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Abstract

Background: The optimal treatment for latent multiple-drug resistant tuberculosis infection remains unclear. In anticipation
of future clinical trials, we modeled the expected performance of six potential regimens for treatment of latent multiple-
drug resistant tuberculosis.

Methods: A computerized Markov model to analyze the total cost of treatment for six different regimens: Pyrazinamide/
ethambutol, moxifloxacin monotherapy, moxifloxacin/pyrazinamide, moxifloxacin/ethambutol, moxifloxacin/ethionamide,
and moxifloxacin/PA-824. Efficacy estimates were extrapolated from mouse models and examined over a wide range of
assumptions.

Results: In the base-case, moxifloxacin monotherapy was the lowest cost strategy, but moxifloxacin/ethambutol was cost-
effective at an incremental cost-effectiveness ratio of $21,252 per quality-adjusted life-year. Both pyrazinamide-containing
regimens were dominated due to their toxicity. A hypothetical regimen of low toxicity and even modest efficacy was cost-
effective compared to ‘‘no treatment.’’

Conclusion: In our model, moxifloxacin/ethambutol was the preferred treatment strategy under a wide range of
assumptions; pyrazinamide-containing regimens fared poorly because of high rates of toxicity. Although more data are
needed on efficacy of treatments for latent MDR-TB infection, data on toxicity and treatment discontinuation, which are
easier to obtain, could have a substantial impact on public health practice.

Citation: Holland DP, Sanders GD, Hamilton CD, Stout JE (2012) Strategies for Treating Latent Multiple-Drug Resistant Tuberculosis: A Decision Analysis. PLoS
ONE 7(1): e30194. doi:10.1371/journal.pone.0030194
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Introduction

Although the incidence of multiple-drug resistant tuberculosis

(MDR-TB, defined as resistance to isoniazid plus rifampin) in

countries with developed market economies is low, MDR-TB

incidence is high in many parts of the world [1]. The relative ease

of travel between these countries and countries with low TB

incidence facilitates the spread of transmissible diseases such as

MDR-TB. Therefore, the development of strategies to contain the

spread of MDR-TB is important not only for the developing world

but for countries with low MDR-TB incidence as well.

One such strategy is the prevention of active MDR-TB through

effective treatment during the latent phase of TB infection (LTBI).

Unfortunately, no treatment regimens for latent MDR-TB

infection have been tested in a randomized, controlled human

trial [2]. Based on animal models, case series, and expert opinion,

two preventive regimens are currently recommended by the U.S.

Centers for Disease Control and Prevention (CDC): Pyrazinamide

plus ethambutol or pyrazinamide plus a fluoroquinolone (such as

moxifloxacin), each for 6–12 months [3]. However, both regimens

have high rates of toxicity [4–7]. For immunocompetent

individuals, careful follow-up without treatment is also considered

a reasonable option. Therefore, the question of how to treat latent

MDR-TB infection (MDR-LTBI) – or even whether to treat it –

remains controversial.

Part of the solution may be found in new drugs currently in

development for the treatment of active TB. One of these drugs,

PA-824, has excellent sterilizing activity [8] and would therefore

be expected to have utility in the treatment of LTBI. Furthermore,

because of its novel mechanisms of action [9], it has activity

against MDR-TB [10]. The role of this and other new drugs in

treating latent MDR-TB infection is an area of much interest.

To help answer these questions about current and future

treatment of latent MDR-TB infection, Nuermberger and colleagues

employed a murine model of arrested TB to compare several

different regimens for the treatment of MDR-LTB [11]. Although

the mouse model is an imperfect representation of human LTBI, the

model has successfully identified two regimens for treating drug-

susceptible LTBI, rifampin plus pyrazinamide and isoniazid plus

rifapentine, which have proven efficacious in clinical trials [12–14].

Anticipating clinical trials based on similar murine models, we

sought to define the key parameters that would make a future
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regimen potentially an effective and cost-effective strategy. Such

parameters and the impact of the uncertainty underlying their

estimates will be important for designing clinical trials to test

potential regimens. Therefore, we designed a mathematical model

to compare the expected performance of six potential regimens

over a range of clinically plausible estimates to provide useful

information to public health practitioners in the treatment of latent

MDR-TB infection.

Materials and Methods

Using TreeAge Pro (release 1.0.2, 2009, TreeAge Software,

Inc., Williamstown, MA), we created a Markov model [15]

(Figure 1) of a hypothetical exposure of MDR-TB in a cohort of

individuals otherwise at low risk for TB. We compared six different

treatment regimens (plus a strategy of ‘‘no treatment’’):

1. Pyrazinamide 1,500 mg plus ethambutol 1,600 mg (ZEmb)

2. Moxifloxacin 400 mg monotherapy (M)

3. Moxifloxacin 400 mg plus pyrazinamide 1,500 mg (MZ)

4. Moxifloxacin 400 mg plus ethambutol 1,600 mg (MEmb)

5. Moxifloxacin 400 mg plus ethionamide 1,000 mg (MEth)

6. Moxifloxacin 400 mg plus PA-824 400 mg (MP)

7. No treatment

Infecting MDR organisms were assumed to be susceptible to all

drugs in the model.

To account for excess cost associated with treating individuals

testing falsely positive on available diagnostic tests, we assumed

that only a portion of the cohort became infected after exposure

(10% in the base-case, see below). A test for LTBI was then

applied, the sensitivity and specificity of which was varied to

simulate either tuberculin skin testing (TST) or interferon gamma

release assay testing. Individuals were either treated or not treated

based on the results of this test. Because individuals in the cohort

were assumed to be at low risk for prior TB infection, all active

cases were assumed to be multi-drug resistant.

The model was analyzed from the societal perspective using

cycles of one month duration. Payoffs were calculated for costs and

quality-adjusted life-years (QALY) based on U.S. data. Costs and

life-years were discounted at 3%. Incremental cost-effectiveness

ratios (ICER) were calculated for each regimen, with a willingness-

to-pay threshold of $50,000 per QALY chosen to determine cost-

effectiveness. All costs were based on U.S. public health pricing

and were converted to 2009 U.S. dollars using the Gross Domestic

Product deflator [16].

Transition probabilities
The initial probabilities and utility adjustments used in the

model are shown in Tables 1 and 2.

To determine the probability of infection after exposure, we

started with North Carolina TB surveillance data (Aggregate

Reports for Tuberculosis Program Evaluation, unpublished). For

2009, 16% of close contacts to active cases had a positive TST.

However, because over 4% of individuals in the U.S. have a

positive TST at baseline [28], we assumed a probability of new

infection of 10%.

For recently-infected contacts to an active case of drug-

susceptible TB, the lifetime risk of progressing from LTBI to

active TB is estimated at 7%, with approximately half of the

disease occurring in the first two years [3,17]. However, compared

with fully-susceptible strains, drug-resistant strains appear to be

somewhat less virulent [29–32], generating about half the number

of secondary cases [20]. Because contacts to MDR-TB appear to

have equal rates of TST positivity [33], the evidence suggests that

MDR strains are just as infectious as drug susceptible strains, but

patients infected with MDR strains are less likely to activate.

Therefore, we adjusted our base-case estimate of lifetime risk

down to 4%, while exploring higher rates of activation in the

sensitivity analysis.

Members of the MDR-TB-exposed cohort who developed

active TB were assumed to infect other individuals, some of whom

would eventually develop active TB. A previously-described model

of drug-susceptible TB suggests that each case of active TB in the

U.S. will result in approximately 1.2 additional future cases

through successive transmission distributed over 44 years [21], but

due to the lower number of secondary cases generated by MDR

strains (as mentioned above), we adjusted the base-case estimate to

0.6. These assumptions were explored in sensitivity analyses.

Assumptions
We extrapolated initial efficacy estimates from Nuermberger

and colleagues’ data on murine splenic culture sterilization. In

their experiments, the six drug regimens and a control regimen of

isoniazid were each given to experimentally-infected mice for six

months, after which splenic cultures were obtained. To obtain our

estimates, we ranked the regimens in order of their efficacy in the

mice, and then divided the regimens into quintiles. Using isoniazid

as a reference, we extrapolated the efficacy of each quintile,

assuming that all regimens had at least partial efficacy. The

estimates used in the model are listed in Table 1 and explored in

sensitivity analyses.

We assumed that the risk of treatment-limiting adverse events

for moxifloxacin was the same as for other quinolones. Under this

assumption, data on the tolerability of pyrazinamide/ethambutol

and moxifloxacin/pyrazinamide was taken directly from available

literature [4–7,27]. Data suggest that there is little additional

toxicity when fluoroquinolones are given as part of a larger TB

treatment regimen [19,34] and fluoroquinolone monotherapy

appears to be relatively well-tolerated [35], so we assumed that

moxifloxacin monotherapy has a toxicity profile similar to

isoniazid. No data for tolerability of moxifloxacin/ethambutol or

moxifloxacin/ethionamide exist, so we used toxicity rates

published for ethambutol and ethionamide in active MDR-TB

to estimate their additional toxicity [19]. Likewise, no data on the

administration of PA-824 beyond seven weeks has been published

[36], but we assumed in our base-case analysis that it had a similar

tolerability profile to moxifloxacin monotherapy.

Although no cases series for treatment of MDR-LTBI have

reported toxicity resulting in death, numbers are quite low. Based

on data from isoniazid monotherapy, we assumed that 1% patients

who experience treatment-limited toxicity would require hospital-

ization and that of those patients, 1% would die [18]. These

toxicity estimates are shown in Table 2.

Case series suggest that the mortality of active MDR-TB is

approximately 12% [19]. We assumed that half of these patients

would die within the first month of treatment of active disease

[37], with the balance distributed throughout the remainder of

treatment. The risk of non-TB death was taken from age-specific

mortality tables [38].

In case series of pyrazinamide-containing regimens, some

individuals discontinued medications prematurely but did not

experience serious side effects. Although low numbers preclude an

accurate estimate, the proportion of patients in these series who

stopped due to non-adherence appears to be similar to non-

completion rates reported in studies of isoniazid. Therefore, we

assumed that 80% of individuals not experiencing toxicity would

Strategies for Treating Latent MDR-TB
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Figure 1. Schematic of decision tree. A. Primary tree showing decision point between regimens and probability of a positive or negative test
given presence or absence of infection. B. Positive test subtree. Individuals begin ‘‘on treatment’’ then move to ‘‘off treatment’’ due to toxicity, non-
adherence, or treatment completion. Patients in ‘‘off treatment’’ can develop active disease and move to ‘‘TB treatment;’’ after treatment for active
disease, they move to ‘‘prior TB.’’ Age-related mortality and death from TB or toxicity is also included. The negative test subtree is similar to the
positive test subtree without the ‘‘on treatment’’ branch. Abbreviations: MZ = moxifloxacin+pyrazinamide, ZEmb = pyrazinamide+ethambutol,
MEth = Moxifloxacin+ethionamide, MP = moxifloxacin+PA-824, M = moxifloxacin monotherapy.
doi:10.1371/journal.pone.0030194.g001
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complete four months of each regimen and 64% would complete

six months [24,25]. Therefore, 5% of individuals would discon-

tinue therapy each month for the first four months and 8% would

discontinue therapy each month thereafter (Table 2). We

assumed that these individuals were lost to follow up and did

not restart treatment [25].

Because some health states in our model are associated with

lower quality of life, we included utility adjustments to life-years for

patient transitioning through these health states (shown in

Table 1). Data for these adjustments are limited [23], so we

tested a wide range of assumptions in sensitivity analyses.

Cost estimates
Costs for treatment of latent infection are shown in Table 3;

because we assumed that all patients within each group were

tested, costs of testing were not included. Drug prices were taken

from current North Carolina public health pharmacy costs; PA-

824 was assumed to cost the same as moxifloxacin. It was assumed

that all patients on a pyrazinamide-containing regimen and 40%

of patients on other regimens would receive monthly laboratory

monitoring. Costs associated with severe toxicity and hospitaliza-

tion were incurred only for patients experiencing those events.

Costs for treatment of active disease are shown in Table 4. We

assumed that 75% of patients with active disease would be

hospitalized, following which patients would receive directly-

observed therapy (standard of care for patients with MDR-TB)

every day for a total of 18 months. We assumed patients would

come to the clinic for intramuscular injections during the first four

months of therapy but would receive directly-observed therapy

(DOT) in the field thereafter.

Table 1. Model parameters and utility adjustments, point
estimates and ranges for sensitivity analyses.

Variable Estimate Range Source

Lifetime risk of TB 0.04 0.04–0.06 [3,17]

Proportion of patients hospitalized
for toxicity

0.1 0.05–0.2 [18]

Proportion of hospitalized patients
dying from drug toxicity

0.01 0–0.03 [18]

Probability of death from TB 0.12 0–0.12 [19]

Number of secondary cases
per active case

0.4 0–1.2 [20,21]

Initial probability of infection 0.1 0–1 (assumed)

Test characteristics for detection
of latent TB

Sensitivity 0.78 0.63–0.82 [22]

Specificity 0.95 0.59–0.99 [22]

Quality of life adjustments (life-years)

LTBI treatment 0.97 0.85–0.97 [23]

Treatment-limiting toxicity 0.75 0.65–085 (assumed)

Hospitalization 0.5 0.40–0.60 (assumed)

Treatment of active TB 0.90 0.64–0.93 [23]

Prior TB 0.95 0.85–1 (assumed)

doi:10.1371/journal.pone.0030194.t001

Table 2. Base-case estimates for protection, adherence, and
toxicity for the six regimens and ranges for sensitivity
analyses.

Variable Estimate Range Source

Risk reduction from treatment

Pyrazinamide+ethambutol (ZEmb) 0.62 0–1 [11]

Moxifloxacin+pyrazinamide (MZ) 0.90 0–1 [11]

Moxifloxacin monotherapy (M) 0.62 0–1 [11]

Moxifloxacin+ethambutol (MEmb) 0.76 0–1 [11]

Moxifloxacin+ethionamide (MEth) 0.69 0–1 [11]

Moxifloxacin+PA-824 (MP) 0.98 0–1 [11]

Non-adherence per month (no toxicity)

0–4 months 0.05 0–1 [4,5,24–26]

5–6 months 0.08 0–1

Probability of stopping from toxicity

Pyrazinamide+ethambutol (ZEmb) 0.58 0–1 [7]

Moxifloxacin+pyrazinamide (MZ) 0.67 0–1 [4–6,27]

Moxifloxacin monotherapy (M) 0.014 0–1 (assumed)

Moxifloxacin+ethambutol (MEmb) 0.04 0–1 (assumed)

Moxifloxacin+ethionamide (MEth) 0.07 0–1 [19]

Moxifloxacin+PA-824 (MP) 0.04 0–1 (assumed)

doi:10.1371/journal.pone.0030194.t002

Table 3. Costs for treating latent MDR-TB infection, point
estimates and ranges for sensitivity analyses.

Estimate Range Reference

Monthly visit costs

Nursing visit ($31.97/hr) $17.41 [39]

Labs* $7.70 [39]

Physician visit** $11.90 [39]

Total visit cost $37.01 $27.76–46.26

Drug costs

Moxifloxacin 400 mg $3.42 ***

Pyrazinamide 500 mg $0.43 ***

Ethambutol 400 mg $0.46 ***

Ethionamide 250 mg $2.10 ***

PA-824 $3.42 (assumed)

Total monthly costs

Pyrazinamide+ethambutol $129.41

Moxifloxacin+pyrazinamide $190.61

Moxifloxacin monotherapy $140.12

Moxifloxacin+Ethambutol $181.52

Moxifloxacin+Ethionamide $403.91

Moxifloxacin+PA-824 $345.32

Severe toxicity costs

Lab monitoring $161.60 [39]

Hospitalization (7 days) $5428.78 $4,071–$6,786 [40]

*Average cost of routine monitoring and evaluation for mild toxicity assuming
40% of patients will require monthly monitoring of hepatic enzymes (100% for
patients on pyrazinamide) and 1.4% will have toxicity severe enough to require a
physician evaluation but that does not limit treatment.
**Medicare cost assumed for 15 minutes of physician time for 40% of patients.
***North Carolina Public Health Pharmacy Data.
doi:10.1371/journal.pone.0030194.t003
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Sensitivity analyses
To account for parameter uncertainty, we conducted multiple

sensitivity analyses by varying the parameter estimates over the

specified ranges. Where available, we used ranges for inputs based on

published literature. For costs, we determined the range by adding or

subtracting 25% from the base case estimate. One-, two-, and three-

way sensitivity analyses were performed as appropriate. Our primary

analysis focused on the search for thresholds that could define clinical

trial parameters, primarily efficacy and toxicity for each regimen, so

estimates for these inputs were tested over a wide range.

Results

The point estimates for costs, QALY’s, and ICER’s for each

regimen are shown in Tables 5 and 6, and Figure 2. In the base

case, all regimens were associated with greater quality-adjusted life

expectancy than the ‘‘no treatment’’ strategy. Furthermore, the

‘‘no treatment’’ strategy was dominated by (more expensive and

less effective than) moxifloxacin monotherapy.

Moxifloxacin monotherapy was the lowest cost regimen (due to

relatively low treatment costs, efficacy, and tolerability), but

moxifloxacin/ethambutol was more effective than this regimen at

a cost of $21,252 per QALY. Moxifloxacin/PA-824 was the most

effective regimen, though at an ICER of $57,771 per QALY

(compared with moxifloxacin/ethambutol), given our cost-effec-

tiveness threshold of $50,000 per QALY it would not be

considered a good use of resources. All other regimens were

dominated by moxifloxacin/ethambutol.

Sensitivity Analysis
Both pyrazinamide-containing regimens (moxifloxacin/pyrazin-

amide and pyrazinamide/plus ethambutol) were substantially less

effective than the other drug regimens modeled. Because of the

extremely high rates of toxicity for these two regimens, there was

no threshold for efficacy of either regimen above which either one

became a cost-effective strategy compared with available alterna-

tives. Additionally, they would only become cost-effective

compared to moxifloxacin/ethambutol at extremely low estimates

for the protection afforded by moxifloxacin/ethambutol combi-

nation (,10%).

The overall effectiveness of a regimen was determined primarily

by its toxicity/tolerability and its efficacy. Figure 3 shows a

strategy graph comparing the moxifloxacin plus ethambutol

strategy with the ‘‘no treatment’’ strategies at various drug costs.

At base-case estimates for drug costs ($182 per month, equivalent

to the cost of moxifloxacin plus ethambutol), the drug regimen

could have a relatively low efficacy and still be cost-effective when

compared to ‘‘no treatment’’ as long as treatment-limiting toxicity

is also low. Figure 3 also shows thresholds for cost-effectiveness

for the least expensive and most expensive drug regimens ($129

and $404 per month, respectively). As an example, the dotted lines

on Figure 3 show the point estimates for toxicity and efficacy for

moxifloxacin/ethambutol, which would be cost-effective even if

the regimen costs were over $404 per month. However, a

hypothetical regimen with 60% efficacy and a severe toxicity rate

of 50% would only be cost-effective if the cost of treatment were

$129 per month (and not at $404 per month).

Table 4. Costs for treating active MDR-TB, point estimates and ranges for sensitivity analyses.

Units Cost/unit Total cost Range Reference

Diagnosis $456.84 $342–571 [41]

Inpatient treatment $24,853 $5,278–73,572 [42]

DOT costs [41,43]

Outreach worker (per hour) 1 $17.10 $17.10

Patient time (per hour) 0.1 $15.16 $1.52

Driving (miles) 10 $0.55 $5.50

Total DOT cost $24.12 $18–30

Outpatient (per month, months 1–4)

Drug 20 $30.55 $611.00 Table 2

DOT 0 $22.32 0

Nursing (30 minutes) 10 $32.62 $326.20 [41]

Pt. time per monthly visit 1.5 $15.16 $454.80 [41]

Pt. travel (10 miles @ $0.55/mile) 20 $110.00 $2,200.00 [41]

Monitoring* 4 $90.32 $361.28 [41]

Total outpatient (months 1–4) $3,953.28 $2,964–4,941

Outpatient (per month, months 5–18)

Drug 20 $25.04 $500.80 Table 2

DOT 20 $24.12 $482.32

Nursing (30 minutes) 0.5 $32.62 $16.31 [41]

Pt. time per monthly visit 1.5 $15.16 $22.74 [41]

Monitoring* 1 $90.32 $36.13 [41]

Total outpatient treatment (mos. 5–18) $1,112.49 $834–1,390

Contact tracing/testing (90% of contacts screened) 5.2 $135.71 $635.14 $478–794 [43,44]

Total per case – 18 months therapy $51,220.22

doi:10.1371/journal.pone.0030194.t004
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The cost for PA-824, which is still in development, is unknown,

but under base-case estimates for efficacy and tolerability,

moxifloxacin/PA-824 would be cost-effective compared to moxi-

floxacin/ethambutol at a cost per pill for PA-824 of $3.32 or less

(compared to the base-case $3.42). Results were not sensitive to

variations in the costs of toxicity or TB treatment over the

specified ranges.

Results were not sensitive to changes in overall adherence if the

adherence rates of all regimens (excluding discontinuation related

to toxicity) are similar. Pyrazinamide-containing regimens were

not cost-effective even if their adherence rates (not related to

toxicity) were 100%.

To account for the variable accuracy of different LTBI tests in

different populations, we performed sensitivity analysis on the test

characteristics. At a test specificity below 74 (base-case esti-

mate = 95%), none of the drug treatment regimens were cost-

effective compared to the ‘‘no treatment’’ strategy. For test

specificity between 74–86%, moxifloxacin monotherapy is the

preferred strategy. No thresholds for sensitivity were found.

If the prevalence of infection is below 2%, the ‘‘no treatment’’

strategy is preferred over all treatment options. For prevalence

between 2–4%, the preferred strategy is moxifloxacin monotherapy.

If the lifetime risk of activation is increased to 6% (baseline

estimate = 4%), both moxifloxacin/ethambutol and moxifloxacin

dominate the ‘‘no treatment’’ strategy. Furthermore, moxiflox-

acin/PA-824 becomes cost-effective compared to moxifloxacin/

ethambutol at a cost of $33,350 per QALY. Increasing the number

of secondary cases of active TB to 1.2 per active case in the cohort

(base case estimate = 0.6) also resulted in both moxifloxacin/

ethambutol and moxifloxacin dominating the ‘‘no treatment’’

strategy.

The utility of prior TB (base-case estimate 0.95) had one

threshold at 0.91 below which moxifloxacin/PA-824 became the

preferred strategy. There were no other thresholds for utility

adjustment over the specified ranges.

Discussion

In our analysis, efficacy, toxicity, and cost were the key

parameters determining the overall cost effectiveness of the

different regimens. Specifically, the tradeoff between efficacy and

toxicity was a primary parameter, in that regimens with relatively

low efficacy could be cost-effective compared to ‘‘no treatment’’ if

they are well-tolerated.

Table 5. Lifetime costs and quality-adjusted life-years (QALY) for all regimens, efficacy predicted by murine model:
MP.MZ..MEmb.MEth = Isoniazid.M = ZEmb.

Strategy Cost
Incremental
cost

Effectiveness
(QALY)

Incremental
effectiveness ICER ($/QALY)*

M $205.32 (ref) 22.68017 (ref)

No treatment $210.08 $4.75 22.67518 (0.00509) (Dominated)

MEmb $220.25 $14.93 22.68097 0.000702 $21,253

ZEmb $251.36 $31.10 22.67656 (0.00441) (Dominated)

MZ $271.85 $51.60 22.678698 (0.00399) (Dominated)

MP $301.74 $81.49 22.68238 0.00141 $57,771

MEth $368.60 $66.86 22.68029 (0.00209) (Dominated)

Regimens referenced to the lowest-cost strategy.
*Incremental cost-effectiveness ratios (ICERs) are calculated relative to next-lowest-effectiveness option.
Abbreviations: MZ = moxifloxacin+pyrazinamide, ZEmb = pyrazinamide+ethambutol, MEth = Moxifloxacin+ethionamide, MP = moxifloxacin+PA-824, M = moxifloxacin
monotherapy.
doi:10.1371/journal.pone.0030194.t005

Table 6. Lifetime costs and quality-adjusted life-years (QALY) for all regimens, efficacy predicted by murine model:
MP.MZ..MEmb.MEth = Isoniazid.M = ZEmb.

Strategy Cost Incremental Cost1 Effectiveness (QALY)
Incremental
effectiveness1 ICER ($/QALY)1

No treatment $210.08 (ref) 22.67518 (ref)

ZEmb $251.36 $41.28 22.67656 0.001381 $29,891.72

MZ $271.85 $61.77 22.67698 0.001802 $34,280.37

M $205.33 ($4.75) 22.68026 0.005087 (Dominant)

MEth $368.60 $158.52 22.68029 0.005113 $31,003.29

MEmb $220.25 $10.18 22.68097 0.00579 $1,757.49

MP $301.74 $91.66 22.68238 0.0072 $12,730.82

Regimens referenced to a strategy of ‘‘no treatment’’ and ordered by increasing effectiveness.
1Incremental costs, effectiveness, and cost-effectiveness ratios are referenced to the strategy of ‘‘no treatment.’’
Abbreviations: MZ = moxifloxacin+pyrazinamide, ZEmb = pyrazinamide+ethambutol, MEth = Moxifloxacin+ethionamide, MP = moxifloxacin+PA-824, M = moxifloxacin
monotherapy.
doi:10.1371/journal.pone.0030194.t006
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In our base-case analyses, moxifloxacin monotherapy was the

lowest cost option, though moxifloxacin/ethambutol was a cost-

effective alternative. These strategies maintained superior cost-

effectiveness over a wide range of reasonable estimates for

adherence and toxicity. The standard regimens recommended

by the CDC, pyrazinamide/ethambutol and pyrazinamide/

Figure 2. Cost-effectiveness plot for six regimens plus the ‘‘no treatment’’ strategy. Superior regimens are lower in cost (toward the left)
and greater in efficacy (toward the top). Incremental cost-effectiveness ratios (ICERs) are shown for the two most effective regimens referenced to the
strategy of ‘‘no treatment.’’ Abbreviations: MZ = moxifloxacin/pyrazinamide, ZEmb = pyrazinamide/ethambutol, MEth = moxifloxacin/ethionamide,
MP = moxifloxacin/PA-824, M = moxifloxacin monotherapy. ICER = incremental cost-effectiveness ratio in dollars per quality-adjusted life-year.
doi:10.1371/journal.pone.0030194.g002

Figure 3. Strategy graph of efficacy vs. toxicity. Solid lines indicate thresholds (‘‘isoclines’’) for indifference given monthly drug costs of $129
(pyrazinamide/ethambutol), $181 (moxifloxacin/ethambutol), and $404 (moxifloxacin/ethionamide) per month. Shaded area indicates combinations
of toxicity and efficacy for which drug treatment is cost-effective compared to the ‘‘no treatment’’ strategy beneath each of these isoclines. Dotted
lines indicate the base-case estimates for efficacy and toxicity of moxifloxacin/ethambutol.
doi:10.1371/journal.pone.0030194.g003
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moxifloxacin, while cost-effective compared to the ‘‘no treatment’’

strategy, were substantially less effective than other regimens.

Our model is subject to several limitations. First, many of the

parameters in our study are currently unsupported by human

clinical trials. However, it was not our attempt to calculate the

precise cost-effectiveness for any of the regimens, but rather to

determine their relative cost-effectiveness over a range of parameter

estimates and to determine which uncertainties within the

parameter estimates had the greatest impact on our findings and

therefore should be prioritized in future research studies.

Next, our model assumes that the MDR-TB isolates are

susceptible to most of the second-line antituberculous agents,

particularly moxifloxacin. Fluoroquinolone-resistant strains are

relatively rare among MDR-TB isolates in the U.S. [45] but are

increasingly common worldwide [46,47]. Although these strains

limit the usefulness of our model’s most effective regimens outside

of the U.S., the results should still be applicable for U.S. TB

control programs or other areas where fluoroquinolone resistance

is low.

In addition, our analysis was restricted to a population of low-

risk individuals. In high-risk individuals, such as those with human

immunodeficiency virus infection, even a slight improvement in a

regimen’s overall effectiveness will prevent a large number of

additional cases, magnifying both the health and economic benefit

from treatment. In some cases, this additional cost savings may be

enough to compensate for a more expensive regimen [48].

Lastly, the results of our model are only applicable to settings

with the overall burden of TB is low, such as in most developed

economies. We implicitly assumed that no one became re-infected

after treatment for LTBI, so any setting where the probability of

re-infection is substantial would make all treatments appear less

effective [49].

In our analysis, incremental effectiveness was small. There are

two primary reasons for this finding. First, our hypothetical cohort

was limited to otherwise healthy individuals in a developed

economy (e.g., the United States), where mortality from TB is very

low, even for MDR-TB. More importantly, however, we modeled

exposure and testing in such a way that the majority of individuals

in the cohort were not infected and were therefore did not benefit

from any treatment. Elimination of this portion of the model

increases the incremental effectiveness of the regimens, but also

increases costs.

The cost of treating MDR-TB was estimated from local

practices and drug costs. Rajbhandary et. al. calculated much

higher total costs for treating active MDR-TB (an average of

$117,440 in 2011 U.S. dollars per case) [42]. However, much of

this higher cost is due to assumptions of greater loss of productivity

(including that due to death) than in our model. Furthermore,

their study did not describe drug resistance patterns for the

patients on which the cost data were based. In an attempt to be

conservative, we assumed a ‘‘best-case’’ scenario with limited drug

resistance and no requirement for surgery. If these higher

estimates were used, all drug regimens would appear much more

cost-effective in relation to the ‘‘no treatment’’ strategy.

Of note, analysis of the sensitivity and specificity of our TB

testing strategy suggests that the ‘‘no treatment’’ strategy would be

preferred in situations where the test specificity is low. In BCG-

immunized individuals, the specificity of the tuberculin skin test

(approximately 59% [22]) is below our study’s threshold for

specificity. Therefore, if testing is to be a prelude to treatment, in

BCG-vaccinated populations exposed to MDR-TB, a test with

higher expected specificity, such as an interferon gamma release

assay, would be preferred.

The results of our study are consistent with a prior decision

analysis by Stevens and colleagues, who compared a fluoroquin-

olone plus ethambutol against a strategy of ‘‘no treatment’’ in

HIV-uninfected healthcare workers [26] and found that this drug

combination was slightly superior to no therapy. However, they

did not consider other alternatives, nor did they consider the costs

associated with treating TB or secondary cases. Because these costs

are an important factor in determining the economic viability of a

regimen, their consideration greatly assists public health officials in

choosing among available options.

Although data for our assumptions regarding PA-824 are

limited, our model suggests it (or other new drugs) is worthy of

further study. Assuming a low level of toxicity, it would be

expected to be superior to either of the standard pyrazinamide-

containing regimens and would be cost-effective compared to the

other regimens if its drug costs are lower than estimated.

Clearly, more data are needed to determine the best treatment

for latent MDR-TB infection, but even in the absence of such

data, our study suggests two important conclusions. First, our

analysis shows that regimens need not be highly efficacious to be

clinically useful so long as they are well-tolerated. Therefore, in the

absence of new efficacy data, a relatively inexpensive study

focusing on toxicity and tolerability of either the moxifloxacin/

ethambutol or moxifloxacin/PA-824 combinations (or both)

would provide important information regarding the utility of

these regimens. Second, because toxicity and tolerability were such

important determinants of the overall efficacy of the regimens in

our model (and are of particular concern for preventive therapy in

general), both pyrazinamide-containing regimens performed

poorly. Therefore, we believe that the benefit of pyrazinamide-

containing regimens for the treatment of latent MDR-TB infection

be reconsidered in favor of regimens with better expected

tolerability, moxifloxacin monotherapy or moxifloxacin plus

ethambutol.

Author Contributions

Conceived and designed the experiments: DPH GDS CDH JES.

Performed the experiments: DPH. Analyzed the data: DPH GDH JES.

Contributed reagents/materials/analysis tools: DPH GDS. Wrote the

paper: DPH.

References

1. Zignol M, Hosseini MS, Wright A, Weezenbeek CL, Nunn P, et al. (2006)

Global incidence of multidrug-resistant tuberculosis. J Infect Dis 194: 479–

485.

2. Fraser A, Paul M, Attamna A, Leibovici L (2006) Treatment of latent

tuberculosis in persons at risk for multidrug-resistant tuberculosis: systematic

review. Int J Tuberc Lung Dis 10: 19–23.

3. Centers for Disease Control and Prevention (2000) Targeted tuberculin testing

and treatment of latent tuberculosis infection. American Thoracic Society.

MMWR RecommRep 49: 1–51.

4. Horn DL, Hewlett D, Jr., Alfalla C, Peterson S, Opal SM (1994) Limited

tolerance of ofloxacin and pyrazinamide prophylaxis against tuberculosis.

NEnglJMed 330: 1241.

5. Lou HX, Shullo MA, McKaveney TP (2002) Limited tolerability of levofloxacin

and pyrazinamide for multidrug-resistant tuberculosis prophylaxis in a solid

organ transplant population. Pharmacotherapy 22: 701–704.

6. Ridzon R, Meador J, Maxwell R, Higgins K, Weismuller P, et al. (1997)

Asymptomatic hepatitis in persons who received alternative preventive therapy

with pyrazinamide and ofloxacin. ClinInfectDis 24: 1264–1265.

7. Younossian AB, Rochat T, Ketterer JP, Wacker J, Janssens JP (2005) High

hepatotoxicity of pyrazinamide and ethambutol for treatment of latent

tuberculosis. EurRespirJ 26: 462–464.

8. Hu Y, Coates AR, Mitchison DA (2008) Comparison of the sterilising activities of

the nitroimidazopyran PA-824 and moxifloxacin against persisting Mycobacterium

tuberculosis. International Journal of Tuberculosis and Lung Disease 12: 69–73.

Strategies for Treating Latent MDR-TB

PLoS ONE | www.plosone.org 8 January 2012 | Volume 7 | Issue 1 | e30194



9. Singh R, Manjunatha U, Boshoff HIM, Ha YH, Niyomrattanakit P, et al. (2008)

PA-824 Kills Nonreplicating Mycobacterium tuberculosis by Intracellular NO
Release. Science 322: 1392–1395.

10. Lenaerts AJ, Gruppo V, Marietta KS, Johnson CM, Driscoll DK, et al. (2005)

Preclinical testing of the nitroimidazopyran PA-824 for activity against
Mycobacterium tuberculosis in a series of in vitro and in vivo models.

Antimicrob Agents Chemother 49: 2294–2301.
11. Nuermberger E, Tyagi S, Williams KN, Rosenthal I, Bishai WR, et al. (2005)

Rifapentine, Moxifloxacin, or DNA Vaccine Improves Treatment of Latent

Tuberculosis in a Mouse Model. Am J Respir Crit Care Med 172: 1452–1456.
12. Gordin F, Chaisson RE, Matts JP, Miller C, de Lourdes Garcia M, et al. (2000)

Rifampin and pyrazinamide vs isoniazid for prevention of tuberculosis in HIV-
infected persons: an international randomized trial. Terry Beirn Community

Programs for Clinical Research on AIDS, the Adult AIDS Clinical Trials
Group, the Pan American Health Organization, and the Centers for Disease

Control and Prevention Study Group. JAMA 283: 1445–1450.

13. Lecoeur HF, Truffot-Pernot C, Grosset JH (1989) Experimental short-course
preventive therapy of tuberculosis with rifampin and pyrazinamide. Am Rev

Respir Dis 140: 1189–1193.
14. Sterling TR, Villarino ME, Borisov AS, Shang N, Gordin F, et al. (2011) Three

months of rifapentine and isoniazid for latent tuberculosis infection. NEnglJMed

365: 2155–66.
15. Sonnenberg FA, Beck JR (1993) Markov Models in Medical Decision Making.

Medical Decision Making 13: 322–338.
16. Gross Domestic Product Deflator Inflation Calculator, National Aeronautics and

Space Administration website. Available: http://cost.jsc.nasa.gov/inflateGDP.
html. Accessed 2009 Dec 10.

17. Comstock GW (1975) Frost revisited: the modern epidemiology of tuberculosis.

Am J Epidemiol 101: 363–382.
18. Saukkonen JJ, Cohn DL, Jasmer RM, Schenker S, Jereb JA, et al. (2006) An

official ATS statement: hepatotoxicity of antituberculosis therapy. Am J Respir
Crit Care Med 174: 935–952.

19. Chan ED, Laurel V, Strand MJ, Chan JF, Huynh M-LN, et al. (2004)

Treatment and Outcome Analysis of 205 Patients with Multidrug-resistant
Tuberculosis. Am J Respir Crit Care Med 169: 1103–1109.

20. Burgos M, DeRiemer K, Small Peter M, Hopewell Philip C, Daley Charles L
(2003) Effect of Drug Resistance on the Generation of Secondary Cases of

Tuberculosis. The Journal of Infectious Diseases 188: 1878–1884.
21. Salpeter EE, Salpeter SR (1998) Mathematical model for the epidemiology of

tuberculosis, with estimates of the reproductive number and infection-delay

function. Am J Epidemiol 147: 398–406.
22. Pai M, Zwerling A, Menzies D (2008) Systematic review: T-cell-based assays for

the diagnosis of latent tuberculosis infection: an update. AnnInternMed 149:
177–184.

23. Guo N, Marra CA, Marra F, Moadebi S, Elwood RK, et al. (2008) Health State

Utilities in Latent and Active Tuberculosis. Value Health 11: 1154–1161.
24. Lardizabal A, Passannante M, Kojakali F, Hayden C, Reichman LB (2006)

Enhancement of treatment completion for latent tuberculosis infection with 4
months of rifampin. Chest 130: 1712–1717.

25. LoBue PA, Moser KS (2003) Use of isoniazid for latent tuberculosis infection in
a public health clinic. Am J Respir Crit Care Med 168: 443–447.

26. Stevens JP, Daniel TM (1995) Chemoprophylaxis of multidrug-resistant

tuberculous infection in HIV-uninfected individuals using ciprofloxacin and
pyrazinamide. A decision analysis. Chest 108: 712–717.

27. Papastavros T, Dolovich LR, Holbrook A, Whitehead L, Loeb M (2002)
Adverse events associated with pyrazinamide and levofloxacin in the treatment

of latent multidrug-resistant tuberculosis. CMAJ 167: 131–136.

28. Bennett DE, Courval JM, Onorato I, Agerton T, Gibson JD, et al. (2008)
Prevalence of tuberculosis infection in the United States population: the national

health and nutrition examination survey, 1999–2000. Am J Respir Crit Care
Med 177: 348–355.

29. Garcia-Garcia ML, Ponce de Leon A, Jimenez-Corona ME, Jimenez-Corona A,

Palacios-Martinez M, et al. (2000) Clinical consequences and transmissibility of
drug-resistant tuberculosis in southern Mexico. Arch Intern Med 160: 630–636.

30. Li Z, Kelley C, Collins F, Rouse D, Morris S (1998) Expression of katG in

Mycobacterium tuberculosis is associated with its growth and persistence in mice

and guinea pigs. J Infect Dis 177: 1030–1035.

31. Riley RL, Mills CC, O’Grady F, Sultan LU, Wittstadt F, et al. (1962)

Infectiousness of air from a tuberculosis ward. Ultraviolet irradiation of infected

air: comparative infectiousness of different patients. Am Rev Respir Dis 85:

511–525.

32. van Soolingen D, Borgdorff MW, de Haas PE, Sebek MM, Veen J, et al. (1999)

Molecular epidemiology of tuberculosis in the Netherlands: a nationwide study

from 1993 through 1997. J Infect Dis 180: 726–736.

33. Snider DE, Jr., Kelly GD, Cauthen GM, Thompson NJ, Kilburn JO (1985)

Infection and disease among contacts of tuberculosis cases with drug-resistant

and drug-susceptible bacilli. Am Rev Respir Dis 132: 125–132.

34. Yew WW, Chan CK, Chau CH, Tam CM, Leung CC, et al. (2000) Outcomes

of patients with multidrug-resistant pulmonary tuberculosis treated with

ofloxacin/levofloxacin-containing regimens. Chest 117: 744–751.

35. Senneville E, Poissy J, Legout L, Dehecq C, Loiez C, et al. (2007) Safety of

prolonged high-dose levofloxacin therapy for bone infections. J Chemother 19:

688–693.

36. Ginsberg AM, Laurenzi MW, Rouse DJ, Whitney KD, Spigelman MK (2009)

Safety, Tolerability, and Pharmacokinetics of PA-824 in Healthy Subjects.

Antimicrobial Agents and Chemotherapy 53: 3720–3725.

37. Sacks LV, Pendle S (1998) Factors related to in-hospital deaths in patients with

tuberculosis. Archives of Internal Medicine 158: 1916–1922.

38. Arias E (2007) United States life tables, 2004. NatlVital StatRep 56: 1–39.

39. Salpeter SR, Sanders GD, Salpeter EE, Owens DK (1997) Monitored isoniazid

prophylaxis for low-risk tuberculin reactors older than 35 years of age: a risk-

benefit and cost-effectiveness analysis. Ann Intern Med 127: 1051–1061.

40. Taylor Z, Marks SM, Rios Burrows NM, Weis SE, Stricof RL, et al. (2000)

Causes and costs of hospitalization of tuberculosis patients in the United States.

Int J Tuberc Lung Dis 4: 931–939.

41. Burman WJ, Dalton CB, Cohn DL, Butler JR, Reves RR (1997) A cost-

effectiveness analysis of directly observed therapy vs self-administered therapy

for treatment of tuberculosis. Chest 112: 63–70.

42. Rajbhandary SS, Marks SM, Bock NN (2004) Costs of patients hospitalized for

multidrug-resistant tuberculosis. The International Journal of Tuberculosis and

Lung Disease 8: 1012–1016.

43. Snyder DC, Chin DP (1999) Cost-effectiveness analysis of directly observed

therapy for patients with tuberculosis at low risk for treatment default.

Am J Respir Crit Care Med 160: 582–586.

44. Brown RE, Miller B, Taylor WR, Palmer C, Bosco L, et al. (1995) Health-care

expenditures for tuberculosis in the United States. Arch Intern Med 155:

1595–1600.

45. Devasia RA, Blackman A, Gebretsadik T, Griffin M, Shintani A, et al. (2009)

Fluoroquinolone Resistance in Mycobacterium tuberculosis: The Effect of

Duration and Timing of Fluoroquinolone Exposure. Am J Respir Crit Care Med

180: 365–370.

46. Huang T-S, Kunin CM, Shin-Jung Lee S, Chen Y-S, Tu H-Z, et al. (2005)

Trends in fluoroquinolone resistance of Mycobacterium tuberculosis complex in

a Taiwanese medical centre: 1995–2003. J Antimicrob Chemother 56:

1058–1062.

47. Xu P, Li X, Zhao M, Gui X, DeRiemer K, et al. (2009) Prevalence of

Fluoroquinolone Resistance among Tuberculosis Patients in Shanghai, China.

Antimicrob Agents Chemother 53: 3170–3172.

48. Holland DP, Sanders GD, Hamilton CD, Stout JE (2009) Costs and cost-

effectiveness of four treatment regimens for latent tuberculosis infection.

Am J Respir Crit Care Med 179: 1055–1060.

49. Samandari T, Agizew TB, Nyirenda S, Tedla Z, Sibanda T, et al. (2011) 6-

month versus 36-month isoniazid preventive treatment for tuberculosis in adults

with HIV infection in Botswana: a randomised, double-blind, placebo-controlled

trial. The Lancet 377: 1588–1598.

Strategies for Treating Latent MDR-TB

PLoS ONE | www.plosone.org 9 January 2012 | Volume 7 | Issue 1 | e30194


