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The mutant prevention concentration (MPC) is a well-known concept in the chemotherapy of many bacterial in-
fections, but is seldom considered in relation to tuberculosis (TB) treatment, as the required concentrations are
generally viewed as unachievable without undue toxicity. Early studies revealed single mutations conferring
high MICs of first- and second-line anti-TB agents; however, the growing application of genomics and quantita-
tive drug susceptibility testing in TB suggests a wide range of MICs often determined by specific mutations and
strain type. In paediatric TB, pharmacokinetic studies indicate that despite increasing dose recommendations, a
proportion of children still do not achieve adult-derived targets. When considering the next stage in anti-TB drug
dosing and the introduction of novel therapies for children, we suggest consideration of MPC and its incorpor-
ation into pharmacokinetic studies to more accurately determine appropriate concentration targets in children,
to restrict the growth of resistant mutants and better manage drug-resistant TB.

Introduction

The mutant prevention concentration (MPC) is the minimum con-
centration restricting the growth of the least susceptible, single-
step mutant of a bacterial isolate.1 The mutant selection window
(MSW) is the drug concentration between the MIC and MPC, and
failure to exceed drug concentrations above the MPC has the po-
tential to allow bacteria with resistance-associated mutations to
grow and accumulate further mutations (Figure 1).1,2

This concept is well recognized in relation to other bacterial in-
fections,3–5 but is seldom considered in TB. Although multi-drug
therapy is the standard for TB management, variation in pharma-
cokinetics between drugs can result in periods of relative mono-
therapy.6 This has been demonstrated during intermittent therapy
with isoniazid and a rifamycin, where isoniazid (which has a shorter
half-life) failed to protect the accompanying rifamycin, which has
a longer half-life.7,8 The penetration of rifampicin into caseous tis-
sue is also not as good as that of isoniazid and this may lead to
localized periods of inadvertent monotherapy especially during
the continuation phase of therapy.9 Given the rise of MDR-TB
(resistance to at least isoniazid and rifampicin), a re-evaluation of
MPC in anti-TB drugs is needed to optimize drug dosing and poten-
tially restrict the growth of mutants.

In paediatric TB, the optimal dosing of first- and second-line
anti-TB agents in children is still unclear, and is dependent on
adult-derived targets. Greater clarity is urgently needed in this re-
spect, given that 2 million children under 5 years old could be in-
fected with MDR-TB; global figures for 2014 indicate that 58 300
children had isoniazid-resistant TB, 24 800 had MDR-TB and 1160

had XDR-TB (MDR plus resistance to fluoroquinolones and a
second-line injectable agent).10,11

As dosing for paediatric TB is being re-evaluated in the setting
of rising antimicrobial resistance, an opportunity exists to incorpor-
ate the MPC in pharmacokinetic studies. Current drug-dosing strat-
egies seek to at least exceed the MIC, which is the lowest drug
concentration that will inhibit growth of susceptible strains, but in
some instances this is limited by the concentration at which tox-
icity might emerge (the therapeutic index). However, it is now
understood that the MICs of both first- and second-line anti-TB
agents are seldom homogeneous, but exist over a range of con-
centrations, determined in part by the relevant mutation.12 For
some drugs, the MIC may be sufficiently low to allow for higher
doses above the MPC without undue toxicity. In this paper, we re-
view past studies on the MPC in TB, the range of MICs for mutations
associated with resistance in first- and second-line anti-TB drugs,
and discuss the possibility of dose adaptation in children.

Methods
We conducted a literature search on Pubmed, EMBASE and Google Scholar.
To understand prior work on MPC in TB, we used the following search terms:
‘mutant prevention concentration’, ‘mutant selection window’ and ‘mutant
selection window AND TB’. We also paired ‘mutant prevention concentra-
tion’ and ‘mutant selection window’ with all first- and second-line anti-TB
drugs based on WHO groups 1–5 (as this classification was then used) that
are currently approved in children: isoniazid, rifampicin, pyrazinamide, eth-
ambutol, rifabutin, streptomycin, kanamycin, amikacin, capreomycin,
fluoroquinolones including levofloxacin, moxifloxacin, and gatifloxacin,
para-aminosalicylic acid (PAS), cycloserine, terizidone, ethionamide,
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prothionamide, clofazimine, linezolid, amoxicillin/clavulanic acid, thiaceta-
zone, carbapenems and clarithromycin. We included original research and
review articles based on the search or bibliography that were English lan-
guage, and specifically discussed in vitro or in vivo work on MPC and
Mycobacterium tuberculosis. We excluded results that did not investigate
M. tuberculosis, or results related to drugs currently in development or not
yet approved in children, including delamanid and bedaquiline. For the se-
cond aim of exploring the range of MICs by mutation, we used the following
search terms, with and without the above antituberculosis agents: ‘break-
point tuberculosis’, ‘critical concentration tuberculosis’, ‘pharmacogenom-
ics tuberculosis’, ‘quantitative drug susceptibility testing tuberculosis’,
‘tuberculosis strain mutation resistance’, ‘whole genome sequencing muta-
tion tuberculosis’ and ‘whole genome sequencing resistance tuberculosis’.
Original research and review articles in English from the search or bibliog-
raphy were considered if they included data on MICs of anti-TB drugs
stratified by mutation, or discussed the use of quantitative drug susceptibil-
ity and whole genome sequencing (WGS) in understanding resistance in
M. tuberculosis. For the final aim regarding dosing of antituberculosis agents
in children, we included the above list of drugs with the following terms:
‘child AND pharmacokinetics’; and ‘tuberculosis AND pharmacokinetics’. We
included English language original research and review articles from the
search or bibliography that presented results on the pharmacokinetics of
these drugs in children used for active TB disease. We excluded pharmaco-
kinetic data in adults, and did not include studies that focused on latent TB
infection management or isoniazid preventative therapy. For Table 1, we
included only pharmacokinetic data based on current recommended dos-
ing in children.13 While there are multiple pharmacokinetic parameters,
Cmax has been presented because of its role in therapeutic drug monitoring
in TB, its predominant use in the paediatric TB literature to determine if dos-
ing is appropriate based on adult-derived targets, and to allow comparison
with the MIC and MPC.

Past studies on MPC in
Mycobacterium tuberculosis

Early studies on M. tuberculosis concluded that drug concentra-
tions above the MPC were not possible for the first-line and several
second-line antituberculosis agents. In 2000, Dong et al.14 pre-
sented the MPC of several first- and second-line drugs (Table 1).
They compared the peak concentration (Cmax) of first-line options

rifampicin and isoniazid, and second-line drugs including strepto-
mycin, capreomycin, kanamycin, and cycloserine to the deter-
mined MIC and MPC. The authors found that the MPC ranged from
2 to .38 times greater than the Cmax, and concluded that these
concentrations could not be reached without considerable toxicity.

The one exception was the fluoroquinolones, a core drug class in
MDR-TB regimens in adults and children.15 Dong and colleagues
examined the growth curves of 14 clinical M. tuberculosis isolates
from three different genetic strains exposed to increasing concen-
trations of various fluoroquinolones.14 They found a more achiev-
able MPC, ranging from 1.0–4.0 mg/L, compared with a Cmax of
4.4 mg/L with 750 mg of ciprofloxacin. They further found that
newer fluoroquinolones that added a methoxy group to C8, such as
moxifloxacin, were associated with an even lower MPC, narrower
MSW and left shift of the growth inhibition curve. For moxifloxacin,
the MPC was estimated at 2.5 mg/L, corresponding to 0.55 times
the Cmax achieved in adults with a 400 mg daily dose. This sug-
gested that fluoroquinolones might be a useful antibiotic to com-
bine with other antituberculosis drugs to exceed levels above the
MPC and restrict mutant growth. This was further supported in an
in vivo TB mouse model, which showed that maintaining moxi-
floxacin serum concentrations above the MPC effectively prevented
the amplification of mutations.16 However, this group determined
the MPC to be 8.0 mg/L, compared with the Cmax of 2.2 mg/L they
found with an equivalent 400 mg dose.16 A hollow fibre model
compared 400, 600 and 800 mg doses of moxifloxacin and then,
with mathematical modelling, concluded that 800 mg was associ-
ated with 93% likelihood of suppressing resistance.17 Of note, this is
twice the current recommended daily maximum dose in children
and adults, but an 800 mg dose has been considered safe in adults
and has been recommended by several groups.18

There have been few efforts to further examine MPC in TB. One
study examined the MPC of isoniazid, rifampicin and rifabutin
among 224 clinical isolates in Spain over an 11 year period
(Table 1).19 In contrast to the findings of Dong et al.,14 the authors
found that 90% of the strains had an MPC below 2.4 mg/L for iso-
niazid, 0.4 mg/L for rifabutin, and 2.2 mg/L for rifampicin, as com-
pared with 20 mg/L for isoniazid and .80 mg/L for rifampicin
reported by Dong et al.14 The same group found the MPC of fluoro-
quinolones and linezolid to be 1.0–2.0 mg/L and 1.2 mg/L, respect-
ively, and generally similar to the findings of Dong et al.,14 except
for ciprofloxacin, which was 8.0 mg/L.20 These findings, coupled
with the discussion below on variance in MIC, raise questions re-
garding the possible heterogeneity of MPC in TB.

Variation in MIC of antituberculosis drugs

In determining the MPC of first- and second-line drugs against
M. tuberculosis, a single strain was primarily used, and MPC was not
generally stratified by mutation.14 However, for fluoroquinolones,
it was shown that increasing concentrations selected for different
mutations in gyrA or gyrB in M. tuberculosis.21 This suggested that
the MPC could be lower depending on the mutation. The increasing
use of genomics in TB has revealed a wide variety of mutations
that are associated with resistance to first- and second-line agents
(Table 2). For example, WGS studies in South Africa and Pakistan
have been able to identify resistance-conferring mutations not
normally seen by traditional assays, as well as compensatory mu-
tations that help to maintain fitness.22–24
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Figure 1. Mutant selection window (MSW) hypothesis. As the concentra-
tion of the antibiotic increases, there is an initial drop in bacteria related
to the inhibition of growth of 99% of susceptible cells (MIC99). This, how-
ever, then leads to a plateau as bacteria with resistance-conferring mu-
tations are selected to grow. The second drop corresponds to the
inhibition of resistant growth, termed the mutant prevention concentra-
tion (MPC). Adapted from Figure 1 in Drlica and Zhao, 2007.1
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Table 2. Common resistance mutations in M. tuberculosis and associated MIC range

WHO group15 Antibiotic Mutation Range of MICs (mg/L) References

First-line drugs

isoniazid katG 1–125 55, 80

inhA �0.1–8.0 81, 82

rifampicin rpoB 0.5–�160 81, 83, 84

L511P 0.125–0.5 27

pyrazinamide pncA 12.5–.1024 83, 85, 86

ethambutol embC 16–32 28

embB �2.5–�50 87

rifabutin rpoB ,0.25–�5 84

Second-line drugs

A. Fluoroquinolones gyrA

levofloxacin Ala90Val (A90V) 0.25–8.0 88–90

Ser91Pro (S91P) 1.5–3.0

Asp94Ala (D94A) 1.5–6.0

Asp94Gly (D94G) 2.0–16

Asp94Asn/Tyr (D94N) 3.0–12

Asp94His (D94H) 3.0–6.0

moxifloxacin Ala90Val (A90V) 0.12–8.0 89, 91–93

Ser91Pro (S91P) 1.0–4.0

Asp94Ala (D94A) 0.25–.8.0

Asp94Gly (D94G) 0.12–8.0

Asp94Asn/Tyr (D94N) 0.5–.8

Asp94His (D94H) 0.25–4

gatifloxacin Ala90Val (A90V) �0.125–2.0 89, 93, 94

Ser91Pro (S91P) 0.25–0.5

Asp94Ala (D94A) 0.25–1.0

Asp94Gly (D94G) 0.25–4.0

Asp94Asn/Tyr (D94N) 0.5–4.0

Asp94His (D94H) 0.25–2.0

B. Second-line

injectable agents

amikacin rrs 95, 96

A1401G .120

G1484T 16–80

C1402T 2.0–4.0

thyA �4.0 97

eis 0.5–,4.0 98

capreomycin rrs 96, 97

G1484T 160–.320

C1402T 80–.160

A1401G 20–.160

thyA 20–160

kanamycin rrs 96, 97

A1401G .160

G1484T 80–160

C1402T 10–20

eis 5.0–80 98

thyA �5.0–40

streptomycin rpsL 0.5–.1000 81, 83, 99

rrs 12.5–50

gidB 0.5–16 100

C. Other core

second-line agents

Continued
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At the same time, there is a growing understanding that the
presence of a mutation in M. tuberculosis does not always indicate
a high MIC. Rather, for a given drug, there can be a wide range of
MICs depending on the mutation conferring resistance (Table 2),
strain type, accumulation of further mutations and use of con-
comitant drugs. For example, the presence of the rpoB gene is
associated with rifampicin resistance, but a WGS study in Haiti
found rare mutations within the Rifampicin Resistance-
Determining Region (RRDR) that confer low MICs.25 In an in vitro
study of M. tuberculosis isolates with mutations associated with
isoniazid resistance, the MIC varied by lineage.26 In addition to the
fluoroquinolone class, stepwise escalation of MIC with accumula-
tion of mutations has been found with both rifampicin and etham-
butol.27,28 The synergistic effects of multi-drug therapy can also
impact MIC. The addition of clarithromycin and its metabolite
14-hydroxyclarithromycin was associated with a reduction in
the MIC of first-line agents isoniazid, rifampicin and ethambutol by
4- to 32-fold.29 Thus, while identifying a mutation is important,
there is a greater appreciation of the complex relationships that in-
fluence phenotypic resistance.

Quantitative drug susceptibility testing (DST) in TB is an example
of how understanding variation in MIC can aid management deci-
sions. The Sensititre MYCOTB MIC plate (Trek Diagnostic Systems,
Cleveland, OH, USA) determines first- and second-line drug MICs,
and creates a borderline category between 1 dilution less and 2 di-
lutions greater than the critical concentration.30,31 A 2 year imple-
mentation of this system in Bangladesh found a considerable
proportion of borderline isolates, and the authors suggest this can
help providers to determine whether they can give a higher dose
to exceed the MIC.32 Additionally, the MGIT960TM (Mycobacteria
Growth Indicator Tube, Becton Dickinson, Franklin Lakes, NJ, USA)
platform with the EpiCentreTM TBeXiST (Extended Individual
Susceptibility Testing, Becton Dickinson, Franklin Lakes, NJ, USA)
module, first screens for resistance based on the epidemiological
cut-off (ECOFF), and then exposes resistant isolates to higher con-
centrations to ultimately categorize them as low, intermediate or
high.33 Cambau et al.34 applied this to first- and second-line TB
drugs, and found that while rifampicin, rifabutin and amikacin gen-
erally were in the high group, they noted a wide range among iso-
niazid, fluoroquinolones, streptomycin, capreomycin, PAS and
ethionamide.

The heterogeneity of MIC may suggest a range of MPC depend-
ing on the mutation that one seeks to restrict. The concept that
the presence of an M. tuberculosis mutation ‘reduces susceptibility
so much that no tolerable concentration of drug can block mutant
growth’ is now unclear.35 At the same time, changes in MIC have
been shown to correlate poorly with MPC.36 Consequently, MPC

needs to be stratified by mutation and strain in order to under-
stand if there are particular mutant subpopulations that can be
feasibly restricted at higher dose concentrations.

Challenges of increasing the dosage of
anti-TB drugs in children

Anti-TB drug dosing in children can be difficult, as growth and de-
velopment influence absorption (changes in motility, gastric acid
secretion), distribution (variability in body composition, protein
binding), metabolism (liver size relative to body, maturation of
hepatic enzymes) and excretion (changes in renal clearance).37,38

Yet, there is a significant need to determine appropriate dosing,
and MPC could serve as an important additional consideration to
restrict the growth of mutant subpopulations. The heterogeneity
of MIC in TB suggests that higher drug concentrations may be able
to exceed the MPC depending on the mutation. Table 1 outlines
the range of maximum concentrations found in children receiving
currently recommended standard dosing of anti-TB drugs. In com-
parison to Table 2, every drug with available data can potentially
achieve a Cmax greater than a mutant’s MIC to suppress growth,
depending on the mutation. However, there are two key chal-
lenges to increasing the doses of anti-TB agents in children to ex-
ceed the MPC. First, there are no clear pharmacokinetic targets in
children with TB, and efforts to achieve concentrations based on
various adult-derived goals have been difficult.39 Second, more
safety data are needed to determine whether an increase in dose
will be tolerated. This highlights the need for more pharmacoki-
netic studies in children with TB in order to correlate outcomes and
adverse effects, and the incorporation of the MPC may guide goals
for therapeutic doses that also suppress mutant growth.

Pharmacokinetics goals of anti-TB agents in
paediatric TB

The revised WHO dosing guidelines for TB in children recommend
increased doses of isoniazid, rifampicin, pyrazinamide and etham-
butol, following a number of studies demonstrating that the previ-
ously recommended doses were too low to achieve target Cmax

based on standard adult dosing.13,40 However, these targets are
derived from adult trials, and several updated paediatric pharma-
cokinetic studies suggest that children are still unable to reach
some of these goals and raise questions about what the target
should be (Table 1). For example, among 39 infants in South Africa,
none met concentration targets for rifampicin and only 6% met
target concentrations for ethambutol at the currently recom-
mended WHO doses according to weight bands. It should be noted

Table 2. Continued

WHO group15 Antibiotic Mutation Range of MICs (mg/L) References

ethionamide ethA 50–.200 82

inhA �1.25–�200 81, 82

PAS thyA ,32–.128 101

folC 0.125–8.0 102
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that the liquid formulation of rifampicin was changed mid-study;
although the new formulation was given at a higher mg/kg dose, it
had a lower Cmax, raising concerns regarding its bioavailability.41

Beyond infancy, of 31 children in KwaZulu-Natal, South Africa,
many of whom received the new WHO-recommended doses, only
6% given rifampicin, 65% given isoniazid, 55% given pyrazinamide
and 15% given ethambutol reached the target Cmax.

42 Among
HIV-positive children in India who received intermittent dosing
based on weight bands, 97% did not achieve target Cmax when
treated with rifampicin, 28% with isoniazid and 33% with
pyrazinamide.43

As seen in Table 1, second-line anti-TB drug pharmacokinetic
studies are lacking in children, but also suggest that current doses
may lead to Cmax below adult-derived targets. A pharmacokinetic
study in South Africa among children under 8 years old found that
the median Cmax of levofloxacin was 6.79 mg/L, below the target
of 8–13 mg/L.44 Moxifloxacin at 10 mg/kg was evaluated among
children 7–15 years, and median Cmax was less than the Cmax

found in adult studies with 400 mg dosing, with a lower trend if
HIV-positive.45 A pharmacokinetic study of ethionamide use
among 31 children aged 0–2, 2–5 and 6–12 years showed that
standard dosing of 15–20 mg/kg achieved appropriate concentra-
tion (Cmax . 2.5 mg/L) for most children (with significant variation),
but was lower among younger and HIV-positive children.46

Potential toxicity associated with increased doses

The main concern with higher doses of anti-TB agents is greater
toxicity. Increasing the isoniazid dose from 4–6 to 8–10 mg/kg has
not yet been associated with greater hepatotoxicity in children.47

Early studies that evaluated pyrazinamide dosing at 50 mg/kg
(instead of the current recommendation of 30–40 mg/kg) experi-
enced a high incidence of hepatotoxicity.48 A review of ocular tox-
icity with ethambutol found a low prevalence among children
(2/3811, 0.05%) receiving standard dosing, though the authors
note a dose-dependent toxicity in adults.49 Fluoroquinolones carry
a risk of osteoarticular adverse events and QT-interval prolonga-
tion; two pharmacokinetic studies in South Africa did not find that
ofloxacin, levofloxacin or moxifloxacin were associated with sig-
nificant QT-prolongation in children,44,45 but the effect on osteoar-
ticular adverse effects at higher doses needs to be evaluated.
For aminoglycosides, standard dosing of amikacin, capreomycin or
kanamycin for treatment of children with MDR-TB in South Africa

was associated with 24% developing hearing loss.50 Intolerance
with the currently available enteric-coated PAS is not severe,51 and
intolerance may be similar regardless of once-daily versus inter-
mittent treatment; single daily dosing will also lead to a higher
Cmax that exceeds the MIC in more than half of the documented
PAS-resistant isolates.52,53 Unfortunately, drug serum concentra-
tion and association with toxicity is not well documented in TB,
with the exception of neuropsychiatric adverse effects with cyclo-
serine .35 mg/L.54 Any attempts to increase the dose would need
to be carefully monitored to avoid unwanted toxicity.

Future directions

High-dose isoniazid provides an example of how understanding
TB genomics, its relationship with MIC, and pharmacokinetics
allows customization of therapy and restriction of mutant
growth. Genetics studies found prevalent mutations associated
with isoniazid resistance in two genes, katG and inhA (Table 2).55

However, katG mutations are mainly associated with high MICs,
and inhA mutations are associated with lower MICs.
Pharmacokinetic studies with isoniazid also noted that a Cmax of
5 mg/L, on the higher range (Table 1), was associated with
greater sputum culture negativity following monotherapy for
1 year,56 and that children ,2 years, regardless of acetylator
status, were able to reach a Cmax of 5 mg/L.40 Ultimately, the in-
tegration of these ideas suggested that if an inhA mutation is
present, a higher dose (15–20 mg/kg) could be used to exceed
the MIC, and studies in adults have suggested improved clinical
outcomes.57 Currently, the WHO-recommended 9 month MDR-
TB regimen utilizes high-dose isoniazid as well as higher than
standard doses of fluoroquinolones.58

It is in this context that we seek to revisit the MPC in TB. If the
MPC for isoniazid in isolates that contain subpopulations of inhA or
katG mutations were known, as well as the N-acetyltransferase
genotype, dosing could be customized to not only kill susceptible
cells, but also restrict the growth of the mutants.59 Early
studies did not support the use of the MPC given the high concen-
trations required, but our wider understanding of the genomics of
M. tuberculosis and of the host suggests that the specific mutation
can play an important role in the MIC, and thus perhaps the MPC.
This redefines resistance beyond the presence of the mutation,
and allows clinicians to continue to utilize core anti-TB agents in
the setting of limited options. In paediatrics, we have shown that

Table 3. Areas of future research in the mutant prevention concentration in M. tuberculosis

In vitro WGS and quantitative drug susceptibility testing to correlate mutations with phenotypic resistance

determine MPC for current and experimental therapies

stratify MPC by resistance mutation and strain

In vivo validation of the MSW for all TB drugs

pharmacokinetics and pharmacodynamics at MPC

safety and tolerability at MPC

Clinical pharmacokinetics of current dosing of second-line therapies in children, and relationship to clinical outcome

development of targets based on Cmax/MPC and AUC/MPC

correlate adverse effects with serum drug concentrations in children

MSW, mutation selection window.
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dosing remains unclear for both first- and second-line agents in
terms of efficacy and safety. This creates an opportunity to incorp-
orate the MPC in pharmacokinetic studies in children to determine
the Cmax/MPC, T .MPC and AUC/MPC, and potential toxicity at these
concentrations. Before the MPC can be utilized clinically, a number
of areas still need to be explored (Table 3).

In addition to current therapy, the MPC may have a role in fu-
ture drug development. Piperine is an efflux pump inhibitor that
has been shown to reduce the MIC of rifampicin by 4- to 8-fold in
both drug-susceptible and drug-resistant isolates, and reduced
the MPC in laboratory strains from immeasurable to 2 mg/L, well
below the target Cmax of rifampicin.60,61 As new drugs are de-
veloped, incorporating studies on the MPC may inform ways to re-
strict the emergence of new resistant isolates and/or increase the
potency of current therapy when this can be achieved without un-
due toxicity.

We are entering challenging times where resistance will place
increasing stress on current choices to treat TB. Fortunately, ad-
vances in our understanding of resistance and response to therapy
provide an opportunity to examine new dosing strategies to cus-
tomize and improve treatment. The MPC is a concept that should
be further explored to determine how best to treat TB and restrict
the growth of mutations associated with resistance. The gaps in
knowledge around dosing in paediatric TB provide a unique oppor-
tunity to reintroduce the MPC to guide the identification of appro-
priate pharmacokinetic targets.
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