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Children with tuberculosis are treated with drug regimens copied from adults despite significant differences in antibiotic pharma-
cokinetics, pathology, and the microbial burden between childhood and adult tuberculosis. We sought to develop a new and effective
oral treatment regimen specific to children of different ages. We investigated and validated the concept that target drug concentra-
tions associated with therapy failure and death in children are different from those of adults. On that basis, we proposed a 4-step
program to rapidly develop treatment regimens for children. First, target drug concentrations for optimal efficacy are derived from
preclinical models of disseminated tuberculosis that recapitulate pediatric pharmacokinetics, starting with monotherapy. Second,
2-drug combinations were examined for zones of synergy, antagonism, and additivity based on a whole exposure-response surface.
Exposures associated with additivity or synergy were then combined and the regimen was compared to standard therapy. Third,
several exposures of the third drug were added, and a 3-drug regimen was identified based on kill slopes in comparison to standard
therapy. Fourth, computer-aided clinical trial simulations are used to identify clinical doses that achieve these kill rates in children in
different age groups. The proposed program led to the development of a 3-drug combination regimen for children from scratch,

independent of adult regimens, in <2 years. The regimens and doses can be tested in animal models and in clinical trials.
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Young children (aged <5 years) exposed to Mycobacterium
tuberculosis (Mtb) are at the highest risk of disseminated disease
[1]. The number of tuberculosis cases in children varies between
3.5% and 11% of the total reported global tuberculosis cases,
and an estimated 332 000 children are left undiagnosed or not
reported in national surveys [2, 3]. Thus, childhood tuberculosis
remains a hidden epidemic. In the case of multidrug-resistant
(MDR) tuberculosis, the population is virtually “invisible,”
and no treatment regimens of proven efficacy are available
[4]. As drug concentrations associated with optimal outcome
in children have hitherto been unknown, optimized drug
doses for these “invisible children” have also not been available.
Addressing these knowledge gaps should be a priority.

The therapeutic regimens currently used to treat pediatric
tuberculosis are based on those developed for adults with cavitary
pulmonary tuberculosis. The current practice is to dose children
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based on weight bands [5]. However, the relationship between
weight and drug clearance or volume of distribution in children
(and adults) is nonlinear, and often follows fractal geometry-
based patterns. As a result, the peak concentration (“peak”) and
0- to 24-hour area under the curve (AUCy_,4) of drugs achieved in
children are often lower than those in adults treated with the same
milligram per kilogram (mg/kg) dose [5]. We recently demon-
strated that some important xenobiotic metabolism enzymes
such as N-acetyltransferase 2 (NAT2) have ontogeny-driven var-
iable function in children <5 years age, an effect that was more
powerful than NAT2 genotype [6]. This further complicates impo-
sition of doses derived in adults on infants and toddlers.

In an accompanying article in this supplement, we report that
there are specific drug concentration thresholds associated with
poor therapy outcome and death in chidren with tuberculosis;
some were similar to findings in adults, but several were distinct
[7]. Furthermore, the concentration thresholds and the ranking
order of importance associated with therapeutic outcomes in
infants and toddlers, the age group most prone to disseminated
disease, were dramatically different from those in older children
and adults. This means that the well-meaning approach that
uses drug concentration targets identified in adults should
now be supplanted by exposure targets specifically designed
for children. Therefore, pharmacokinetic/pharmacodynamic
(PK/PD) studies different from those performed for adults are
needed, and specific intent should be paid to studies for toddlers
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and infants. The same approach will also be needed to study
concentration-related toxicity in children. A recent analysis of
factors contributing to US Food and Drug Administration reg-
istration failure of clinical trials of 44 pediatric products identi-
fied poor dosing and toxicity as important factors [8]. Here, we
outline the principles behind a program whose intent was to de-
sign new dosing regimens for children with tuberculosis based
on identifying optimal doses for efficacy that minimize toxicity.

STEP 1: DEFINING POPULATION
PHARMACOKINETICS OF NEONATES, INFANTS,
TODDLERS, AND PRESCHOOLERS

Children, especially the very young, have rapidly changing body
size and physiology, and in some cases undergo a switch in iso-
enzymes important for xenobiotic metabolism [9]. The sad les-
son of chloramphenicol toxicity in neonates illustrates the
importance of considering enzyme maturation and changes in
physiological processes such as renal excretion and dosing [10].
Neonates receiving intravenous loads of chloramphenicol devel-
oped cardiovascular collapse because the UDP-glucuronyltrans-
ferase enzyme system was immature and the renal function was
not yet high enough to excrete the unconjugated antibiotic [11].
For linezolid, which is being considered for treatment of MDR tu-
berculosis in children, ontogeny clearly impacts systemic clear-
ance of the drug [12]. The changes in systemic clearance and
volume, hence AUC,_»,4 and peak, with age are shown elsewhere
[13]. Thus, the first step in better target setting is identifying clin-
ical pharmacokinetic parameters in the relevant age groups. Even
more important is quantification of the between-child variability
in the clearance and volumes of distribution because no 2 children
are exactly alike, and there is age-dependent maturation. This
means that when different children receive the same dose in
mg/kg, they will achieve different concentration-time profiles.
The effect of pharmacokinetic parameters such as AUC_»4
and peak will be modified by the degree of susceptibility of
the infecting Mtb isolate. The higher the concentration, the
more bacteria are killed, whereas the higher the minimum in-
hibitory concentration (MIC), the fewer Mtb killed. Thus, we
index pharmacokinetic parameters to the MIC, to generate
pharmacodynamic parameters such as AUCo_,4/MIC, peak/
MIC and percentage of the dosing interval that concentrations
persist above MIC (%Tc). These quantities and ratios are
termed drug exposures. Because of pharmacokinetic variability,
and MIC variability in clinical isolates, children treated with a
fixed dose will achieve different exposures from each other.

STEP 2: TARGET SETTING USING PK/PD PRINCIPLES
WITH MONOTHERAPY

Preclinical models have been used for PK/PD target setting of an-
tituberculosis agents in adults. The 2 most extensively used are
hollow fiber systems and mouse models, as recently reviewed
(14, 15]. For adults, these models have a fairly high degree of

accuracy in identifying PK/PD exposures that are relevant to clin-
ical treatment of tuberculosis [16]. The premise is that there is a
predictable and reproducible relationship between drug exposure
and effect, and this relationship holds across different disease
models, including humans. This is important as it would be un-
ethical in the case of fatal infections to perform a dose-response
study in which some children are exposed to suboptimal doses.
Thus, the dose response has to be explored in preclinical models.

The hollow fiber system model of tuberculosis recapitulates
the concentration-time profile of the drugs encountered in hu-
mans [17]. In the case of children, these would be specific to the
age group, based on population pharmacokinetic studies de-
scribed in step 1 above. The important component is exposing
these dynamic drug concentrations to Mtb that are in metabolic
states of relevance to the disease. In adult tuberculosis, the hol-
low fiber system model has been used extensively to perform
exposure—effect experiments for bactericidal and sterilizing ef-
fect, identification of drug exposures that may suppress drug re-
sistance, and identification of susceptibility breakpoints [17, 18].
Recently, we developed an intracellular Mtb hollow fiber sys-
tem model for exposure-effect studies that utilize pediatric
pharmacokinetics [19].

In vivo models introduce additional complexities related to
the host response and development of tuberculous lesions that
may influence the relationship between plasma drug exposures
and antituberculosis effect. Infection of BALB/c and other com-
monly used mouse strains with greater susceptibility to virulent
Mitb produces disseminated infection characterized by nonne-
crotic granuloma-like aggregates of inflammatory cells lesions
in which Mtb is virtually entirely intracellular, whereas use of
C3HeB/Fe] mice introduces the element of caseous necrosis
and even cavitation, which may further improve the representa-
tion of tuberculosis among children >5 years of age [15]. Recent
evidence indicating differential drug partitioning and drug con-
centration-response relationships in caseum vs cellular regions
of lesions further emphasize the complementary role that these
in vivo models may play [20-22]. The clearance of the drugs in
mice is in some cases faster than in adults, and this faster clear-
ance could be used as a surrogate for the pharmacokinetics in
babies and toddlers [23]. This would be on a drug-by-drug
basis, as not all drugs have more rapid clearance in young chil-
dren; indeed, some may have poorer clearance as is the case of
chloramphenicol. Nevertheless, mice could be used for expo-
sure—effect studies, and in tandem with the hollow fiber system,
to design antituberculosis doses for children that could optimize
efficacy, suppress drug resistance, and minimize toxicity. The
ultimate goal would be to develop new treatment regimens
based on PK/PD principles and rank their efficacy.

The relationship between drug exposure and total microbial
burden in these preclinical models is analyzed using the inhib-
itory sigmoid maximal microbial kill (Epn.y) model, shown in
Figure 1. The slope of the steep portion of this sigmoid curve
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is described by the Hill factor (H). The second parameter to
consider is the maximal amount of Mtb kill by the drug (Eax)
which is the efficacy of the drug. The drug exposure associated
with 50% of E .y is the ECsq, which denotes the potency of the
drug. On the sigmoid curve, the bacterial burden in nontreated
systems or animals is denoted as E.,. The exposure-response re-
lationship is used to calculate the drug exposure associated with
either 80% or 90% of E,.x (ECgo and ECgq). These are called “op-
timal exposure” because 100% E,,.x is on an asymptote. That
these ECso, ECqp, and ECy, exposure values are invariant and,
as such, can be transported from preclinical models to humans
is a basic tenet of the science of antibiotic pharmacodynamics.

Experiments can also be performed in preclinical models to
identify the effect of the dose schedule. This is because when
exposures such as AUCy_»4/MIC ratio, peak/MIC, and %Tygc
are utilized in inhibitory sigmoid E,.x models, often one of
these has a closer relationship to microbial effect compared to
the others, as indicated by a highest coefficient of determination
(r*). The 1 tells us what percentage of effect is explained by the
particular exposure ratio of either AUC,_,,/MIC, peak/MIC, or
%Tpc. A dosing schedule that maximizes this r* is associated
with the best microbial kill for that drug, and is said to be linked
to effect. This pattern is also invariant.

STEP 3: IDENTIFYING OPTIMAL EXPOSURES OF
DRUG COMBINATIONS

Tuberculosis is treated with combination therapy because mono-
therapy frequently leads to emergence of resistance. After the
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Figure 1.  Exposure—effect relationship. As shown in the figure, at low doses
the bacterial burden does not differ much from nontreated controls (E.,,). As the
drug exposure increases, there is an inflection point after which slight increases
in drug exposure lead to large changes, the steep portion of the curve. The slope
on this steep portion is the Hill factor. Close to maximal microbial Kill (Epay)
there is a second inflection at which large increases in drug exposure lead to
very little change in bacterial burden. Abbreviations: AUCq_,q, 0- to 24-hour
area under the curve; CFU, colony-forming units; ECsg, drug exposure associated
with 50% of Enay Econ. bacterial burden in nontreated controls.

exposure-effect studies, the next step is thus to combine 2
drugs. However, this is immediately preceded by the question of
which exposures to use in the combination. How do we know
which exposures to combine? This is a step fraught with danger,
given 2 linked concepts, toxicity and efficacy. Some drugs may be
more toxic in combination than as single agents. This problem of
“the toxicity of poisons applied jointly” is what motivated Chester
Bliss in 1939 to introduce the concept for drugs that inhibit dif-
ferent sites or receptors [24]. A similar concept applies to combin-
ing drugs for greater efficacy, which is tantamount to poisoning
Mtb more effectively with the combination of antibiotics. If one
examined all possible combinations of drug concentrations of 2
drugs A and B and depicted their effect on a giant surface,
there are 3 possibilities at each point of the surface. The inhibitory
sigmoid E,,, in Figure 1 depicts the effect of the exposure or con-
centration of each drug A or B alone; in other words, the exposure
for the companion drug is zero. At each exposure, one can add the
effect of the exposure of drug A and drug B alone to give an ex-
pected amount of microbial kill if the effect of the 2 drugs was
independent and additive. However, if one then measured the ac-
tual effect (Mtb burden) of the combination and found it less than
the expected additive effect, then drugs A and B are antagonistic at
those concentrations. Simply stated, if the observed effect is less
than the additive effect, or observed effect minus expected additive
effect is less than zero, then there is antagonism. On our giant sur-
face with effect measured as up (above the surface) or down
(below the surface), then values less than zero (antagonism) pro-
duce valleys below the surface. If, on the other hand, the observed
effect is similar or equal to the expected additive effect, then the
difference is zero and the effect lies along the plane of the surface.
If, however, the observed effect is greater than the expected sum of
the effects of A and B at those concentrations, then effect is above
the surface and this synergy is depicted by a hill or mountain.

It so happens that for most combinations of drugs, there are
some concentrations at which there is antagonism, whereas at
some concentrations there is synergy, while yet at other concen-
tration combinations there is additivity. Thus, when one studies a
grid of such possible concentrations, there is a mixture of peaks
and valleys and flat surfaces [25]. Because of the number
of mice or hollow fibers one would need to employ to test all
such combinations, we resort to testing this out with static drug
concentrations in 24- and 48-well plates. In the case of
intracellular infection, we first infect the macrophages with Mtb,
and then coincubate at many of these possible concentration
combinations, and after a week (or longer) examine for extent
of microbial kill. We then find exposure combination regions
dominated by hills and flat planes, while avoiding those in valleys.
We then design regimens based on these exposure combinations
to test for efficacy in the hollow fiber system, which makes the
number of units more manageable. Such experiments incorporate
the necessary positive and negative controls from monotherapy
studies.
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Next, several exposures of a third drug are added to the cho-
sen dual regimen in the hollow fiber system model. The doses
of the third drug are chosen across a range of exposures. As an
example, if drug Cs effect is linked to %T e, then one could
examine adding exposures of 20%, 40%, 60%, or 80% %Tc to
the dual regimen and then comparing the slopes of kill of the
regimens. The standard first-line regimen is always the control
that allows us to determine how much faster (or slower) the rate
of microbial sterilization will be compared to standard therapy.
After that choice, the hollow fiber study is repeated with the
optimal exposures to prospectively validate the exposures and
confirm the slope relationships.

STEP 4: MONTE CARLO SIMULATIONS TO
TRANSLATE RESULTS TO CHILDREN IN THE
CLINIC

Once the exposures associated with the steepest microbial kill
slope in the hollow fiber system are known, the next step is to
find the doses that would achieve these exposures in the highest
proportions of children of different ages who have tuberculosis
[26]. Monte Carlo simulations, originally invented by Ulam and
Metropolis for work on fissile material during the construction
of the atomic bomb, and later used in the anti-infective PK/PD,
are most widely used for this process [27, 28]. The steps taken to
achieve this and safeguards to ensure validity of the results have
been recently summarized [29, 30]. The first step takes into
account the pharmacokinetic variability as identified in step
1. For each dose, the pharmacokinetic parameter estimates
and their covariance matrix are used to generate pharmacoki-
netic parameters of 10 000 children (eg, full-term infants) and
the distribution of values such as peak and AUCg_»4. Then, at
each MIC in the entire MIC distribution, the drug exposure is
calculated. The MIC distribution is that of Mtb isolates encoun-
tered in the clinic, and may vary from region to region [31-33].
Then, the exposures are compared to the target exposure de-
rived from experiments in steps 2 and 3 above, to determine
if the target exposure is achieved or exceeded by the dose—
that is, target attainment probability. After that, the target
attainment is calculated or summated for the entire MIC distri-
bution, yielding the cumulative fraction of response. These steps
keep getting repeated as the dose is increased, allowing for an in
silico dose response. The dose associated with a cumulative frac-
tion of response of >90% of children is then chosen as the op-
timal dose. If a drug’s toxicity is concentration dependent, the
drug concentrations identified for each dose can also be exam-
ined to identify the proportion of children who would achieve
the concentration known to be associated with increased toxicity.
In that way, a dose associated with optimal efficacy but minimal
toxicity can then be chosen. These simulations are repeated for
each drug in the regimen. In adult tuberculosis, and in other in-
fectious diseases, this approach has been found to be highly ac-
curate in identifying optimal clinical doses [29, 34]. The variety of

disease in children is also taken into account at this stage; if pul-
monary disease is being treated, for example, then penetration in-
dices of the drugs into lung are taken into consideration. This
step is crucial in, for example, the treatment of tuberculous men-
ingitis in children, given that many drugs have poor penetration
into subarachnoid space, are transported out by components of
the blood-brain barrier, or both.

CONCLUSIONS

Drug exposures and concentrations are the most important de-
terminants of response to antibiotics [35, 36]. Here, we outline
steps in a program to identify the target exposures associated
with optimal microbial kill in children for monotherapy, dual
therapy, and triple therapy. The outputs of these results are
then used in Monte Carlo simulations to identify clinical
doses for different age groups of children. We implemented
this program, which led to the identification of an entirely
new regimen for treatment of children with disseminated tuber-
culosis in a time period <2 years [25, 37-39].
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