Markov states, which described patients with different primary drug resistance profiles 

(drug-susceptible TB, mono-INH-resistant TB and MDR-TB) undergoing initial treatment for 

TB. Only two forms of DR-TB were modeled because there is insufficient published data 
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regarding treatment outcomes of other forms of drug resistance. Patients with any resistance to 

RMP were considered in the same health state as MDR-TB patients because RMP-resistance is 

considered a surrogate marker for MDR, and has significantly worse outcomes than other forms 

of drug resistance.[21-26]  

 

Each cohort represented a different setting with varying prevalence of primary mono-INH 

resistance and MDR-TB in treatment-naïve patients: (1) low prevalence of both forms of drug 

resistance (5% mono-INH-resistant and 1% MDR-TB); (2) high prevalence of mono-INH 

resistance (15%) and low prevalence of MDR-TB (1%); (3) low prevalence of mono-INH 

resistance (5%) and high prevalence of MDR-TB (10%); and (4) high prevalence of both forms 

of drug resistance (15% mono-INH-resistant and 10% MDR-TB).  

 

The cycle length of the model was one year, which was chosen in order to accommodate the 

different treatment lengths: 6 months for initial treatment regimens; 8 months for retreatment 

regimens; and 24 months for the MDR regimen – which took two cycles. After the first year in 

the model, patients all moved through a probability tree that determined the Markov state they 

would be in during the following year. Depending on transition probabilities, patients could: fail, 

default or successfully complete treatment and be cured; become blind due to the ocular toxicity 

of ethambutol; or die from TB or non-TB causes. Those who failed or defaulted treatment could 

undergo treatment the following year - however their underlying drug resistance could have 

changed and the new regimen they received depended on the treatment strategy being modeled. 

Those who successfully completed treatment would be in the ‘cured’ state but could relapse and 

return to treatment – for simplicity we assumed all relapses would occur only in the year 

immediately following treatment completion. Estimates of transition probabilities and treatment 

outcomes were derived from published literature whenever possible and expert clinical 

judgement when not (Table 1).  

 

After each yearly cycle, patients either transitioned to a different Markov state or remained in the 

same state. How a patient progressed through the model depended on a patient’s clinical history 

and underlying drug resistance profile.  

 

Probability of Ethambutol-Induced Blindness  
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If a patient became blind at any point during treatment, their treatment was discontinued in our 

model. This assumption was based on the understanding that blindness is detrimental to the 

livelihood of patients in resource-limited countries, and critically curtails their ability to remain 

in treatment. The probability of becoming blind due to EMB was estimated at 0.23% (95% CI 0 

to 0.61%) for a 6-month EMB treatment, based on results of a systematic review and meta-

analysis [14].  

 

Model Outcomes 

 

Each health state had corresponding health outcomes (Table 1) and costs (Supplement Table 1). 

At the end of each year, the costs and health outcomes were accrued for the patients. Patients 

who completed treatment accrued the total cost of treatment. There were no costs assigned to the 

states: ‘dead’; ‘blind’; ‘cured’; and ‘live with untreated TB’.  

 

Our model results were expressed in terms of costs, mono-INH resistant cases prevented, MDR-

TB cases prevented, excess blindness, TB-related deaths averted, and disability-adjusted life 

years (DALYs) gained. DALY is an effectiveness measure introduced by the WHO to combine 

mortality and morbidity associated with diseases and injuries into one value. The DALY is 

calculated using disability weights estimated by the WHO, and for this study the weights used 

were: 1 for cured TB (assumed perfect health), 0.729 for active TB (treated or untreated); 0.4 for 

blind; and 0 for dead.[27] For example, if during the 10 years in the model, a patient lived with 

active TB for 2 years and then was cured and lived for another 8 years, then adjusting for 

disability, they would have lived for 2 x 0.729 (for active TB) + 8 x 1 (for cured state) = 9.46 

DALYs. During each one-year cycle, if a patient died, defaulted, relapsed, or became blind, we 

assumed the transition between the two corresponding Markov states (e.g. from active TB 

undergoing treatment to blind) occurred halfway during the year.  

 

Tuberculosis Treatment Strategies  

The four unique treatment strategies and different treatment regimens examined in the model are 

summarized as: 

Reference treatment strategy (status quo): (Standard). This consisted of initial treatment of new 

cases with the WHO-recommended 6-months standardized initial regimen (2HRZE/4H3R3), 

consisting of two months of isoniazid (INH), rifampicin (RMP), Pyrazinamide (PZA) and 
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ethambutol (EMB) taken daily (initial phase), followed by four months of INH and RMP taken 

three times per week (continuation phase). Patients who failed, relapsed after cure, or defaulted 

received the WHO-recommended standardized retreatment regimen with first-line drugs only 

(2HRZES/1HRZE/5H3R3E3). Streptomycin (SM) is given daily in the first two months. INH, 

RMP, PZA and EMB are taken daily for the first 3 months, and then INH, RMP and EMB are 

taken three times per week in the last 5 months.  

Ethambutol added to Initial treatment (EMB-Initial): All new patients received the WHO-

recommended 6-month standardized initial regimen in settings with a high prevalence of INH 

resistance (2HRZE/4H3R3E3), consisting of two months of INH, RMP, PZA and EMB taken 

daily (initial phase), followed by four months of INH, RMP and EMB taken three times per week 

(continuation phase). Patients who failed, relapsed after cure, or defaulted received the 

standardized retreatment regimen as in the Standard strategy. Compared to the Standard 

strategy, the addition of EMB throughout the initial regimen was assumed to reduce by 50% the 

probability of acquired mono-INH resistance and acquired MDR-TB after initial treatment, and 

to increase the probability of EMB-induced blindness from 0% to 0.23%, but did not change any 

other probabilities. 

Strengthened retreatment (Str-Retreat): New patients received the same initial treatment as in the 

Standard strategy, but those who failed, or relapsed after cure or default received a retreatment 

regimen that included second line drugs (2LfxRZES/1LfxRZE/5Lfx3R3E3). For costing purposes 

(but without data confirming the efficacy of this regimen) we assumed the regimen would be an 

8-month standardized regimen in which INH was replaced with Levofloxacin (Lfx). 

Compared to the Standard strategy the Str-Retreat strategy was assumed to reduce by 50% the 

probability of failure, or relapse and associated acquired MDR-TB in retreated patients with 

initial INH resistance, but did not change any other probabilities. 

Standardized MDR treatment for Failures of initial treatment (MDR-Failures): New patients 

received the same initial treatment as in the Standard strategy. Patients who default or relapsed 

after cure from initial treatment received the same retreatment regimen as described for the 

Standard strategy. But those who failed initial treatment received a 24-months standardized 

MDR regimen. All patients were hospitalized for only one-month at the start of MDR treatment 

– given published studies of the effectiveness of community-based treatment.[28-30] Amikacin 

(Am) is injected daily for the first six months. PZA, EMB, LFX and Ethionamide (ETH) are 

taken daily for 24 months (6AmZELfxEth/18ZELfxEth).[5, 31, 32]  
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Compared to the Standard strategy, the MDR-Failures strategy was assumed to improve 

treatment outcomes in failure cases who had MDR – to achieve cure rates equivalent to 

published estimates using this regimen.[3] All other probabilities remained unchanged. 

 

For the first three strategies, patients who failed, relapsed or defaulted after retreatment received 

the WHO recommended standardized MDR regimen (6AmZELfxEth/18ZELfxEth).[5] For all 

four strategies, patients who failed, relapsed or defaulted after receiving one course of the MDR 

regimen were assumed to receive no further treatment, and to enter a state of untreated TB from 

which they could continue to live, die or be spontaneously cured. 

 

Treatment Outcomes and Probabilities 

Estimates of transition probabilities and treatment outcomes, and published sources for these 

estimates are summarized in Table 1. 

 

There is no published information regarding impact of adding EMB throughout initial treatment 

(Initial EMB) on outcomes, and limited evidence on the treatment outcomes of a strengthened 

retreatment approach (Retreat Str) where INH is replaced with a later generation fluoroquinolone 

regimens.[33] Hence, assumptions were made regarding their efficacy relative to the WHO 

standardized initial and retreatment regimens. 

 

Costs 

Costs were estimated from the societal perspective, and included health systems costs, patients’ 

and families’ out-of-pocket expenditure, and lost wages (Supplement Table 1). All costs were 

expressed in 2010 international U.S. dollars, which were adjusted using 2007 power purchasing 

parity (PPP) estimates for Ecuador,[34] and inflated to 2010 currency using the average 

consumer price index (CPI)  in the U.S. for 2007 and 2010.[35]  We used cost estimates from 

Ecuador because direct and indirect patient costs had been estimated there recently[36]. Indirect 

patient costs were based on patient and family time lost during TB diagnosis and treatment, 

which was converted into monetary costs using the hourly wage based on the PPP-adjusted 

average per capita GNI.[37] 

 

Ecuador has one of the highest levels of MDR-TB in Latin America,[2] which makes it an 

appropriate setting for estimating MDR-TB treatment costs. The country achieved national 



 

8 

implementation of directly observed therapy, short-course (DOTS) in 2006, and provides TB 

treatment and diagnosis free of charge for patients.[38, 39]  Thus, estimated treatment costs 

should be comparable to other countries that have national coverage for DOTS. 

 

Estimating Health System Costs 

An interviewer-administered health facility cost survey was used to collect health system data in 

Ecuador. The interviews were conducted in 19 urban health facilities that treated TB patients in 2 

provinces (Guayas and Tungurahua) between September and October 2009: 16 Ministry of 

Health (MoH) clinics, 2 MoH hospitals, and 1 Non-Government hospital (Erika Leung, 2009). 

Salary levels of MoH employees were retrieved from the Ministerio de Inclusión Económica y 

Social.[40] We assumed that the personnel costs made up 80% of the total facility budget.[41, 

42]  The average health system cost per outpatient visit was the quotient of dividing the 

estimated total facility budget at each MoH clinic by the reported number of annual outpatient 

visits.  

 

We assumed that the total inpatient budget at a hospital was the difference between the total 

health facility budget and the total outpatient budget. The per diem cost was the total inpatient 

budget divided by annual number of bed-days. Only data from one MoH hospital, Hospital 

Alfredo J. Valenzuela, was included because it was a respiratory/pulmonary-specific hospital and 

would be more applicable for estimating TB-related per diem costs. The cost of each DOT 

(directly observed therapy) visit was estimated to be a third of the cost of an outpatient visit. This 

assumption was based on previously published surveys of health system costs.[43, 44] 

 

Cost-Effectiveness Analyses 

We calculated several incremental cost-effectiveness ratios (ICERs): cost per MDR case averted, 

cost per death averted and cost per disability-adjusted life year (DALY) gained.  

 

Sensitivity Analyses 

We performed one-way sensitivity analyses to account for uncertainties in key model 

assumptions: prevalence of mono-INH and MDR drug resistance; the probability of EMB-

induced blindness; the efficacy of adding EMB throughout initial treatment and of strengthening 

the retreatment regimen with a second-line drug; the duration of hospitalization during MDR 

treatment, and varying the discount rates used.  The ranges chosen for each analysis were based 
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on published literature, WHO reports, or expert opinion. We also performed probabilistic 

sensitivity analysis to incorporate statistical or sampling variability in input parameter estimates 

by performing 10,000 Monte Carlo simulation trials per analysis. We used 95% confidence 

intervals or ranges to estimate corresponding probability distributions with the method of 

moments approach.[45] Gamma distributions were assigned to cost parameters and beta 

distributions to probability estimates. [45] Using the results from the probabilistic sensitivity 

analyses, cost-effectiveness acceptability curves were constructed to compare the different 

treatment strategies in the four hypothetical settings. These curves plot the probability that a 

given treatment strategy is cost-effective compared to the Standard WHO strategy given a 

maximum acceptable ICER threshold. This threshold is also known as the willingness-to-pay 

threshold, indicating the maximum amount the group of interest (patient, government or society) 

is willing to pay per unit of benefit gained. 

 
 

RESULTS 

Treatment-related Outcomes 

With the Standard strategy we predicted between 407 to 781 new MDR cases from acquired 

drug resistance, between 1.3% and 7.3% failures, and between 5.2% to 9.8% deaths – depending 

upon whether the prevalence of drug resistance was low or high (Table 2). All three alternative 

treatment strategies resulted in fewer cases of MDR-TB and fewer TB deaths than Standard 

(Tables 2 and 3). 

 

Overall, EMB-Initial was predicted to avert the most cases of MDR-TB compared to Standard. 

When the prevalence of mono-INH-resistant TB was 15% – this strategy was predicted to 

prevent between 337 and 347 MDR cases per 100,000 patients – depending on whether the 

prevalence of MDR-TB was high (10%) or low (1%) respectively. When the prevalence of INH-

resistant TB was 5%, this strategy was predicted to avert 177 and 186 MDR cases when the 

prevalence of MDR-TB was 10% and 1% respectively. The other strategies were predicted to 

avert fewer MDR cases - between 30 and 61 MDR-TB cases for the Str-Retreat strategy, and 

only five or six cases per 100,000 patients for the MDR-Failure strategy. 

 

MDR-Failure averted the most TB-related deaths compared to the Standard strategy in all 

settings – between 75 to 664 deaths averted per 100,000 patients– except when the prevalence of 
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mono-INH resistant was 15% and the prevalence of MDR-TB was 1%, in which case the EMB-

Initial strategy averted the most deaths at 128 per 100,000 patients.  

 

EMB-Initial consistently resulted in a loss of DALYs compared to the Standard strategy. On the 

other hand, Str-Retreat and MDR-Failure resulted in gains in DALYs compared to Standard in 

all four settings. MDR-failures resulted in the largest gains in DALYs in all settings, from 613 to 

5,454 total DALYs gained per 100,000 patients compared to Standard, the gains were larger 

when the prevalence of MDR-TB was high at 10% and largest when both prevalence of MDR-

TB and mono-INH resistant TB were high. 

 

Treatment-related Costs  

Standardized MDR treatment of all failures of initial treatment (MDR-Failures) was the most 

costly treatment strategy in all four settings.  The EMB-Initial and Str-Retreat treatment 

strategies were equal in cost or less costly than Standard in all four settings (Tables 2 and 3). 

EMB-initial was the least costly of all four strategies in all settings. 

 

Incremental Cost-Effectiveness Ratios 

The Str-Retreat strategy dominated the Standard strategy – more effective and less costly – in 

terms of cost per MDR case averted, cost per TB death averted and cost per DALY gained 

compared to the Standard treatment strategy in all four settings (Table 2 and 3). EMB-Initial 

dominated Standard as well as Str-Retreat, resulting in more cost savings and fewer MDR cases 

and TB deaths than both strategies. However, these advantages were offset by the predicted 

development of blindness in some patients, so that this strategy resulted in fewer total DALYs 

than the Standard strategy (i.e., was less effective) in all four settings. 

 

The MDR-Failures strategy cost between $2,857 and $2,860 per DALY gained compared to 

Standard when the prevalence of MDR-TB was high at 10%. The cost per DALY gained 

increased when the prevalence of MDR-TB was low at 1%, between $4,867 and $5,745 per 

DALY gained compared to Standard. A similar trend was observed for cost per TB death 

averted, and the opposite for cost per MDR case averted.  

 

Sensitivity Analyses  
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Prevalence of drug resistance was an important determinant of cost-effectiveness as shown in 

Table 4.  EMB-Initial was always dominant (less costly and more effective) compared to the 

Standard strategy in terms of cost per MDR cases averted and cost per death averted regardless 

of the drug resistance prevalence. However, it was less effective in terms of cost per DALY 

gained compared to Standard under most conditions, but dominated Standard when the 

prevalence of mono-INH resistant TB was more than 21%. On the other hand, Str-Retreat was 

always dominant over Standard. MDR-Failure never dominated Standard, however it was 

always more effective. It became more cost-effective as the prevalence of MDR-TB increases, 

and reached as low as $2,665 per DALY gained when the prevalence of mono-INH resistant TB 

was 5% and that of MDR-TB was 20%.  

 

Str-Retreat  consistently dominant over Standard as other key assumptions were changed, except 

it became more costly than Standard when the efficacy of the strengthened retreatment regimen 

was less than approximately two times that of the standard retreatment, and when the 

hospitalization period for MDR treatment was less than 1 month long, in settings with 5% mono-

INH resistant TB (Supplement Table 2). MDR-Failure was also more cost-effective when the 

duration of hospitalization during MDR treatment was shorter, as low as $664 per DALY gained 

when there was no hospitalization, and less cost-effective when it was long, as high as $25,044 

per DALY gained when there were 6 months of hospitalization. When we used the WHO-

recommended discount rates of 6% for costs and 0% for health outcomes findings remained 

similar. 

 

Results of probabilistic sensitivity analyses are shown in Figure 2A-D. As seen in the figures, 

the incremental costs of the EMB-Initial strategy varied widely, as did DALY’s gained or lost, 

although in the majority of the simulations this strategy led to fewer DALYs than the Standard 

strategy. On the other hand, the Str-Retreat and MDR-failure strategies consistently led to more 

DALYs, with a much narrower range of incremental costs, centred around no difference, 

compared to the Standard strategy.  

 

Based on these analyses, cost-effectiveness acceptability curves comparing the three individual 

strategies to the baseline strategy, Standard, were created (Supplement Figure 1).  EMB-Initial 

was least likely to be cost-effective in terms of cost per DALY gained compared to Standard 

among the three alternative strategies in all settings, its probability of cost-effectiveness ranged 
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from 11.7% to 23.7%. After accounting for statistical uncertainty, MDR-Failures becomes more 

likely to be cost-effective compared to Standard than both Str-Retreat and EMB-Initial as the 

willingness-to-pay amount per DALY gained increases. However, Str-Retreat is more likely to 

be cost-effective when the willingness-to-pay amount is: below $4848/DALY gained for low 

prevalence of mono-INH resistance (5%) and MDR-TB (1%); below $4560/DALY gained for 

high mono-INH resistance (15%) and low MDR-TB prevalence; below $2448/DALY gained for 

low mono-INH resistance and high MDR-TB (10%) prevalence; and below $2648/DALY gained 

for high mono-INH resistance and high MDR-TB prevalence. 

 

DISCUSSION  

 

This study provides evidence that a treatment strategy incorporating a strengthened retreatment 

regimen containing at least one second-line drug could lead to both cost-savings and increased 

treatment effectiveness in terms of disability-adjusted life years gained, MDR-TB cases averted 

and TB-related deaths averted, than one using the standard WHO retreatment regimen. This 

finding was true in settings with varying prevalence of drug resistance, and in several one-way 

sensitivity analyses. However, despite the robustness of the finding this treatment strategy would 

avert fewer MDR cases and lead to less cost savings than adding EMB to the initial treatment, 

and would avert fewer TB deaths than either adding EMB to initial treatment or giving a 

standardized MDR regimen to failures of initial treatment. 

 

We estimated that adding EMB throughout the initial standardized treatment would lead to a loss 

of 237 to 660 DALYs per 100,000 patients compared to the standardized WHO initial treatment 

in four settings with widely different prevalence of drug resistance. This suggests that the 

benefits of averting MDR-TB cases and related deaths may be outweighed by the disability 

endured by a larger number of patients who develop blindness. However, we found that if the 

assumed risk of developing blindness from six to eight months of EMB was lower than 

approximately 0.1%, then adding EMB to the initial standardized regimen would lead to gains in 

DALYs, with fewer MDR-TB and deaths, and net cost savings compared to the standard initial 

regimen. A recently published systematic review and meta-analysis estimated that the risk of 

EMB-induced blindness was 0.23% (95% CI 0.0-0.61 %).[14] Given these confidence intervals 

it is possible that the health gains of adding EMB could outweigh the risk of blindness, in 

settings with higher prevalence of INH resistance.  
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To assess one of the new treatment recommendations of WHO,[15] we examined the costs and 

treatment outcomes of empirically treating all patients who failed initial treatment with an MDR 

regimen. Comparing this MDR-failure strategy to the Standard treatment strategy, the cost per 

DALY gained ranged from $2,857 to $5,745.  This would be considered cost-effective in most 

middle-income countries that have a per capita gross national income (GNI) above that range - a 

commonly used ICER threshold.[46-49] This strategy was also the most likely to be cost-

effective compared to the other alternative strategies if the willingness to pay ICER threshold 

exceeded $4560 per DALY gained. 

 

Limitations of the study 

There are several limitations of this study.  In our model, we analyzed closed cohorts of TB 

patients, and did not model disease transmission. However, this would likely result in an under-

estimate of the benefits of treatment strategies that averted MDR-TB cases – as this would also 

prevent transmission of drug-resistant strains of TB. A recently published systematic review of 

the impact of TB on health-related quality of life (HRQL) reported that longer duration of TB 

disease, or having MDR-TB, were associated with poorer HRQL.[50] Since we did not account 

for these differences in our model, it is possible that the average DALYs per patient were 

overestimated – particularly for patients who received more than one treatment, or had MDR-

TB. Furthermore, there is likely more morbidity associated with the MDR regimen compared to 

other treatment regimens than accounted for by a uniform disability weight applied to all patients 

with active TB, regardless of treatment. Thus, the effectiveness of treating failures from initial 

treatment with an MDR regimen could have been overestimated.  

 

Estimates of treatment outcomes were taken from systematic reviews and meta-analyses 

whenever possible in order to improve precision, and reduce potential biases from selecting a 

small sample of individual studies known to the investigators. However there was little published 

evidence for the treatment outcomes of the alternative regimens we considered. We 

conservatively assumed that a retreatment regimen strengthened with a second-line drug would 

not improve treatment outcomes for patients with MDR-TB compared to the standard WHO 

retreatment regimen – however, this could have underestimated the effectiveness of using the 

strengthened retreatment regimen. Furthermore, our estimated treatment-related costs were based 

on studies conducted in Ecuador, which may not be generalizable to other settings, particularly 
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those with different TB treatment practices and from different income settings.  Hence we 

examined these uncertainties by performing extensive sensitivity analyses. In addition, we were 

not able to explicitly consider HIV in the model due to the paucity of published estimates of 

treatment outcomes in HIV co-infected patients with DR-TB treated with various regimens. 

Some studies have shown previously that co-infected patients may experience greater risks of 

relapse and mortality, while others have not found any significant differences in treatment 

outcome.[51-54]  

 

Policy Implications 

This study has shown prevention and treatment of DR-TB is complex, and requires careful 

consideration of health benefits, costs, and treatment-related morbidities like EMB-induced 

blindness. This study also found empiric treatment of all patients who fail initial treatment with 

an MDR regimen could avert a large number of TB-related deaths. However, this would be at the 

cost of treating many patients with lengthy and toxic MDR treatment who would not need this. 

Furthermore, this strategy would not avert MDR-TB and would have little additional societal 

impact. The analyses presented in this study provide supportive evidence for strengthening the 

standard retreatment regimen. This strategy could potentially lead to cost-savings, and avert 

MDR-TB cases and TB-related deaths, even in settings with relatively low prevalence of mono-

INH-resistant TB. 
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 Table 1. Model parameters: Values and Sources.*  

Parameter  Base‐
Case 
Value 

Range used 
in 
sensitivity 
analysis 

Source

Starting Age  36  18 – 60 Estimated based on cost surveys 

TB‐related mortality rates (%)    

Drug‐susceptible or Mono/Polyresistant TB 

Initial Std/Inital EMB  4  2‐8 WHO [31]

Retreat Std/Retreat Str/MDR Std  7  4‐11 WHO [31]

RMP‐resistant/MDR‐TB    

Non‐MDR‐regimen   33  30‐40 Assumed same as untreated TB [55] 

MDR Std   11  9‐13 Johnston, et al. [32]

Other mortality rates 

Untreated TB (%)  33  30‐40 Rieder [55]

Non‐TB‐related mortality (%)  age‐specific WHO [56]

Blindness  3.5x age‐specific 
mortality rate 

Remme [57]

Probability of EMB‐induced blindness (%) 

    Initial Std  0.0  0.0 EMB in first two months assumed no blindness

Initial EMB/Retreat Std/Retreat Str 
(EMB for 6‐8 months) 

0.23  0‐0.61 Ezer [14]

MDR Std (EMB for 24 months)  0.46  0‐0.99 Assumed double the risk from retreatment due to 
longer treatment duration 

Treatment default rate (%)    

Drug‐susceptible or Mono/Polyresistant TB 

Al Initial regimens (6 months)  8  4 – 15  WHO [31]

All 8 month retreatment regimens  15  4 – 30 WHO [31]

MDR treatment  14.7  11.2 – 19.0 Assumed same as MDR‐TB [32] 

RMP‐resistant/MDR‐TB    

Non‐MDR‐regimen   0.0  0.0 Assumed that patients would only die, fail or 
spontaneously cure 

MDR Std  14.7  11.2 – 19.0 Johnston, et al. [32]

Treatment failure rate (%)   

Drug‐susceptible TB   

Any regimen    0.3  0.1 – 0.4 Menzies, et al. [58]

Mono/Polyresistant TB   

Initial Std/Initial EMB  2.8  0.7 – 14.7 Menzies, et al. [58]

Retreat Std  7.4  0 – 15.1 Menzies, et al. [3]

Retreat Str  3.7  0 – 15.1 Assumed half the rate of 1st‐line retreatment [3]

MDR Std  0.4  0 – 1.5 Estimated from Menzies, et al. [3] 

RMP‐resistant/MDR‐TB    

Non‐MDR‐regimen   42  35 – 45 Assumed that patients could only die or 
spontaneously cure – and remainder failed [55, 59] 

MDR Std  8  5 – 11 Johnston, et al. [32]

Probability of relapse (%)   

Drug‐susceptible TB   
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Any regimen    3.7  2.8 – 4.7 Menzies, et al. [58]

Mono/Polyresistant TB   

Initial Std/Initial EMB   11.4  6.5 – 16.2 Menzies, et al. [58]

Retreat Std  4.6  4.0 – 14.5 Menzies, et al. [3]

Retreat Str  2.3  2.0 – 14.5 Assumed half the rate of 1st‐line retreatment [3]

MDR Std  2.6  0 – 7.9 Estimated from Menzies, et al. [3] 

RMP‐resistant/MDR‐TB    

Non‐MDR‐regimen   2.5  1.3 – 2.5 Reported relapse rate among untreated TB cases 
who had spontaneous cures [59] 

MDR Std  2.0  4.0 – 14.5 Johnston, et al. [32]

Probability of acquired mono INH resistant TB among treatment failures (%)

Drug‐susceptible TB   

Initial Std    44.2  Calculated using data from Menzies, et al. [58]

Initial EMB/Retreat Std   22.1  Assumed half the rate of standardized initial 
regimen [58] 

Retreat Str/MDR Std  0.0  0.0 No INH in regimen

Probability of acquired mono INH resistant TB among those who default/relapse (%)

Drug‐susceptible TB   

Initial Std    3.0  Calculated using data from Menzies, et al. [58]

Initial EMB/Retreat Std   1.5  Assumed half the rate of standardized initial 
regimen [58] 

Retreat Str/MDR Std  0.0  0.0 No INH in regimen

Probability of acquired RMP‐resistant/MDR‐TB among treatment failures (%)

Drug‐susceptible TB   

Initial Std    17.3  Calculated using data from Menzies, et al. [58]

Initial EMB/Retreat Std   8.7  Assumed half the rate of standardized initial 
regimen [58] 

Retreat Str/MDR Std  0.0  0.0 No INH in regimen

Mono/Polyresistant TB   

Initial Std   85.7  Calculated from data in Menzies, et al. [3] 

Initial EMB/Retreat Std  42.9  Assumed half the rate of Initial Std [3] 

Retreat Str  21.5  Assumed half the rate of 1st‐line retreatment [3]

MDR Std  0.0  0.0 No INH or RMP in regimen

Probability of acquired RMP‐resistant/MDR‐TB among those who default/relapse (%)

Drug‐susceptible TB   

Initial Std    2.3  Calculated from data in Menzies, et al. [58] 

Initial EMB/Retreat Std   1.15  Assumed half the rate of initial regimen [58] 

Retreat Str/MDR Std  0.0  0.0 No INH or RMP in regimen

Mono/Polyresistant TB   

Initial Std   8.8  Calculated from data in Menzies, et al. [3] 

Initial EMB/Retreat Std  4.4  Assumed half the rate of initial regimen [3] 

Retreat Str  2.2  Assumed half the rate of 1st‐line retreatment [3]

MDR Std  0.0  0.0 No INH or RMP in regimen

Cure rate after treatment default (%)   

Drug‐susceptible or 
Mono/polyresistant TB 

62  25 ‐ 70 Chee, et al.  [60]

*All probabilities are based on end‐of‐treatment outcomes unless otherwise noted. 

 Treatment default rates include patients who default treatment and those who transfer out. We assumed that 
treatment outcomes of transfers‐out were equivalent to those of default [61]. 
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 We assumed that patients with MDR‐TB not treated with the standardized MDR regimen experience only 3 
treatment outcomes: fail, die or spontaneously cure; 0% of MDR‐TB patients default. 

 

 

Table 2. Final Treatment‐Related Outcomes in contexts with different prevalence of mono‐INH resistant and MDR‐
TB  

Treatment 
Strategy  

Average  
Cost per 
Patient (INT$, 
95% CI)  

Blind 
(95% CI) 

Default  
(95% CI) 

Fail  
(95% CI) 

Relapse 
(95% CI) 

Acquire 
Mono‐INH 
(95% CI) 

Acquire 
MDR  
(95% CI) 

TB Deaths 
 (95% CI) 

5% Mono‐INH resistant TB; 1% MDR‐TB (n=100,000)

Standard  4697  
(4600, 4794) 

21  
(21, 21) 

9037  
(8979, 9095)

1295
(1290, 1300)

3917
(3908, 3926) 

344
(342, 346) 

407 
(404, 410) 

5207 
(5177, 5237)

EMB‐Initial  4687  
(4592, 4782) 

251  
(247, 255) 

9053  
(8995, 9111)

1209
(1204, 1214)

3905
(3896, 3914) 

179
(178, 180) 

221  
(219, 223) 

5138 
(5108, 5168)

Str‐Retreat  4697  
(4600, 4794) 

21  
(21, 21) 

9029  
(8971, 9087)

1258
(1253, 1263)

3889
(3880, 3898) 

332
(330, 334) 

375  
(372, 378) 

5194 
(5164, 5224)

MDR‐Failures  4732  
(4635, 4829) 

22  
(22, 22) 

9076  
(9018, 9134)

1070
(1066, 1074)

3895
(3886, 3904) 

344
(342, 346) 

401  
(334, 342) 

5132 
(5102, 5162)

15% Mono‐INH resistant TB; 1% MDR‐TB (n=100,000)

Standard  4771  
(4668, 4874) 

24  
(24, 24) 

9161  
(9103, 9220)

1780
(1765, 1795)

4618
(4606, 4630) 

308
(306, 310) 

781  
(772, 790) 

5419 
(5389, 5449)

EMB‐Initial  4756 
(4659, 4853) 

254  
(250, 258) 

9194  
(9135, 9253)

1634
(1627, 1647)

4604
(4593, 4615) 

160
(159, 161) 

434  
(429, 439) 

5291 
(5261, 5321)

Str‐Retreat  4763  
(4660, 4866) 

24  
(24, 24) 

9143  
(9085, 9201)

1697
(1685, 1712)

4559
(4548, 4570) 

297
(295, 299) 

720  
(711, 729) 

5392 
(5362, 5422)

MDR‐Failures  4814  
(4711, 4917) 

25  
(24, 24) 

9218  
(9160, 9226)

1467
(1456, 1478)

4589
(4577, 4601) 

307
(305, 309) 

775  
(766, 784) 

5310 
(5280, 5340)

5% Mono‐INH resistant TB; 10% MDR‐TB (n=100,000)

Standard  5009  
(4910, 5108) 

36  
(36, 36) 

8469  
(8416, 8522)

6856
(6845, 6867)

4159
(4150, 4168) 

311
(309, 313) 

387  
(384, 390) 

9593 
(9565, 9621)

EMB‐Initial  5000  
(4900, 5100) 

266  
(262, 270) 

8484  
(8431, 8537)

6774
(6764, 6784)

4144
(4135, 4153) 

161
(160, 162) 

210  
(208, 212) 

9526 
(5261, 5321)

Str‐Retreat  5009  
(4909, 5109) 

36  
(35, 37) 

8461  
(8408, 8514)

6820
(6809, 6831)

4127
(4118, 4136) 

300
(298, 302) 

357  
(354, 360) 

9580 
(9552, 9608)

MDR‐Failures  5157  
(5057, 5257) 

38  
(37, 39) 

8803  
(8750, 8856)

5252
(5245, 5259)

4020
(4011, 4029) 

311
(309, 313) 

382  
(379, 385) 

8963 
(8935, 8991)

15% Mono‐INH resistant TB; 10% MDR‐TB (n=100,000)

Standard  5084 
(4985, 5183) 

40  
(39, 41) 

8593  
(8540, 8646)

7341
(7324, 7358)

4860
(4849, 4871) 

275
(273, 277) 

761  
(752, 770) 

9805 
(9777, 9833)

EMB‐Initial  5069  
(4970, 5168) 

269  
(265, 273) 

8626  
(8573, 8679)

7199
(7183, 7215)

4843
(4832, 4854) 

142
(141, 143) 

424  
(419, 429) 

9680 
(9657, 9708)

Str‐Retreat  5075  
(4976, 5174) 

39  
(38, 40) 

8575  
(8522, 8628)

7259
(7242, 7276)

4797
(4786, 4808) 

265
(263, 267) 

702  
(693, 711) 

9778 
(9750, 9806)

MDR‐Failures  5240  
(5141, 5339) 

41  
(40, 42) 

8945 
(8892, 8998)

5649
(5637, 5661)

4714
(4703, 4725) 

274
(272, 276) 

755  
(746, 764) 

9141 
(9114, 9168)

 Model results were based on hypothetical cohorts of 100,000 smear‐positive TB patients.  95% confidence 
intervals (95% CIs) are based on the probability sensitivity analyses results of 10,000 Monte Carlo simulations. 
 Ecuador treatment costs were used for estimating the average cost. 
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Table 3. Incremental Analysis of Costs and Health Outcomes in settings with different prevalence of mono‐INH 

resistant and MDR‐TB   

Treatment 
Strategy  

Change in 
cost per 
patient 
(INT$)  

Cases of 
MDR‐TB 
averted§ 

TB deaths 

averted 
Change in 

DALY 

Cost per 
MDR case 
averted 
(INT$) 

Cost per 
TB death 
averted 
(INT$) 

Cost per DALY 
gained (INT$) 

5% Mono‐INH resistant TB; 1% MDR‐TB (n=100,000)

Standard  (ref)  (ref)  (ref) (ref) (ref) (ref)  (ref) 
EMB‐Initial  ‐10  

(‐145, 125) 
186  
(184, 188) 

69
(69, 69)  

‐641
(‐660, ‐622) 

Dominant Dominant  Less effective

Str‐Retreat  0  
(‐9, 9) 

32  
(32, 32) 

13
(13, 13) 

91
(90, 92) 

Dominant Dominant  Dominant

MDR‐Failures  35  
(34, 36) 

6  
(6, 6) 

75
(74, 76) 

613
(609, 617) 

586,978 46,958  5,745 

15% Mono‐INH resistant TB; 1% MDR‐TB (n=100,000)

Standard  (ref)  (ref)  (ref) (ref) (ref) (ref)  (ref) 
EMB‐Initial  ‐15  

(‐156, 126) 
347  
(343, 351) 

128
(127, 129)

‐237
(‐258, ‐216) 

Dominant Dominant  Less effective

Str‐Retreat  ‐8  
(‐18, 2) 

61 
(60, 62) 

27
(27, 27) 

191
(189, 193) 

Dominant Dominant  Dominant

MDR‐Failures  43  
(41, 45) 

6  
(6, 6) 

109
(107, 111)

889
(878, 900) 

721,168 39,697  4,867 

5% Mono‐INH resistant TB; 10% MDR‐TB (n=100,000)

Standard  (ref)  (ref)  (ref) (ref) (ref) (ref)  (ref) 
EMB‐Initial  ‐9  

(‐149, 131) 
177  
(175, 179) 

67
(67, 67) 

‐660
(‐679, ‐641) 

Dominant Dominant  Less effective

Str‐Retreat  0  
(‐9, 9) 

30  
(30, 30) 

13
(13, 13) 

91
(90, 92) 

Dominant Dominant  Dominant

MDR‐Failures  148  
(142, 154) 

5  
(5, 5) 

630
(627, 633)

5,177
(5157, 5197) 

2,958,162 23,477  2,857 

15% Mono‐INH resistant TB; 10% MDR‐TB (n=100,000)

Standard  (ref)  (ref)  (ref) (ref) (ref) (ref)  (ref) 
EMB‐Initial  ‐14  

(‐154, 124) 
337  
(333, 341) 

125
(124, 126)

‐255
(‐276, ‐234) 

Dominant Dominant  Less effective

Str‐Retreat  ‐8  
(‐19, 1) 

59 
(58, 60) 

27
(27, 27) 

192
(191, 193) 

Dominant Dominant  Dominant

MDR‐Failures  156  
(149, 163) 

6  
(6, 6) 

664
(660, 668)

5,454
(5432, 5476) 

2,599,325 23,488  2,860 

 Model results were based on hypothetical cohorts of 100,000 smear‐positive TB patients. 95% confidence 
intervals (95% CIs) are based on the probability sensitivity analyses results of 10,000 Monte Carlo simulations. A 
strategy was dominant if it was more effective and less costly.  
 Ecuador treatment costs were used for estimating the average cost. A negative change indicates the strategy is 
less costly than the Standard strategy. 
§ A negative change indicates the strategy produces fewer new cases of blindness than Standard.  

 These are patients who remain uncured after receiving the MDR regimen. A negative change indicates the 
strategy produces fewer chronic TB cases than Standard.  

 A positive change indicates the strategy produces a gain in DALY compared to the Standard strategy. A negative 
change indicates the strategy is less effective than Standard in terms of DALY. 
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Table 4. One‐way sensitivity analysis of individual parameters in the model 

Treatment 
Strategy 

Cost per MDR case Averted 
(INT$) Range (low‐high)  

Cost per TB Death averted 
(INT$) Range (low‐high)  

Cost per DALY gained (INT$) 
Range 
(low‐high) 

4A: Prevalence of mono‐INH resistant TB among new TB patients (5‐60%)

1% MDR‐TB 

Standard  (ref)  (ref) (ref)

EMB‐Initial  Always dominant  Always dominant  Less effective to dominant (>21%)

Str‐Retreat  Always dominant   Always dominant  Always dominant  

MDR‐Failures  639,962 – 795,014  52,456 ‐ 30,460 6,387 – 3,717 

10% MDR‐TB 

Standard  (ref)  (ref) (ref)

EMB‐Initial  Always dominant   Always dominant  Less effective to dominant (>21%)

Str‐Retreat  Always dominant   Always dominant  Always dominant  

MDR‐Failures  3,617,188 – 1,921,908  23,450 – 23,553 2,856 – 2,867 

4B: Prevalence of MDR‐TB among new TB patients (1‐20%)

5% Mono‐INH resistant TB 

Standard  (ref)  (ref) (ref)

EMB‐Initial  Always dominant   Always dominant  Always less effective 

Str‐Retreat  Always dominant   Always dominant  Always dominant  

MDR‐Failures  586,978 – 6,827,963  46,958 – 21,885 5,745 – 2,665 

15% Mono‐INH resistant TB 

Standard  (ref)  (ref) (ref)

EMB‐Initial  Always dominant   Always dominant  Always less effective 

Str‐Retreat  Always dominant   Always dominant  Always dominant  

MDR‐Failures  721,168 – 4,686,166  39,697 – 21,932 4,867 – 2,671 

A strategy was dominant if it was more effective and less costly. The ICER ranges correspond to results when the 
input parameter is varied from low to high. If the incremental cost‐effectiveness changes from a number to either 
“dominant” or “less effective”, or vice versa, the threshold values of the corresponding input parameter are 
indicated in parentheses.  
 Ecuador treatment costs were used for estimating the average cost. 
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Figure 1. Schematic representation of decision analytic model.   
The ovals represent seven different Markov health states. The square node on the left 
represents the initial decision regarding which treatment strategy to apply. The circle nodes 
are probability nodes, meaning a predefined probability at that node determined the 
outcome thereafter.  These probability nodes make up the probability tree that patients go 
through to determine their next Markov state after every cycle spent in a “under treatment” 
Markov state. Throughout the 10-year time horizon, patients transitioned between the 
Markov states based on transition probabilities. The Markov state “Dead” is an absorbing 
state, which means once patients entered the ‘Dead’ state, they could not transition to other 
states. Patients entered the “Live with untreated TB” state only if they failed, defaulted or 
relapsed after receiving the standardized MDR regimen. If a patient entered the “Cured” 
Markov state, they could relapse within the next one-year cycle. 

Markov 
Model 



Figure 2. Probability sensitivity analyses of incremental cost vs. incremental change in average DALY per 
patient, comparing alternative treatment strategies to Standard  
The analyses were performed using 10,000 second-order Monte Carlo simulation trials in the four settings: A) 
5% mono-INH resistant TB and 1% MDR-TB; B) 15% mono-INH resistant TB and 1% MDR-TB; C) 5% mono-INH 
resistant TB and 10% MDR-TB; and D) 15% mono-INH resistant TB and 10% MDR-TB. Average DALYs gained or 
lost per patient comparing each strategy (EMB-Initial, Str-Retreat, MDR-Failures) to Standard is shown on the 
x-axis, and the change in average cost per patient is shown on the y-axis. Each black circle represents the result 
of one simulation trial. The ellipse depicts the 95% confidence interval of the incremental cost and incremental 
effectiveness estimates.  
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