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Abstract Tuberculosis (TB) is the world’s second lead-

ing infectious killer. Cases of multidrug-resistant (MDR-

TB) and extremely drug-resistant (XDR-TB) have

increased globally. Therapeutic drug monitoring (TDM)

remains a standard clinical technique for using plasma drug

concentrations to determine dose. For TB patients, TDM

provides objective information for the clinician to make

informed dosing decisions. Some patients are slow to

respond to treatment, and TDM can shorten the time to

response and to treatment completion. Normal plasma

concentration ranges for the TB drugs have been defined.

For practical reasons, only one or two samples are col-

lected post-dose. A 2-h post-dose sample approximates the

peak serum drug concentration (Cmax) for most TB drugs.

Adding a 6-h sample allows the clinician to distinguish

between delayed absorption and malabsorption. TDM

requires that samples are promptly centrifuged, and that the

serum is promptly harvested and frozen. Isoniazid and

ethionamide, in particular, are not stable in human serum at

room temperature. Rifampicin is stable for more than 6 h

under these conditions. Since our 2002 review, several

papers regarding TB drug pharmacokinetics, pharmaco-

dynamics, and TDM have been published. Thus, we have

better information regarding the concentrations required

for effective TB therapy. In vitro and animal model data

clearly show concentration responses for most TB drugs.

Recent studies emphasize the importance of rifamycins and

pyrazinamide as sterilizing agents. A strong argument can

be made for maximizing patient exposure to these drugs,

short of toxicity. Further, the very concept behind ‘minimal

inhibitory concentration’ (MIC) implies that one should

achieve concentrations above the minimum in order to

maximize response. Some, but not all clinical data are

consistent with the utility of this approach. The low ends of

the TB drug normal ranges set reasonable ‘floors’ above

which plasma concentrations should be maintained.

Patients with diabetes and those infected with HIV have a

particular risk for poor drug absorption, and for drug–drug

interactions. Published guidelines typically describe inter-

actions between two drugs, whereas the clinical situation

often is considerably more complex. Under ‘real–life’

circumstances, TDM often is the best available tool for

sorting out these multi-drug interactions, and for providing

the patient safe and adequate doses. Plasma concentrations

cannot explain all of the variability in patient responses to

TB treatment, and cannot guarantee patient outcomes.

However, combined with clinical and bacteriological data,

TDM can be a decisive tool, allowing clinicians to suc-

cessfully treat even the most complicated TB patients.

1 Introduction

Tuberculosis (TB) will not be going away any time soon.

The World Health Organization (WHO) estimates that 8.6

million people developed TB and 1.3 million died from it

in 2012 [1]. Since the publication of an earlier edition of

therapeutic drug monitoring (TDM) in the treatment of TB

in Drugs [2] cases of multidrug-resistant TB (MDR-TB)

have increased globally, and cases of extremely drug-

resistant TB (XDR-TB) are common in countries already

burdened with MDR-TB [3]. Therefore, we are updating

that prior review. If the current regimen and current doses
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were completely adequate, this should not be happening.

‘Something’ is interfering with TB elimination. To be sure,

the current regimens can work, and clinical trials have

shown success rates at approximately 95 %, based pri-

marily upon ‘per protocol’ analyses [4–8]. However, as

with many other diseases, TB treatment results in general

practice often fall short of clinical trial results. The reasons

for this shortfall may include a more diverse patient pop-

ulation in general practice, and co-morbid conditions that

either were excluded from the trials, or were not as pre-

valent when the original clinical trials took place (exam-

ples: diabetes mellitus and HIV). Further, trial clinicians

may be better equipped to ensure patient adherence, and

they may be particularly attentive to patient follow-up.

Mycobacterium tuberculosis is never considered a col-

onizer, nor is it considered part of the normal human flora

on any surface, or in any organ or secretion. Latent TB

infection (LTBI) is an infection that has been contained by

the immune system, but one that can reactivate given the

right conditions [9]. LTBI can be treated with isoniazid

alone, or the new combination of isoniazid and rifapentine

[10]. In contrast, active TB disease always requires treat-

ment with multiple drugs [11]. In comparison with drugs

used for bacterial infections, the mechanisms of action for

several of the TB drugs are poorly understood, although

this field continues to advance [12–15]. Traditionally, the

treatment of TB disease can be divided into two parts. The

initial, intensive phase typically uses at least four drugs,

and is designed to rapidly reduce the total body burden of

TB [8, 11, 16]. It appears that many of these organisms are

extracellular (that is, not within macrophages) and are

multiplying approximately once daily, making them more

accessible to bactericidal drugs. Next, generally after 2

months of intensive treatment, the continuation phase is

designed to eliminate the ‘persisters’. These are organisms

that survive the initial phase of treatment, for reasons that

are poorly understood. Persisters are thought to be the

primary source of relapses following treatment regimens of

insufficient duration (i.e., \6 months for most patients). It

is not known how similar TB persisters are to organisms

found during LTBI; they may represent distinct physio-

logical states [17–21]. Because so little is known about

these persisters, it is difficult to design optimal treatment

regimens for them.

The majority of patients who receive 6 or more months

of treatment for drug-susceptible TB will respond com-

pletely [11]. Cure rates vary by country, and as noted, often

differ in general practice as compared with clinical trials.

Most regimens include isoniazid, rifampicin, pyrazina-

mide, and ethambutol [11]. Isoniazid is good at reducing

the bacillary load rapidly (bactericidal activity evident

within 2 days) and rifampicin and pyrazinamide are the

best sterilizing agents (i.e., preventing post-treatment

relapses) [8, 16]. The typical adult rifampicin dose of 600

mg appears to be at the low end of the effective range, and

new clinical trials are showing better responses with higher

daily doses of rifampicin or rifapentine (also known as

cyclopentyl-rifampicin) [16, 22–27]. According to the US

Centers for Disease Control and Prevention (CDC), the

proportion of patients who completed therapy within 1 year

increased from 64 % in 1993 to 88 % in 2010 (the latest

year for which complete outcome data are available).

However, these completion rates address patients who are

given what should be a 6-month treatment regimen [28].

Thus, statements that ‘‘6-month treatment regimens are

95–98 % effective’’ do not reflect what actually happens in

general practice, even in countries with excellent TB

control infrastructures. The reasons for these disparities are

multi-factorial, but at their core, revolve around the drug

therapy itself. This simply must be the case, since very few

TB patients in any country are cured surgically.

Given the above, we think TDM has a role and can

improve the treatment of TB. TDM remains a standard

clinical technique for using plasma drug concentrations to

determine dose. TDM provides objective information for

the clinician to make informed dosing decisions. Some

patients are slow to respond to treatment, and TDM can

shorten the time to response and to treatment completion.

Patients with drug-resistant TB are treated with weak

drugs, and TDM can determine that adequate concentra-

tions have been achieved.

Since our 2002 review, several papers regarding TB

drug pharmacokinetics, pharmacodynamics, and TDM

have been published. Thus, we have better information

regarding the concentrations required for effective TB

therapy, and this field of research continues to grow. In this

paper, we review these recent advances, and how they

apply clinically.

2 Therapeutic Drug Monitoring (TDM) Studies Since

2002

Over the past decade, several studies have been published

describing the application of TDM and its benefits in TB

clinical practice [29–36]. The search engine used to find

these papers was PubMed, and the medical terms used were

therapeutic drug monitoring, tuberculosis, and treatment.

The search was limited to 2003–2013. Most papers focused

on drug concentrations for the first-line TB drugs in the

treatment of drug-susceptible TB. The normal ranges from

our 2002 review are widely accepted, and were used in

these published studies. We highlight a few of those studies

below.
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Heysell et al. [29] performed a retrospective study to

assess the prevalence of low TB drug concentrations in

patients with slow responses to TB treatment in the state of

Virginia, USA. Patients (n = 42) with slow responses were

selected for routine TDM. Drug concentrations were

measured at 2 h post-dose and were used as estimated peak

serum drug concentration (Cmax) concentrations. Only rif-

ampicin drug concentrations were available for all 42

patients, and were below the expected range in 22 patients

(52 %). Isoniazid drug concentrations were low in 23 of 39

patients tested (59 %). For pyrazinamide, all 20 patients

tested had normal concentrations, and, for ethambutol,

concentrations were low in eight of 26 patients (31 %). In

summary, most patients with slow responses to TB treat-

ment had low 2-h concentrations of rifampicin and isoni-

azid. The authors concluded that TDM could help to

identify the cause of slow responses to TB treatment. It is

important to note that 2-h drug concentrations alone will

not capture delayed Cmax values [29].

Another study looked at TDM in a selected group of

patients [30]. The authors describe how TDM was used to

manage difficult TB cases in their clinic. The first case

described a patient with a relapse of TB. The patient was

initially treated with the standard four-drug regimen under

directly observed treatment (DOT). Nine months after

treatment completion, he presented with a relapse. The

patient restarted the standard regimen, but there was no

clinical improvement after 1 month of treatment. There-

fore, drug concentrations were measured for isoniazid,

rifampicin, and pyrazinamide at 2 h. Isoniazid was unde-

tectable, the rifampicin concentration was low at 5.6 mg/l,

and pyrazinamide was low at 8.3 mg/l. Doses for all three

drugs were increased, and drug concentrations were mea-

sured again. Isoniazid remained trace, rifampicin increased

to 15.2 mg/l, and pyrazinamide increased to 12.2 mg/l,

which is still low. More importantly, the patient’s clinical

signs improved, and he was culture negative by week 6.

The patient completed treatment and remained culture

negative until his last follow-up visit 7 months after

treatment completion. The authors also discussed three

other difficult cases with relapse TB who had low drug

concentrations. They used TDM to adjust the doses for

these patients, and achieved good clinical responses [30].

A recent study by Babalik et al. [31] described the

application of TDM in their practice. Indications to per-

form TDM in their center were a slow clinical response to

TB treatment, or having other comorbid conditions like

HIV. TDM was performed for 20 patients in their center.

Low drug concentrations of any TB drug were present in

17 of the 20 patients. Isoniazid concentrations were low in

13 of 15 patients (87 %), rifampicin concentrations were

low in 8 of 12 patients (67 %), and pyrazinamide con-

centration was low in only 2 of 13 patients (15 %).

Rifabutin concentrations also were measured, and were low

in four of five patients (80 %). Time to culture conversion

was higher in the 17 patients with low drug concentrations

than in the three patients with normal concentrations.

Overall, most patients had low concentrations of the TB

drugs. The authors also found that it was difficult to

achieve adequate concentrations for rifabutin in patients

with HIV. The authors considered TDM useful in the

treatment of TB, especially in the presence of other

comorbidities like HIV [31].

A study by Holland et al. [32] looked at the application

of TDM in patients with TB and advanced HIV. They

measured the concentrations of both isoniazid and the ri-

famycins (rifampicin or rifabutin). Of 21 patients included

in the study, 18 had a low concentration of isoniazid and/or

one of the rifamycins at 2 h (rifabutin was measured at 3 h)

(86 %). The authors were able to increase the concentra-

tions into the normal range in their patients by increasing

the doses. This suggests that higher initial doses may be

needed in patients with HIV. Other published data thus far

are not definitive on this point.

At the 2013 Interscience Conference on Antimicrobial

Agents and Chemotherapy (ICAAC) meeting, Prahl et al.

[37] from Denmark presented the paper, Clinical Signifi-

cance of 2-Hour Plasma Concentrations of First-line

Tuberculosis Drugs. A 2-h post-dose blood sample was

collected from 35 patients. Plasma concentrations below

the normal range were observed for isoniazid in 25 of 35

patients (71 %), for rifampicin in 19 of 33 patients (58 %),

for ethambutol in 13 of 28 patients (46 %), and for pyra-

zinamide in 3 of 29 patients (10 %). Treatment failure

occurred more frequently in patients with low values of

either isoniazid or rifampicin or both [37].

From these abstracted papers, and in the additional

references cited, it is clear that the authors took advantage

of the flexibility offered by TDM. Although two or more

sampling times post-dose would be preferred, some authors

were only able to collect 2-h or ‘peak’ concentrations. Still,

useful data were obtained. The alternative to TDM is to

watch, wait, and hope for the best. It is common for

patients to have their treatment regimens empirically

extended when responses to treatment are delayed. How-

ever, there are consequences to this strategy, both clinically

and financially. Clinically, patients may remain infectious

longer, and extended durations of treatment provide many

more months during which adverse drug reactions may

occur. Finally, some of these patients fail treatment or

relapse. On the financial side, prolonged treatment means

prolonged expenditure, and failures and relapses mean

considerably larger expenditures. Thus, when considering

that TDM ‘is expensive’, one has to ask ‘compared with

what?’. Formal pharmacoeconomic analyses have not been

performed in this area. ‘Back of the envelope’ calculations
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suggest that, in the USA, checking 2- and 6-h post-dose

samples for four drugs would cost approximately $US600. If

we assume that TB treatment costs $US10,000–12,000 per

patient for a 6-month course, it certainly costs an additional

$US3,000 to extend the treatment to 9 months, and $US6,000

to extend it to 12 months. The CDC data cited above suggest

that prolonged treatment occurs in at least 10 % of the

patients in the USA. Using rounded numbers, 900 patients

9 $US3,000 = $US2,700,000—the low-end estimate for

the cost of extend durations of treatment in the USA, and it

could be much higher. One set of TDM for 900 patients

would cost roughly $US540,000. Not all of the extended

durations could be prevented by TDM, but it seems likely,

based on the available reports, that many of them could be

prevented, and at a considerable cost savings. Prospective

studies are needed to confirm or modify these estimates.

3 Otherwise Healthy Patients with Tuberculosis (TB)

Patients with uncomplicated pulmonary TB usually respond

to standard treatment, although as noted, often with extended

durations of treatment [11]. DOT is a key component of TB

treatment, with a member of the healthcare team confirming

that the patient swallowed the tablets and capsules. Because

even ‘short-course’ TB treatment is 6 months, the potential

for patient default is high. Healthcare providers must recog-

nize and plan for this problem.

With successfully delivered four-drug TB treatment,

roughly 80 % of patients with fully susceptible isolates will

be sputum smear and culture negative by 2 months [6, 38].

Of course, the culture results take 2–6 weeks from the time

of collection to become available, so there is a ‘blind

period’ while waiting for those results, which can last from

the 2-month point until the 3.5-month point. Given that

culture positivity at 4 months is considered treatment

failure, this process can leave only a small window of time

within which to ‘salvage’ the situation. Given these delays

with cultures, smears provide the first clues to the success

of TB treatment. Most patients are sputum smear negative

by 2 weeks, and certainly 3 weeks of treatment, when they

receive the standard regimen. Patients who are slower to

respond may be at greater risk for poor outcomes. Such

slow responders may be candidates for TDM, as discussed

by several authors [27, 29–36, 39–41]. Some clinicians

prefer to observe the patient and continue with the standard

doses of the TB drugs. Others prefer to check serum drug

concentrations early during treatment, hoping to head off

prolonged treatment durations and the potential develop-

ment of drug resistance. Since TB drugs are known to show

variable pharmacokinetics, it should be anticipated that

some patients are under-dosed even with standard doses

[29, 42–44]. This is a correctable problem.

A key component of the decision-making process is the

clinical status of the patient. In this section, otherwise

healthy patients are described. If the patient is making

steady progress (fevers have ended, weight is stable or

increasing, no more night sweats, diminished cough), then

careful observation of slow converters may be reasonable.

However, the authors advocate checking serum concen-

trations in patients who are slow to respond clinically, or in

those whose condition is worsening. TDM allows you to

identify and control one of the potential causes of slow

clinical responses.

4 Performing TDM

The general approach for TDM in most patient populations

is the same. Additional details are provided in further

sections for specific types of patients, and for specific

drugs. Since the trough concentrations for many of the TB

drugs are below the limit of detection for the assays, and

because the peak concentrations may be more important for

several of these drugs, 2-h post-dose samples can be col-

lected to estimate the peak concentrations. For certain

drugs, such as rifabutin, 3-h samples approximate the peak

concentrations better. Given the variability of oral drug

absorption, single time points may miss the actual peak

concentrations. Therefore, second samples, typically 6-h

post-dose (7 h for rifabutin), allow one to capture infor-

mation on the rate and completeness of drug absorption.

The second samples also provide information regarding the

elimination of drugs that have short half-lives, such as

isoniazid and rifampicin, provided that absorption was

nearly completed 2-h post-dose.

The normal pattern for TB drug serum concentrations

shows the 2-h values as substantially higher than the 6-h

values. Should the 2- and 6-h values be similar, often

somewhat below the expected 2-h ranges, or should the 6-h

values be higher than the 2-h values, delayed absorption is

likely occurring. In these situations, it is possible that the

peak concentrations occurred between the two blood

draws. One may recommend that the patient take the drugs

on an empty stomach, especially for isoniazid and rifam-

picin. Finally, if both values are well below the expected

ranges, malabsorption is likely occurring. With malab-

sorption, protein-free drug exposures may be lower than

the minimal inhibitory concentrations (MICs), and higher

doses of the drugs may be used.

For most TB drugs, the area under the concentration

versus time curve (AUC)/MIC is the most important

pharmacodynamic parameter. However, it is not practical

to estimate the AUC in patients because it requires several

blood samples (minimum of six or seven samples). Another

approach to dose the patient is to rely on limited sampling
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strategies (LSS). The purpose of LSS is to determine what

sampling time is most informative of the AUC. This is

usually done using the AUC as the dependent variable and

time concentrations as predictors, then using linear

regression to determine the time points best correlated with

AUC [45]. This principle has been applied to some TB

drugs like linezolid and moxifloxacin [46, 47]. Another

approach is to use a maximum a posteriori estimation

(MAP) Bayesian approach to optimize the dosing regimen.

This approach combines two sets of information to esti-

mate the individual patient’s pharmacokinetic parameters.

Results from previous population pharmacokinetic studies

are used as prior information. Then, the patient’s drug

concentrations are combined with the prior information to

estimate the patient’s pharmacokinetic parameters. From

the estimated pharmacokinetic parameters, one can dose

the patient to achieve a specific therapeutic target. Potential

drawbacks for the Bayesian approach are the need to pur-

chase, learn, and use sophisticated software, and the fact

that it is somewhat time consuming.

Generally, blood samples should be collected in plain

red top vacuum tubes. For most of the TB drugs, except the

injectable drugs, heparin-containing green top vacuum

tubes also can be used. The latter are helpful when the

location of blood collection is distant from the location of

blood processing. Under such conditions, the green top

tubes can be gently inverted several times to mix the

heparin with the blood. After labeling the tubes with

indelible ink, the tubes can be placed in a cup of ice chips.

This will keep the samples cold during the period of

transportation to the lab.

Samples should be promptly centrifuged, and the serum

harvested and frozen as soon as possible after the blood

draws. This is critical for isoniazid and ethionamide, since

these two drugs are not stable at room temperature in whole

blood or in serum. Rifampicin is somewhat more stable,

and most of the other TB drugs are stable for 24 h at room

temperature in whole blood or in serum. Assays should be

very specific for the drugs of interest. In general, high-

performance liquid chromatography (HPLC) and gas

chromatography (GC) are preferred. Commonly used

detection systems (ultraviolet, fluorescence, or mass spec-

trometry detection for HPLC, mass spectrometry for GC)

work well, provided that extensive interference checks are

performed while validating the assays. Guidance is avail-

able from the College of American Pathologists (CAP), and

from the US FDA, regarding proper laboratory techniques.

Sometimes conventional blood sampling cannot be

performed, especially in areas with limited resources. A

possible alternative is to use dried blood spots, where blood

samples are collected and dried before storage and trans-

portation. Dried blood spots are easier to transport and

offer cost savings [48]. However, this area still is evolving

and requires further research and validation. Also, when

using dried blood spots, drug concentrations are being

measured in whole blood, and not in plasma [49]. This

technique has been applied successfully for some of the TB

drugs, like rifampicin and linezolid [50–52].

5 Interpreting the Results from TDM

Better information regarding the concentrations required

for effective therapy has emerged over the past decade [43,

53–57]. We do know that, for every drug with a proven

mechanism of action, a physical interaction with an intra-

bacillary target must take place. This binding to a target

produces either an inhibitory or a lethal effect on the

bacilli. We also know that if you do not administer the

drugs, they do not work. So, as concentrations for a drug

recede towards zero within a patient, that drug loses its

ability to produce the desired response. These facts have

clearly been demonstrated in vitro and in animal models

[58–64]. There is no reason to believe that these principles

suddenly cease to attain once the drugs are given to peo-

ple—that would be magical thinking. The difficulty in

defining these endpoints for humans comes from the fact

that human disease is much more complex that the in vitro

situation, and far more variable than disease produced in

animal models. In humans, many different strains of TB

cause infection. There is re-infection, latency and relapse,

varying host immune responses, widely varying patholog-

ical presentations, ages of lesions, calcification of lesions,

co-morbidities, and so forth. Further, there is variability in

drug absorption, protein binding, distribution, metabolism,

and elimination. Thus, all of the variables that are tightly

controlled with in vitro systems or in animal models are

‘wild cards’ in human disease, and often cannot be quan-

tified. It therefore comes as no surprise that the responses to

treatment in humans cover a wide spectrum.

Detailed pharmacokinetic-pharmacodynamic data from

human studies are beginning to emerge [43, 53–57]. Better

targets for the free drug Cmax (fCmax) relative to the MIC

(fCmax/MIC), free drug AUC (fAUC/MIC), or percent of

time within a dosing interval with free drug serum con-

centrations above MIC (f %T [ MIC) are being defined

[63, 65–69]. In specific cases such as rifabutin reasonable

therapeutic ranges have emerged [70]. In other cases,

normal ranges, derived from clinical studies of both healthy

volunteers and patients with TB, are predictably tolerated

and should be expected after standard doses of the TB

drugs. It is well known that the standard doses generally are

effective, so these standard concentrations also should be

effective. Although lower serum concentrations can be

effective therapy in some patients, there is no clear guid-

ance on ‘how low can you go’. As described above, ‘how
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low you can go’ likely varies from patient to patient, and

cannot be defined at the outset of therapy. However, one

can define, a priori, ‘floor’ values for each drug. Each

clinician can choose to keep the concentrations above these

‘floor’ values, in much the same way a pilot achieves a

minimum altitude for his airplane. Just as with an airplane,

it is not advisable to fly below these ‘floor’ values—bad

things can happen. The recent TDM study findings sum-

marized above consistently make this clear.

Once the decision is made to use TDM, it seems logical to

achieve ‘normal’ serum concentrations in patients. If patients

can achieve ‘normal’ serum concentrations, then poor drug

absorption is not the reason for the poor clinical responses. A

search for other causes can be continued with greater confi-

dence. In rare situations, with desperately ill patients, con-

centrations higher than ‘normal’ may be warranted. Because

there are no published data to guide these rare decisions,

clinical judgment is the only guide available.

For most of the TB drugs, relationships between the

dose or serum concentrations and toxicity are not well

established. Exceptions include daily pyrazinamide and

hepatotoxicity (more common with daily doses above 40

mg/kg, although this has been recently challenged) [71],

ethambutol and ocular toxicity (more common with daily

doses above 30 mg/kg and in patients with renal dysfunc-

tion), and cycloserine (more common with serum concen-

trations above 35 lg/mL) [72, 73]. It is important to bear in

mind these relationships when increasing doses. However,

in the face of malabsorption, systemic toxicity is unlikely

with higher doses, because significant portions of the doses

are not reaching the systemic circulation. It is quite rea-

sonable to use higher than standard doses in the face of

documented malabsorption. Serum concentrations can be

rechecked after the dose increases to verify achievement of

the desired concentrations. In some patients with early

malabsorption, once the TB drugs begin to work, absorp-

tion also improves. This is particularly true of isoniazid in

our experience, with concentrations rebounding later in

treatment. This issue of malabsorption is consistent with

warnings in older medical textbooks not to treat serious

pneumonias with oral medications, because oral drug

delivery may be less reliable. If we view TB as ‘a pneu-

monia with signs of systemic consumption’, the warning

applies well to TB. Since intravenous treatment of TB is

challenging, expensive, and usually unwarranted, verifying

drug delivery and adjusting oral doses appears to be

simpler.

6 More Complicated Patients

US Public Health Service (USPHS) TB Study 22 showed

that patients with bilateral pulmonary disease, cavitary

lesions, and low bodyweight were more likely to have poor

outcomes. With once-weekly isoniazid plus rifapentine,

this was especially true of HIV-positive patients [55]. Low

serum concentrations of isoniazid were associated with

treatment failures in patients treated with once-weekly

isoniazid plus rifapentine [55]. In TB Study 23, both low

isoniazid and rifabutin AUCs were associated with treat-

ment failure or relapse in patients with HIV [56]. A study

in Botswana showed an association between pyrazinamide

Cmax \35 lg/mL and poor treatment outcome [43].

Another interesting article by Pasipanodya et al. [54]

looked at TB drug concentrations and outcome in 142

patients from South Africa. The best predictor of outcome

was pyrazinamide AUC, followed by rifampicin AUC and

isoniazid AUC. Also, in all three patients who developed

drug resistance, rifampicin Cmax concentrations were low.

These findings illustrate the importance of drug concen-

trations as predictors of clinical outcome. A few other

studies have found similar associations between TB drug

serum concentrations, AUCs and outcomes [53, 54, 57]. A

review by Chang et al. [54] described the relationship

between dose frequency and treatment outcomes. In gen-

eral, less frequent dosing, especially early in treatment, was

associated with worse outcomes [74]. Thus, drug exposure

affects treatment outcomes in two ways, the frequency of

exposure, and the absolute exposure per dose. Also, TB

drugs show high inter-individual variability, and this var-

iability has been proposed as a possible cause of drug

resistance. This is based on the recent study by Srivastava

et al. [75], which showed that non-adherence alone is not

sufficient to cause drug resistance. These findings

strengthen the need to measure drug concentrations, as they

are the only way to assure that patients have adequate drug

concentrations.

Again, we emphasize that TB treatment outcomes are

multi-factorial, and that serum concentrations represent

only one of several factors that need to be considered [27,

76, 77]. Clinicians need to consider the conditions of the

patients, the extent of disease, the susceptibility of the

organisms (once it becomes available), and the rapidity of

the clinical and bacteriological responses. TDM offers

direct control over the drug exposure component. Given the

discussion above, sicker patients, and those who are

immunocompromised, certainly should receive more fre-

quent dosing.

Special situations can affect treatment outcomes. TB

inside the brain, within the eye, or inside the bone, may

limit drug delivery and reduce treatment responses [27, 78,

79]. Abscesses and empyemas also present adverse cir-

cumstances for drug treatment, and, if accessible, surgical

drainage should be considered. Treatment durations may be

extended to 9 months (bone) or 12 months (meningitis)

[11].
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6.1 Patients with Diabetes Mellitus

It is estimated that the number of patients with TB and

diabetes will continue to increase in the future [80].

Patients with diabetes are more likely to progress to active

disease if exposed to TB. Also, diabetes might negatively

impact disease severity and treatment outcomes in patients

with active TB [29, 80–82]. Patients with diabetes are more

likely to experience gastrointestinal problems, including

gastroparesis [83]. This can produce either delayed drug

absorption or malabsorption. Studies of the effects of dia-

betes on TB drug absorption have produced conflicting

results. Some have shown rifampicin absorption is reduced

in patients with diabetes and TB, while other studies have

not [84]. If diabetes does affect the absorption of TB drugs,

and rifampicin in particular, that might contribute to poor

treatment outcome in patients with diabetes. Additionally,

patients with diabetes frequently have other medical con-

ditions, including coronary artery disease and chronic renal

failure; some patients with diabetes are particularly fragile.

For these complicated patients, it may be prudent to check

serum concentrations early to ensure adequate therapy [29,

36, 84, 85]. A recent study by Heysell et al. [36] describes

how early TDM at 2 weeks of treatment was applied to

patients with both TB and diabetes and its potential

benefits.

6.2 Patients Co-Infected with HIV

HIV-positive patients are more likely to progress to active

disease if exposed to, or previously infected with, TB [86].

Active TB is an AIDS-defining illness. Patients with HIV

infection represent a continuum from relatively healthy to

seriously ill patients. They may have other concurrent

opportunistic infections, they may be taking a large number

of other drugs, and they may have various forms of mal-

absorption [87, 88]. Therefore, it is not surprising that some

patients with AIDS malabsorb the TB drugs.

There have been a number of studies, with variable

results [89–98]. Some of the studies used single samples

per patient, so it is possible that delayed absorption was

misidentified as malabsorption in some cases. Data from

North America have tended to show a greater difference in

TB drug serum concentrations between HIV-positive and

HIV-negative patients than studies conducted in Asia or

Africa. As noted above, the combination of intermittent

dosing and low drug concentrations can be particularly

dangerous in HIV-positive patients. Low concentrations of

rifabutin, in particular, have been associated with failure,

relapse, and acquired rifamycin resistance (ARR) [70].

Rifabutin has biphasic decay and a long terminal elimi-

nation half-life. Companion drugs, such as isoniazid, pyr-

azinamide, and ethambutol, have shorter elimination half-

lives. Thus, intermittent dosing of these four drugs leaves

sub-MIC rifabutin concentrations present as monotherapy

in the patient 3–4 days per week. It is easy to see that this

could lead to ARR, since active TB disease should never be

treated with monotherapy. New guidelines recommend

daily dosing of HIV-positive TB patients, particularly early

on in treatment [99].

AIDS patients with TB also are at significant risk for

drug–drug interactions [70, 100–104]. Rifamycins are

potent inducers of hepatic metabolizing enzyme, including

but not limited to cytochrome P450 (CYP) enzymes. Many

HIV drugs are mixed inhibitors and inducers of hepatic

metabolizing enzymes. Most published interaction guide-

lines address interactions between only two drugs. They are

not designed to address the multi-way interactions common

in TB/HIV co-infected patients. TDM allows one to verify

the adequacy of both the TB drug doses and the HIV drug

doses early in treatment, before adverse drug reactions or

the selection of drug-resistant TB or HIV occurs [103, 105–

107].

6.3 Patients with Renal Failure

Patients receiving dialysis are far more likely to go on to

have active TB disease than those with normal renal

function, whether they are latently infected or newly

exposed to TB [108–111]. Patients with renal failure

comprise three groups: those with poor renal function who

are not on dialysis, those receiving hemodialysis, and those

receiving peritoneal dialysis. All of these patients are at

risk of accumulating some of the TB drugs, possibly

leading to adverse drug reactions (ADRs) [112, 113].

Ethambutol, cycloserine, and the injectable TB drugs

(aminoglycosides and polypeptides) require renal elimina-

tion, and their accumulation should be anticipated in

patients with poor renal function. Reducing the frequency

of dosing may reduce the risk of toxicities (details below).

Care must be taken to not over-compensate—giving so

little drug as to make it placebo.

Certain drug metabolites also require renal clearance,

including pyrazinoic acid, 5-hydroxypyrazinoic acid, and

acetyl-para-aminosalicylic acid [78, 79]. The toxicities of

these metabolites are not known. In general, for patients

with renal failure, we recommend giving standard doses

(those typically given daily) no more than three times

weekly for ethambutol, aminoglycosides, and pyrazina-

mide. p-Aminosalicylic acid (PAS) granules can be given

twice daily for most patients. TDM can be helpful in this

patient population. Blood samples at 2 and 6 h can be used

to evaluate the rate and extent of drug absorption, which

may be low in these patients. As needed, a pre- or post-

dialysis sample can be used to assess residual pre-dose

drug.
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6.4 Patients with Hepatic Dysfunction

The liver is primarily responsible for the clearance of

isoniazid, rifampicin, pyrazinamide, ethionamide, and PAS

[78]. Unlike the use of blood urea nitrogen (BUN) and

serum creatinine to assess renal function, hepatic drug

clearance cannot be predicted based only on the serum tests

for liver enzymes (aspartate aminotransferase [AST], ala-

nine aminotransferase [ALT]) or bilirubin. Furthermore,

patients with either hepatic or renal dysfunction often

experience nausea and vomiting. These patients may have

both malabsorption and reduced drug clearance. Individu-

alized dosing seems appropriate for such patients.

7 Specific Drugs

Table 1 shows the ‘normal’ serum concentrations for

standard doses of the TB drugs. Additional details for each

drug can be found below, and in the references cited.

7.1 Isoniazid

Isoniazid is generally absorbed quickly from the gastroin-

testinal tract, with Cmax occurring 1–2 h post-dose when

given on an empty stomach [78, 114, 115]. Food delays and

reduces the absorption of isoniazid. In particular, high-fat

meals cause a 51 % drop in Cmax. Therefore, isoniazid

should be given on an empty stomach. If only isoniazid is

measured, 1- and 4-h concentrations may effectively cap-

ture Cmax and most cases of delayed absorption. However,

since isoniazid is routinely given with other agents that are

somewhat more slowly absorbed, 2- and 6-h post-dose

samples are preferred. In USPHS TB Studies 22 and 23, low

isoniazid plasma concentrations were associated with treat-

ment failures and relapses [55, 56]. It may be desirable to

confirm isoniazid concentrations for patients on intermittent

therapy, since fewer total doses are given, and each dose has

greater importance. We try to achieve peak concentrations

from 3 to 5 or 6 lg/mL after 300-mg daily doses, and from 9 to

15 lg/mL after 900-mg biweekly doses of isoniazid.

Isoniazid is hepatically cleared to a number of inactive

compounds, mostly by acetylation through N-acetyl trans-

ferase 2 (NAT 2). This enzyme is subject to genetic

polymorphisms and is tri-modally distributed into slow,

intermediate, and rapid acetylation. Historically, aside

from once-weekly regimens, acetylator status has not been

correlated with treatment efficacy, but this has been chal-

lenged recently [116]. Slow acetylator status might be a

risk factor for hepatotoxicity, while rapid acetylators are at

risk of treatment failure [116–120]. A recent study showed

that genotype-guided dosing can help prevent early treat-

ment failure and unwanted side effects [120].

Generally, isoniazid dose adjustment is not required in

patients with renal failure. Some renal failure patients may

experience central nervous system (CNS) or peripheral

neuropathies, and in these selected patients, less frequent

doses may be appropriate. Patients with renal failure should

receive pyridoxine 10–50 mg every day to prevent these

toxicities.

7.2 Rifampicin (Rifampin)

Rifampicin absorption may be the most variable among the TB

drugs [78, 114, 121]. High-fat meals reduce Cmax and delay the

time to Cmax (Tmax). Rifampicin should be given on an empty

stomach, or with a light snack if necessary. Fixed-drug com-

binations (FDCs) with isoniazid and pyrazinamide modestly

reduce rifampicin absorption. The Sanofi FDC product com-

pensates by increasing the rifampicin dose per tablet. Other

formulations have been more problematic, prompting a WHO

testing program for these FDC products [122, 123].

As noted above, rifampicin clearly exhibits concentration-

dependent killing, and higher doses (1,200 mg or more daily)

might be tolerable and more efficacious [16, 22–25, 124–126].

These higher doses are currently being evaluated in large clinical

trials (NCT01408914, NCT01785186, NCT01392911). For

TDM, 2- and 6-h rifampicin samples are recommended, tar-

geting Cmax values C8 lg/mL. Like isoniazid, rifampicin is

predominantly cleared by the liver. Dose adjustment is generally

not needed for patients with renal failure.

7.3 Rifabutin

Rifabutin can be used instead of rifampicin in situations

where drug interactions are especially problematic [26, 100,

127]. These include patients with AIDS, seizure disorders or

cardiovascular diseases, or patients receiving poly-phar-

macy. Concentrations for many hepatically cleared drugs are

substantially reduced by rifampicin. Rifabutin is approxi-

mately 40 % as potent an inducer of drug clearance, which

may be more manageable in many situations.

Rifabutin is partially cleared by CYP 3A4, and the

partially active 25-desacetyl metabolite is significantly

cleared by this enzyme [26]. Therefore, rifabutin also is

subject to induction or, more commonly, inhibition of

clearance caused by co-administered drugs. Potential

inducers of rifabutin include efavirenz, and potential

inhibitors include clarithromycin, fluconazole, and vorico-

nazole. Because rifabutin toxicities appear to be concen-

tration dependent, increased serum rifabutin concentrations

can result in leucopenia, skin discoloration, arthralgias, and

anterior uveitis. In HIV-positive patients, poor rifabutin

absorption is well documented [70]. Therefore, TDM for

rifabutin is highly recommended, using 3- and 7-h post-

dose samples. Although we have long considered the
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normal range to be 0.30–0.90 lg/mL, TB trial 23 and

subsequent experience suggests that 0.45 lg/mL would be

a better low-end for the range [56]. A dose decrease may be

indicated when peak concentrations (or the combination of

the parent plus 25-desacetyl-rifatbutin concentrations)

exceed 1.0 lg/mL, a value estimated based upon the lim-

ited available data [128]. The decision to change the dose

should take into account the clinical status of the patient,

their need for drug, and any evidence of adverse reactions,

in addition to the serum concentrations. TDM for the

concurrent medications will facilitate their dosage

adjustments.

7.4 Rifapentine

The serum concentrations of rifapentine are slightly higher

than those for rifampicin, and its partially active 25-desacetyl

metabolite also produces relatively high concentrations [26,

129–131]. The half-life of rifapentine is about 15 h, interme-

diate between the very short half-life of rifampicin and the

very long half-life of rifabutin. Rifapentine typically has a

Tmax of around 5 h post-dose, later than either rifampicin or

rifabutin.

Rifapentine is roughly 99 % protein bound, and this was

not taken into account in early clinical trials. Daily dosing and

higher mg doses of rifapentine are showing promise against

TB [132, 133]. Once-weekly rifapentine, along with isoniazid,

can reduce the treatment of LTBI to only 12 doses [10].

Rifapentine is similar to rifampicin as an inducer of hepatic

microsomal enzymes (about 85 to [100 % as potent as rif-

ampicin, depending on rifapentine dose and frequency) [26].

Therefore, it offers no advantage over rifampicin for patients

at risk of serious drug interactions. We target 5- to 6-h Cmax

values of 8–30 lg/mL after a 600-mg dose of rifapentine,

similar to the 2-h Cmax of rifampicin.

7.5 Pyrazinamide

Pyrazinamide is the most reliably absorbed of the TB drugs

[114, 134]. Pyrazinamide usually reaches Cmax 1–2 h post-

Table 1 Pharmacokinetic parameters of the anti-tuberculosis drugs

Drug Normal adult dose Normal Cmax (lg/mL) Normal Tmax (h) Normal t� (h)

Isoniazid 300 mg daily 3–6 0.75–2 Polymorphic:

fast: 1.5; slow: 4900 mg biw 9–15

Rifampin 600 mg daily 8–24 2 2–3

Rifabutin 300 mg daily 0.45–0.90a 3–4 25–36

Rifapentine 600 mg dailyb 8–30 5 15

Pyrazinamide 25–35 mg/kg daily 20–60 1–2 9

50 mg/kg biw 60–90

Ethambutol 25 mg/kg daily 2–6 2–3 Biphasic:

2–4, then 12–1450 mg/kg biw 4–12

Cycloserine 250–500 mg daily or biw 20–35 2 7

Ethionamide 250–500 mg daily or biw 2–5 2 2

Streptomycin/

kanamycin/ amikacin

15 mg/kg daily

25 mg/kg biw

35–45c

65–80c

0.5–1.5 h IM dose or

calculated to the end

of IV infusion

3

PAS granules 4,000 mg bid 20–60 4–8 1

Levofloxacin 500–1,000 mg daily 8–13 1–2 9

Moxifloxacin 400 mg daily 3–5 1–2 7

Linezolid 600–300 mg

1–2 times daily

12–26 1.5 5–6

Clofazimine 100 mg daily 0.5–2.0 2–7 Biphasic: several days,

then many weeks

Information in the table is from the following references: [78, 114, 115, 121, 134, 139, 143, 145, 149, 150, 162, 172]

bid twice daily, biw twice weekly, Cmax peak serum drug concentration, IM intramuscular, IV intravenous, PAS p-Aminosalicylic acid, t� half-

life, Tmax time to Cmax

a Increased from the prior range of 0.30–0.90 lg/mL
b Based on results of USPHS Studies 29 and 29X. US FDA approved dose is biw in the initial phase and once weekly in the continuation phase

(for selected patients only)
c Calculated Cmax using linear regression to 1 h post-IM dose or end of IV infusion. Streptomycin range also applies to amikacin, kanamycin,

and capreomycin as similar doses
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dose and, with its long half-life (approximately 9 h), is

present in the serum for many hours. Therefore, 2- and 6-h

samples work well for pyrazinamide TDM. Pyrazinamide

Cmax are generally 20–50 lg/mL with 25-mg/kg daily

doses, proportionally higher with 35-mg/kg daily doses,

and typically 60–90 lg/mL after a 50-mg/kg biweekly

dose. In vitro and animal studies show pyrazinamide

activity is dose dependent and is mainly driven by the

AUC/MIC ratio. Also, a couple of recent clinical studies

suggested higher Cmax concentrations should be targeted.

The first, by Chideya et al. [43], where patients with Cmax

concentrations\35 lg/mL were at risk of treatment failure.

The second, by Pasipanodya et al. [54], where patients with

pyrazinamide Cmax concentrations below 58 lg/mL had

lower 2-month sputum culture conversion. Therefore, it

might be reasonable to target a higher Cmax concentration.

However, this will require using higher doses of pyrazin-

amide, which might increase its hepatotoxicity. Pyrazina-

mide elevates serum uric acid concentrations in virtually all

patients, and it typically has measurable a 24-h serum

concentrations. If pyrazinamide is not present in the serum,

and if the patient’s uric acid is normal, then it is very

unlikely that the patient is taking the medications. Pyra-

zinamide and its metabolites inhibit the secretion of uric

acid in the kidneys, and possibly the secretion of other

drugs [135]. Pyrazinamide was poorly tolerated when

given with ofloxacin and levofloxacin treatment for latent

MDR-TB [136–138].

7.6 Ethambutol

Ethambutol usually reaches Cmax 2- to 3-h post-dose. How-

ever, ethambutol absorption is highly variable and sometimes

incomplete. Therefore, 2- and 6-h samples are required to

detect delayed absorption or malabsorption [139–141].

Should the patient also be taking rifabutin and, in the case of

Mycobacterium avium infection, clarithromycin, 3- and 7-h

samples may be preferred [142]. The reliance of ethambutol

on renal elimination was described above, so the use of eth-

ambutol in patients with renal failure is best accompanied by

TDM. Also, frequent documentation of visual acuity (Snellen

chart) and red-green color discrimination (Ishihara plates) is

highly recommended. Patients should be instructed to stop

taking ethambutol and to call their primary physicians should

they notice any change in vision, such as difficulty reading the

newspaper. For ethambutol, we target a Cmax of 2–6 lg/mL

after daily doses of 15–25 mg/kg, and 4–12 lg/mL after

biweekly doses of 50 mg/kg.

7.7 Aminoglycosides and Polypeptides

Streptomycin is given intramuscularly or intravenously, so

malabsorption generally is not a concern. Standard doses of

15 mg/kg intramuscularly produce calculated Cmax values

of 35–45 lg/mL [79, 143]. Repeated intramuscular injec-

tions may toughen the tissue and alter the absorption of

streptomycin over time, and this may blunt the Cmax. Renal

elimination is responsible for the removal of streptomycin

from the body. The adequacy of the Cmax, and potential

delays in elimination, can be detected using the 2- and 6-h

sampling strategy (post-intramuscular injection, or post-

end of intravenous infusion). Sampling too soon after an

intravenous infusion of large aminoglycoside doses has

been shown to falsely elevate the calculated Cmax values

when a one-compartment model is used [144].

Other aminoglycosides, including kanamycin and amika-

cin, display pharmacokinetics and toxicities similar to those of

streptomycin [79]. Capreomycin is a polypeptide, not an

aminoglycoside, but it resembles the aminoglycosides in the

above two characteristics. For streptomycin and the other

injectable anti-TB drugs, we target a calculated Cmax of 35–45

lg/mL after 15-mg/kg daily doses and 65–80 lg/mL after

25-mg/kg biweekly doses. Again, at least 1 h should pass from

the end of an intravenous infusion until collection of the peak

concentration sample in order to avoid falsely elevated con-

centrations during the distribution phase.

7.8 p-Aminosalicylic Acid

PAS was a first-line TB drug into the 1960s, when it was

replaced by ethambutol [8]. Because of limited use over the

past 3 decades, most isolates of TB remain susceptible to

PAS, making it useful for patients with MDR-TB. The

granule form of PAS is the only form available in several

countries, including the USA. PAS granules are enteric

coated and sustained release. Therefore, samples for Cmax

should be collected approximately 6 h post-dose.

Because only PAS, and not the acetyl-PAS metabolite,

has anti-mycobacterial activity, we try to administer PAS

in a way that keeps inhibitory concentrations in the blood

for most of the dose-administration interval [145]. On the

basis of our review of the literature, there appears to be no

good reason to avoid PAS in patients with renal failure who

require the drug [113]. For PAS, we target Cmax values of

20–60 lg/mL after a 4-g dose. Tmax usually is 4–6 h post-

dose for the granules. With regular PAS tablets, Tmax

occurs by 2 h in most patients. We generally recommend a

dose increase if the Cmax is less than 10 lg/mL. Patients

should be monitored for hypothyroidism. [146]

7.9 Cycloserine

Cycloserine remains a ‘second-line’ TB drug because of its

frequent CNS effects [79]. Most commonly, patients

complain of an inability to concentrate, or lethargy. These

complaints appear even with serum concentrations at the
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low end of the normal range (20–35 lg/mL). More serious

CNS toxicity may be associated with elevated serum con-

centrations, although published literature is hard to find. In

the experience of the authors and colleagues, seizures are

rare, though this can vary by location [147, 148].

Food modestly decreases the absorption of cycloserine,

so it is best to give this drug on an empty stomach [149].

Antacids and orange juice have little effect on cycloserine

and the Tmax is about 2 h post-dose. Delayed absorption

can be detected with a 6-h sample. For cycloserine, we

target Cmax values of 20–35 lg/mL after 250–500 mg

doses. Given the longer half-life of cycloserine, it may be

best to allow 3–4 days of administration before collecting

blood samples. This will allow for the achievement of

steady state prior to sampling.

7.10 Ethionamide

Ethionamide is a very difficult drug to take. It frequently

causes significant gastrointestinal upset, sometimes with

vomiting. Although 2 h is the typical Tmax, delayed

absorption is fairly common [150]. The 2- and 6-h samples

work reasonably well for this drug. We target Cmax values

of 1–5 lg/mL after a 250–500 mg dose. As with PAS, and

especially if the two drugs are used together, patients

should be monitored for hypothyroidism [146].

7.11 Fluoroquinolones

Levofloxacin, moxifloxacin (and gatifloxacin, where

available) are currently used for TB [151–156]. Clinical

trials continue in order to better define the roles of these

drugs (NCT00864383, NCT01918397) [155, 157–160].

They display concentration-dependent activity against

most organisms. Dose increases of moxifloxacin must be

carried out very cautiously due to toxicity concerns [161].

It is hoped that higher doses of levofloxacin will be safe

and even more effective against TB (NCT01918397).

Levofloxacin is currently administered at 750–1,000 mg

daily. The associated 2-h Cmax is 8–12 lg/mL, producing a

Cmax/MIC of approximately 10 [162]. Clinical trials are

needed to validate and improve upon this approach. Sam-

ples at 2 and 6 h are typical for fluoroquinolone TDM.

Levofloxacin relies on renal elimination, so patients with

renal dysfunction should receive the drug either daily, or

less often, based on TDM [163].

Moxifloxacin is generally administered at 400 mg daily

for TB. Some have suggested that higher doses in the

600–800 mg range should be used; this is based on a

previous in vitro study [63]. One concern with using higher

doses of moxifloxacin is the potential to cause QT pro-

longation. A high-dose moxifloxacin study is planned

(NCT01329250). When given with rifampicin or

rifapentine, serum concentrations are reduced by 20–30 %

[164–166]. Thus, a 600-mg dose can be considered in order to

maintain the 2-h Cmax in the range of 3–5 lg/mL. Moxiflox-

acin is both hepatically and renally cleared, and may be easier

to administer in patients with renal dysfunction.

As a class, fluoroquinolones can cause CNS excitation,

including caffeine-like effects and insomnia. Tendonitis is

seen in some patients and, rarely, Achilles tendon rupture

has occurred [167]. However, compared with the frequency

of ADRs seen with other ‘second-line’ agents, such as

cycloserine and ethionamide, the fluoroquinolones are well

tolerated.

7.12 Linezolid

Linezolid has good in vitro and in vivo activity against TB,

with an MIC of 0.5 lg/mL against M. tuberculosis [168–170].

Data from small clinical studies and case series suggest lin-

ezolid contributes to sputum culture conversion in MDR and

XDR-TB. However, chronic administration of linezolid is

associated with toxicities such as myelosuppression and

neuropathy [170, 171]. One approach is to use linezolid 600

mg once daily, 300 mg twice daily, and even 300 mg once

daily to limit its toxicity, instead of using the standard 600-mg

twice daily dose for other bacterial infections [172, 173]. How

this dosage would affect linezolid activity or toxicity is not

clear. Linezolid activity against gram-positive infections is

mainly driven by the fAUC/MIC ratio and to some extent by

the time above MIC [174, 175]. Therefore, it is reasonable to

target trough concentrations at or above the MIC of the

organism. Additionally, trough concentrations can be as a

used a surrogate for the AUC, as linezolid trough concentra-

tions are highly correlated with its AUC [47].

7.13 Clofazimine

Clofazimine was thought to be a weak anti-TB agent, and it

was used sparingly in the treatment of MDR-TB. More recent

experience, both in animals and in humans, may suggest a

larger role in the treatment of MDR-TB [176]. A 2-h post-dose

sample can verify that the drug is being absorbed, with most

patients showing 0.5–4.0 lg/mL in the serum. Clofazimine is

better absorbed when given with food. Given its very long

tissue half-life, second samples tend to say more about dis-

tribution than elimination of clofazimine [79, 177]. Over time,

dry skin and skin discoloration become general clinical clues

regarding drug absorption, but are not quantitative.

8 Conclusions

TDM is never a substitute for sound clinical judgment, nor

is it a substitute for DOT. However, TDM is a useful tool in

Therapeutic Drug Monitoring 849



a variety of clinical situations, including patients at high

risk of treatment failure, or patients with a delayed

response. TDM allows one to achieve the desired serum

concentrations, increasing the chances of successful clini-

cal and bacteriological outcomes. Several of the TB drugs

show high inter-individual variability. TDM also can

resolve complicated drug–drug interactions before the

patient experiences failure, relapse, or toxicity. In these

ways, TDM is a very powerful ally in the management of

complex clinical cases. Additional studies are needed to

further define therapeutic concentrations, especially for the

second-line TB drugs.
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