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Abstract: The pathology of tuberculosis in humans starts with an initial Ghon focus in the lungs followed by transmission of 

bacilli though the blood and lymph to other regions in the lungs and to other organs. While these bacilli usually lie latent 

without causing further disease, some 10% start foci of adult type disease usually starting in the sub-apical regions of the 

lungs. Bacilli multiply, killing tissue by caseation and then forming colonies within the caseum. Cavities form connecting to 

the air in whose walls vigorous bacillary multiplication occurs. The history of the development of anti-tuberculosis chemo-

therapy is described, starting with the use of multi-drug regimens to prevent the emergence of drug resistance and continuing 

with the shortening of the treatment period to 6 months by the incorporation in the regimens of rifampicin and pyrazinamide, 

which are the two drug responsible for bactericidal activity during treatment. Prospects for further shortening of treatment rest 

with the introduction of higher dosage with rifamycins and with new anti-tuberculosis drugs. These new drugs include the 8-

methoxyfluoroquinolones moxifloxacin and gatifloxacin which inhibit topoisomerases and protein formation, the diarylqui-

noline TM-207 which inhibits the mycobacterial ATP synthase and thus energy formation, the nitroimidazopyran PA-824 

and the closely related OPC-676832 which are pro-drugs with uncertain modes of action and the pyrrole SQ-109, a cell wall 

inhibitor. Anti-tuberculosis drugs have widely variable pharmacokinetic characteristics but as they work efficiently together, 

it is unnecessary to match these when giving drug combinations. The effects of drug-drug interactions are usually small 

though the interactions with anti-retroviral drugs can pose problems. Dose sizes have usually been chosen to minimize side 

effects while retaining activity and thus tend to have low therapeutic margins, the exception being the margin of about 20 for 

isoniazid. The role of high plasma binding, important in limiting the efficacy of rifamycins, is uncertain for the newer drugs. 

Post antibiotic effects are vital to the prevention of drug resistance and need exploration for new drugs. The main aims of cur-

rent drug development are (1) to shorten treatment, and (2) to make it more convenient, by for instance using widely intermit-

tent regimens. The current techniques for measuring efficacy during drug development start with in vitro models, including 

the Hu/Coates models, which should contain bacterial populations resembling the bacterial persisters in lesions that are re-

sponsible for the long duration of treatment. The next stage is the mouse model of the chemotherapy of established tuberculo-

sis, which has proved remarkably useful in assessing the value of the different drugs. The main problem in clinical assess-

ment arises from the use of relapse after treatment as the main end-point, and the consequent need for very large numbers of 

patients required to provide measurable relapse rates in final phase III licensing studies. For this reason, surrogate studies are 

necessary in phase II which require much smaller numbers of patients. The first such investigations are phase IIA studies of 

early bactericidal activity which establish whether the drug given alone has bactericidal activity on cavitary bacilli and which 

can estimate the minimal effective dose of the drug, useful for decisions of dose size. The next step should be phase IIB stud-

ies which measure the rate of elimination of viable bacilli in sputum during the initial 8-weeks of treatment with various 

combinations of the new drug with established drugs. Measurement can be as (1) the proportion of patients with positive spu-

tum at the end of the 8-weeks period, the easiest method but the least sensitive, or (2) as the speed with which sputum cultures 

become negative in a survival analysis, or (3) as the mean regression in modeling of serial sputum collections colony counts 

(SSCC). The relation between these surrogate estimates and the amoun of treatment shortening that can be obtained has still 

to be worked out. 

 Tuberculosis is amongst the most serious world-wide 
health threats. In 2005, there were 8.8 million new cases and 
1.6 million deaths despite the availability of affordable and 
effective treatment [1]. The disease is most prevalent in 
tropical countries, particularly in sub-Saharan Africa. It has 
been increasing in prevalence in recent years mainly because 
of the spread of co-infection with HIV, though the incidence 
has probably peaked during the past 2-3 years [1]. 
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 Fortunately, for the first time in thirty years, the anti-
tuberculosis drug development pipeline may be on the verge 
of delivering significant advances in therapy [2, 3]. How-
ever, assessing the pharmacodynamics or efficacy of new 
agents at both the pre-clinical and clinical stages presents 
significant challenges and possible pitfalls. An understand-
ing of the biological and clinical context of this effort is im-
portant in order to correctly identify and realize the potential 
of these new drugs. This review outlines principles derived 
from current understanding of the chemotherapy of tubercu-
losis and discusses their implications for assessment of effi-
cacy at each stage of the development process. 
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1. PRINCIPLES 

1.1. Pathology of Human Tuberculosis [4-10] 

 Mycobacterium tuberculosis (MTB), transmitted by 
droplet nuclei containing as few as 2-3 organisms, estab-
lishes a characteristic “primary” infection (the Ghon focus) 
in the lungs of a naïve host. Invading MTB reside in the 
phagosomes of alveolar macrophages by actively preventing 
phagolysosomal fusion, and the outcome of infection in the 
“primary complex” is dependent on development of cell-
mediated immunity. In 90-95% of those infected, despite 
initial dissemination, multiplication is controlled by T-cell 
dependent activation of macrophages and successful granu-
loma formation. A state of “latent” infection occurs which 
does not always result in elimination of the infection since 
“adult type” disease develops in a further 5-10% after a vari-
able and often long period of latency. Infections with two or 
more strains seem to be fairly common indicating the inabil-
ity of host immunity to prevent infection [11]. Adult disease 
starts in the sub-apical region of the lungs, where local O2 
tension may be optimal, or sometimes in other organs, as a 
result of haematogenous dissemination from the primary 
complex or from direct implantation of a second infective 
dose of MTB. The granulomas may develop benignly, so 
that the MTB do not multiply or are killed. Alternatively, an 
ineffective immune response leads to bacillary multiplica-
tion, delayed hypersensitivity and death of all cell types in 
caseous necrosis of the granuloma. If this caseous material 
links to an open bronchus, an open cavity is formed in which 
immune control is ineffective. There is then very rapid extra-
cellular multiplication, and small colonies of MTB are em-
bedded in the cavity walls (Fig. 1). The high bacillary load in 
cavities allows the appearance of spontaneous drug resistant 
mutants typically present at a frequency of 1 in 10

5
 -10

8
 or-

ganisms. Such lesions, at low pH, in varying stages of an-
aerobiosis and with bacillary nutrition switched to lipid utili-
sation [12], are the sites of the majority MTB population 
which chemotherapy must eliminate to prevent resistance 
emerging. This population may comprise a spectrum of sub-
populations in growth phases, from exponential to stationary, 
and of varying age and nutritional requirement, determined 
by the complex microenvironment. There is also a minority 
population of intracellular bacilli, though its ability to sur-
vive between elimination in the benign granuloma and a shift 
to the extra-cellular environment at caseation is unknown. 
Drugs activities against each of these multiple bacillary sub-
populations are very different [4-7, 9, 10]. 

1.2. Development of Chemotherapy 

 The emergence of drug resistance was the main reason 
for the failure of streptomycin to provide a lasting cure for 
advanced tuberculosis [13, 14]. Historically, this also proved 
to be true for every novel anti-tuberculosis drug introduced 
in monotherapy and the goal of research was the prevention 
of the emergence of resistance. Combination treatment with 
drugs that had different genomic targets afforded a solution 
to this problem. However, when any drug was given in com-
bination with isoniazid, resistance still developed in some 
patients according to the ability of the drug to suppress bac-
terial multiplication and therefore growth of isoniazid-
resistant mutants (Table 1). Drugs could be graded in effi-
cacy according to this ability. Complete inhibition of all bac-

terial growth, and therefore an absence of failure during 
treatment, occurred when the efficacy of the drugs was im-
proved and when combinations of 3 or 4 drugs were used 
[16-20]. Thus even potent new agents must form part of a 
combination regimen to prevent treatment failure and the 
emergence of resistance. 

 

 

Fig. (1). Wall of a tuberculous cavity under low (A) and high magni-

fication (B). Ziehl staining. Reproduced from Canetti [8]. (A) Low 

magnification x 140. The lower part of the section is composed of 

softening casum, partly evacuated. The caseum is full of collies of 

bacilli. An area of collagenous tissue not yet caseated (lower left) is 

surrounded by the zone of necrosis; there is no growth of bacilli in the 

collagen. (B) High magnifaction x 660. Anrea under high magnifac-

tion showing exuberant growth of bacilli. 

 From 1970 onwards, research began to focus on reducing 
the duration of therapy, at that time at least 12 months. A 
series of semi-factorial clinical trials introduced by the Brit-
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ish Medical Research Council evaluated “short-course” 
regimens, lasting 6-8 months [19, 20]. The trial design used 
monthly sputum cultures to detect relapse, which subse-
quently became the primary end-point for assessing “steriliz-
ing activity” and the ability of a drug to shorten treatment. A 
secondary surrogate end-point, the proportion of patients 
with negative sputum cultures for MTB at 2 months, was 
also introduced and found to correlate with relapse [21, 22]. 
A statistical appraisal of 12 clinical trials found the 2-month 
end-point to have high specificity (82%) but rather low sen-
sitivity (48%) [23]. 

Table 1. The Occurrence of Failure with the Emergence of 

Drug Resistance During Therapy with Isoniazid and 

One other Drug [15] 

 

Isoniazid with No. of Patients Failure of Treatment (%) 

Rifampicin 183 0.5 

Streptomycin 96 2 

Ethambutol* 105 4 

PAS 309 12 

Thiacetazone 423 16 

*The failure rate is slightly underestimated because streptomycin was also given for the 
initial 2 weeks. 

 

 The trials identified the strong sterilizing activity of ri-
fampicin and pyrazinamide both independently and together 
(Table 2) and demonstrated that for pyrazinamide this activ-
ity was confined to the first two months [25-27]. These find-
ings led to regimens comprising a 4-drug initial phase 
(HRZE standing for isoniazid, rifampicin, pyrazinamide and 
ethambutol) given for 1-2 months to eliminate the majority 
population and prevent resistance, followed by a 2-drug con-
tinuation phase of isoniazid with rifampicin or thiacetazone 
lasting 2-7 months to kill the residual population [20]. With 
the advent of the HIV epidemic, ethambutol replaced both 
streptomycin and thiacetazone resulting in the current stan-
dard 6-month regimen, abbreviated as 2HRZE/4HR. The 8-
month regimen of 2HRZE/6HE was only recently evaluated 
in a controlled trial and was found much less effective [28]. 
No combination of current drugs at a duration of 4 months 
has proved capable of achieving relapse rates below the 5% 
considered acceptable [29, 30] and the promise of “ultra-
short course” chemotherapy has had to await the develop-
ment of new drugs. 

1.3. Anti-Tuberculosis Drugs 

 The discovery of current anti-tuberculosis drugs relied on 
serendipitous microbiological observations and selective 
screening of natural products from actinomycetes. However, 
a series of new drugs have recently entered clinical devel-
opment [2]. The 8-methoxyquinolones, gatifloxacin and 
moxifloxacin are advancing into Phase III trials while a 
number of other agents have already reached Phase I/IIA 
including PA-824, OPC-67683, TMC-207 and SQ-109 (Fig. 
2). With the exception of SQ-109, all of these drugs were 
found by empirical means, while the use of MTB genomic 
strategies for designing new drugs has so far met with diffi-
culties. 

Table 2. Clinical Trials Establishing the High Sterilizing Ac-

tivity of Rifampicin and Pyrazinamide [19, 24] 

 

Regimen 
Total  

Patients 

Relapse Rate  

in 2-Year  

Follow-up (%) 

 Proportions with  

Negative Sputum  

Cultures (%) 

6SHR 152 3  69 

6SHZ 153 8  66 

6SHT 104 22  42 

6SH 112 29  49 

2STH/16TH 133 3  56 

2SHRZ/4TH 75 13 

2SHRZ/6TH 81 0 

 

2SHR/4TH 82 18 

2SHR/6TH 77 6 

 

Initial number = duration of treatment in months. 
S = streptomycin, H = isoniazid, R = rifampicin, Z = pyrazinamide, T = thiacetazone. 

/ indicates end of initial phase. 

 

Moxifloxacin 

 

Gatifloxacin 

 

PA-824 

 

OPC-67683 

 

TMC-207910 

 

SQ-109 

 

Fig. (2). Molecular structure of drugs in clinical development. 
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1.3.1. Mode of Action 

 The mode of action of current drugs at the molecular 
level in MTB is known [31]. Formation of the bacterial cell 
wall is blocked by the pro-drug isoniazid [32], by ethambutol 
and by SQ-109. Transcription is blocked by rifampicin [33]. 
Streptomycin blocks protein formation at the ribosomal 
level. PA-824 and probably OPC-67683 are pro-drugs that 
eventually have an action on DNA resembling that of met-
ronidazole [34]. TMC-207 blocks the mycobacterial ATP 
synthase and therefore respiration [35]. These drugs that are 
in current use act by antagonising bacterial enzymes and 
their activity reduces as bacterial multiplication and/or me-
tabolism decreases. Pyrazinamide acts in an entirely different 
way [36, 37]. It is a pro-drug converted to pyrazinoic acid. 
Pyrazinoic acid diffuses passively into the bacterial cell only 
in an acid environment, causing, acidification of the cell and 
membrane damage [37]. It is excreted by a membrane pump 
that requires energy, so that it’s activity increases as bacterial 
metabolism decreases [37, 38]. This feature makes it an ideal 
companion for any new drug that inhibits bacterial enzymes 
defined by the MTB genome. It probably does not act by 
inhibition of a specific enzyme (gene). In vivo, its activity 
may be targeted to inflammatory lesions at low pH and their 
resolution to a neutral pH may explain its lack of activity 
after two months [39]. This unusual pharmacodynamic ac-
tion seems to be of critical importance in eliminating non-
replicating bacilli tolerant to the effect of other agents and 
shows that properties relevant to sterilizing activity could be 
overlooked by cell-free and target-based approaches to drug 
discovery. It also emphasizes the importance of incorporat-
ing a range of simple but relevant environmental factors, 
particularly a slightly acid pH and low O2 tension [40], into 
screening assays and pre-clinical development. 

1.3.2. Characteristics 

 The physico-chemical and pharmacokinetic characteris-
tics of anti-tuberculosis drugs are very diverse (Table 3), 
reflecting both their differing bacterial targets and probably 
the state and location of the bacterial subpopulation against 
which they are most active in vivo. Binding to plasma pro-
teins is clearly an important factor in determining activity 
against extracellular bacilli within the rifampicin series, 
probably explaining the unexpectedly poor performance of 
rifapentine in clinical trials [43] (see section 1.5). The rele-
vance of lipophilicity for sterilizing activity in vivo remains 
less clear. 

1.3.3. Dose Size 

 Dose size has almost always been chosen empirically to 
keep toxicity low and is often only just sufficient to retain 
activity. The process usually takes years, as toxicity can only 
be established after testing large numbers of patients, as hap-
pened in the gradual reduction in the recommended dose size 
of ethambutol [44-46]. The therapeutic margin, namely the 
ratio between the usual dose size and the minimal effective 
dose, as determined in studies of early bactericidal activity 
(EBA), is therefore often quite low (ranging from 2 for strep-
tomycin [47], 4 for rifampicin [48] to 20 for isoniazid [49]), 
in some cases simply reflecting a narrow window for toxicity 
but in others a lack of effective dose-ranging studies. For 
isoniazid, the current dose size of 300 mg appears to achieve 
maximal effect [49, 50]. For rifampicin, the low therapeutic 

margin in EBA studies, the rather low AUC/MIC ratio at 
current dose sizes [48] and the results of small clinical stud-
ies [51-53] suggest that there might be scope for increasing 
its dose size above the current 600 mg. Indeed, daily doses 
as high as 1800 mg were initially used with acceptable toxic-
ity [54, 55]. The dosing interval for all these drugs has gen-
erally been fixed at 24 hours (or longer) since this has been 
shown both in animal experiments [56] and in clinical trials 
[57] to be as good as, or more effective than giving the dos-
age divided during the day. 

1.3.4. Interactions 

 It is known that the pharmacokinetics of some first-line 
agents show substantial between-subject variability and that 
the elimination parameters of different drugs are not well 
matched. However, there is little justification for insisting on 
strict similarity of pharmacokinetic characteristics since the 
post-antibiotic effect greatly exceeds the dosing interval for 
most of the current first-line drugs (see section 1.5.1). An im-
portant theoretical condition for the avoidance of drug-
resistance in 2-drug therapy is that no bacterial growth occurs. 
The more effectively the first agent reduces the bacillary load 
and suppresses multiplication, the easier is the task for the 
second agent in controlling the emergence of resistance to the 
first agent. In conditions when the bacterial populations are 
small, so that no resistant mutants are present, 2-drug regi-
mens or even monotherapy can be used without resistance 
emerging. Such regimens have been used in the treatment of 
bone and joint tuberculosis [58-60], in tuberculous meningitis 
[61] and in the continuation phase of treating pulmonary tu-
berculosis (in patients with initially sensitive bacteria) [62]. 

Table 3. Pharmacokinetic Properties of Anti-Tuberculosis 

Drugs [41, 42] 

 

Drug 

Usual  

Dose  

(mg) 

Peak  

(mg/L) 

Half-Life  

(h) 

Protein  

Binding  

(%) 

MIC  

M. tuberculosis  

(mg/L) 

Isoniazid 300 
5* 

4† 

3 

1.3 

- 

- 
0.05 

Rifampicin 600 12 3 85 0.2 

Rifapentine 600 15 14 98 0.05 

Rifabutin 300     

Streptomycin 750 40 4 35 2 

Pyrazinamide 2000 40 8 0 20 

Moxifloxacin 400 4 12.5 40 0.5 

Levofloxacin 500 6 7.5 30 0.5 

Ciprofloxacin 500 2.4 4 35 1.0 

Ethambutol 1200 3 3 0 1.5 

PAS (Na) 12000 250 1 - 0.5 

Thiacetazone 150 2 12 - 0.4 

Ethionamide 500 3 2 - 0.6 

*Slow acetylator of isoniazid. 
†Rapid acetylator of isoniazid. 

 

 Thorough investigations in humans provide no evidence 
of pharmacokinetic interactions between isoniazid, rifam-
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picin, pyrazinamide and streptomycin [63], although such 
interactions have been observed in mouse models [64]. 
However, rifamycins are inducers of CYP3A4 making con-
comitant use of rifampicin with anti-retrovirals problematic. 

1.4. Plasma Binding 

 The potential importance of plasma binding became evi-
dent in studies of early bactericidal activity (EBA) when 
penetration into cavities, as measured by the therapeutic 
margin (the ratio between usual dose size and dose at which 
EBA = 0), was much smaller for rifampicin than for isoni-
azid despite similarities in their pharmacokinetics [43, 49]. 
This could be explained if only the unbound fraction of the 
dose, 15% for rifampicin and 100% for isoniazid penetrated 
into cavities. The concept also explained the unexpectedly 
poor results when rifapentine, with only 2% unbound, was 
given with isoniazid in the continuation phase of large clini-
cal trials [65, 66]. This phenomenon is of considerable cur-
rent importance since several of the new drugs most ad-
vanced in development are highly or fairly highly plasma 
bound and might therefore be far less active than would 
seem likely simply from consideration of their MICs and 
plasma concentrations alone. It is important to realise that 
high plasma binding may not only associated with low activ-
ity but also with a long half-life, because binding slows renal 
excretion. The extent of binding can be manipulated by alter-
ing the drug molecule during its development and an inter-
esting choice then becomes available. Increasing the propor-
tion bound extends the half-life of the drug making it more 
suitable for intermittent administration (as for rifapentine). 
However, as binding increases, there is a parallel need to 
increase the dose size substantially and a drug that cannot be 
eliminated rapidly also poses a toxic risk 

1.5. Pharmacodynamic Responses 

1.5.1. Post-Antibiotic Effects 

 Since the ability of a drug regimen to maintain bacterial 
stasis throughout treatment is essential for preventing the 
emergence of drug resistance, the duration of a drug’s anti-
bacterial action must be established. When drug concentra-
tions fall below the MIC in blood, and probably only a little 
later in lesions, further bacterial multiplication is prevented 
by the post-antibiotic effect (PAE) (Table 4), unless widely 
spaced (usually weekly) intermittent therapy is given. The 
effects of small doses of isoniazid are cumulative [69] and 
the PAE, preventing further multiplication, lasts for a maxi-
mum of about 6 days [67]. For rifampicin, the recovery from 
a dose is gradual and inhibition of growth lasts for 1-5 days, 
according to the size of the exposure to the drug [67]. Only 
when doses are spaced out as widely as every 7 days, does 
growth occur between doses [44, 70, 71] Once this happens, 
therapy is less effective [65, 66, 70, 71] and drug resistance 
develops in a complex manner often with resistance to only 
one of the drugs or to each alone in separate sub-populations 
[70-72]. PAE is of great importance not only in the construc-
tion of intermittent regimens but also in preventing drug 
resistance arising from poor adherence to the regularity of 
drug taking [73]. PAE is the glue that makes the current 
standard regimen so resilient under widely different 
circumstances, but its importance is not widely appreciated. 

Table 4. Post-Antibiotic Lag Periods After Pulsed Exposures 

to Antibacterial Drugs [67, 68] 

 

Lag Period (Days)  

After Exposure for: 
Drug 

Concentration of  

Drug ( g/ml) 

6 hr 
24 hr or More  

(Maximal) 

Thiacetazone 10 0 0 

Thiocarlide 10 0 0 

Isoniazid 1 0 6-9 

Ethionamide 5 0 10 

Cycloserine 100 0 4-8 

Pyrazinamide 50 5-9*  

Ethambutol 10 0 4-5 

Streptomycin 5 8-10 8-10 

Rifampicin 0-2 2-3 2-3 

Moxifloxacin 100 6† 15 

* Dependent on pH. 
† Dose given in hollow fibre cartridge to simulate human PK characteristics. 

 

1.5.2. Responses of Bacterial Populations 

 Experimental and clinical trial data support the concept 
of at least two distinct pharmacodynamic responses during 
the treatment of human disease [74-76]. During standard 
therapy of new cases, the profile of sputum viable colony 
counts is biphasic with an early rapid kill, merging over the 
first 7 days into a later slower decline throughout the re-
mainder of therapy (Fig. 3). Historically, these phases were 
referred to in clinical trials as “early bactericidal” and “steril-
izing” activities. This phenomenon is likely to be due to het-
erogeneity of the bacillary population, with multiplying 
MTB being eliminated in the early phase and one or more 
poorly-replicating or static, antibiotic-tolerant “persister” 
subpopulations being eliminated in the late phase. Isoniazid 
is by far the most effective drug in the early phase [77] and 
is also slowly sterilizing when given alone in latent infection 
[78]. In current combination regimens, however, it has no 
apparent sterilizing action after the first few days [79] be-
cause elimination in the late-phase is strongly determined by 
the combination of rifampicin and pyrazinamide [74, 79, 80] 
with the effect of pyrazinamide showing an apparent lag of a 
few days in starting [39, 74] and finishing by the end of two 
months [25-27]. Since rifampicin and pyrazinamide are re-
sponsible for the success of short-course chemotherapy, it is 
clearly the late phase, from 7 days onwards, that determines 
the length of therapy and on which attention must focus. 

1.5.3. Bacterial Environments 

 Until quite recently, the relevant in vitro/in vivo pharma-
codynamic characteristics of the current first-line agents 
were incompletely described and many in vitro studies did 
not take into account important factors such as environ-
mental pH and O2 tension, growth phase of the organism and 
its intra- or extra-cellular location. For isoniazid, rifampicin 
and the fluoroquinolones, data obtained in vitro and in  
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murine infections now support the AUC/MIC as the pharma-
cokinetic index best related to bactericidal activity [81-83]. 
However, in clinical studies, peak concentrations (Cmax) 
over MIC was found best related to the clinical response to 
monotherapy with isoniazid [84, 85]. Critical information on 
this issue was obtained from dose fractionation studies in the 
mouse model which revealed time-dependent effects while 
the equivalent contrast between the responses of rapid and 
slow acetylators of isoniazid and between the responses in 
daily and intermittent clinical trials [84, 85] failed to show 
such an effect. While there is recent evidence indicating 
slightly better response in daily than in intermittent regimens 
[28, 86] the improvement is marginal. The reduction in effi-
cacy with intermittent regimens seems unlikely to be equiva-
lent to reducing the dose size to half or less. This might indi-
cate that pharmacokinetic-pharmacodynamic (PKPD) rela-
tionships are different when the bacterial populations in mur-
ine infections are first exposed to the drugs, as in the mouse 
experiments, to those that exist after long continued expo-
sure to the drugs in the persister populations of human le-
sions. 

1.5.4. Pharmacodynamic Models 

 Simple in vitro pharmacodynamic models generally re-
flect conditions likely to be associated with early phase ac-
tivity and can therefore represent the action of drugs such as 
isoniazid well. However, pyrazinamide, a remarkably potent 
sterilizing drug during its short period of activity in current 
regimens, is completely inactive in such simple models. A 
variety of more potentially relevant assays for sterilizing 
activity have been proposed. Microarray expression studies 
of the effect of hypoxia, NO exposure, nutrient limitation 
and phagocytosis [87] have defined a reasonably conserved 

core set of genes, the dosR regulon, controlling these related 
phenotypic responses induced in such models [88]. All of 
these factors may be of relevance in vivo and recent studies 
of bacilli excreted in sputum appear to confirm this [12]. It is 
clear however that the exact experimental conditions of such 
in vitro assays may greatly affect the growth phase and tran-
scriptional activity of the test organisms. 

1.5.5. Synergism and Antagonism 

 Information on pharmacodynamic synergism/antagonism 
has been studied in the human macrophage [89-91] and in 
both actively growing and non-multiplying in vitro systems 
[92-94] and in animal model [64, 95]. Formal chequerboard 
studies and isobolograms have been reported only for loga-
rithmic cultures [96]. 

 The classical concept of a “bactericidal couple” with 
synergistic killing by two agents with well-matched plasma 
peaks does not seem relevant to tuberculosis therapy given 
the pharmacokinetic diversity noted above and the effect of 
PAE. Furthermore, the results with “split regimens”, using 
alternating doses of rifampicin/ethambutol and isoni-
azid/pyrazinamide, did not differ from those obtained with 
conventional regimens in which the four drugs were given 
simultaneously either in murine [97] or in human studies 
[98]. 

1.6. Surrogacy 

 Throughout the development process, decisions should 
be made on the basis of endpoints chosen according to their 
biological plausibility, statistical properties, relevance to 
clinical outcomes and cost-effectiveness. As development 
proceeds, costs increase and the ability of the models and 
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Fig. (3). Counts of viable MTB during therapy with regimens containing isoniazid. Data from [74, 75]. 
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biomarkers used to predict accurately clinical activity in-
creases in importance. In early clinical trials, this is referred 
to as “surrogacy”: a biomarker for which adequate evalua-
tion has been carried out may eventually be used as a “surro-
gate endpoint” to predict or even stand in for the definitive 
“clinical endpoint” of interest [99]. Though the demands 
may be less stringent, this concept is also of obvious rele-
vance to pre-clinical testing. Two features of the current de-
velopment effort in tuberculosis make these considerations 
important. 

 First, trialling an ineffective regimen in Phase III will be 
very costly. Such trials must be based on the relapse rate as 
an endpoint but the rate for the current comparator is <5%, 
requiring trials involving about 500 patients per arm for ade-
quate power (Table 5). Secondly, selection of a small num-
ber of promising combination regimens from a reasonably 
large number of candidates will therefore be a necessity but 
it is unclear how and at what stage of development this is to 
be done. 

 Whether we are considering pre-clinical or early clinical 
data we need to be cautious since formal statistical evalua-
tion for the vast majority of existing models or surrogate 
endpoints against relapse is currently inadequate. We need to 
recognize that even the best validated model systems, such 
as mouse studies and the proportion of patients with negative 
sputum culture at 2 months, are only validated to the extent 
of reproducing the performance of isoniazid, rifampicin and 
pyrazinamide in clinical trials [21-23, 100]. This validation 
was only obtained after years of experience with these drugs 
and we have little assurance that the methods will be as suc-
cessful with new drugs. This need not mean that we simply 
rule these data inadmissible since evaluation of surrogate 

endpoints is a process that is not just statistical and must 
begin somewhere [101]. We must however weigh the con-
siderations referred to above, critically assess the data and 
arrange for ongoing evaluation to be built into our studies 
where that can be done. 

Table 5. Numbers of Patients Required for Significant Dif-

ferences (p=0.05) in Relapse Rates in a 2-Arm Study 

with a Power of 95% 

 

Relapse Rate in Control Arm 
Relapse Rate in Treatment Arm 

0 2 20 40 60 

0 - 614 55 24 13 

5 241 852 113 33 16 

10 117 207 286 48 21 

15    73 26 

20    118 34 

25     46 

30     62 

 

1.7. Power and Learning 

 In addition to biological plausibility and existing degree 
of validation of our endpoints it is also important to consider 
their statistical form and power. It is useful to distinguish 
three different types of measure in common use in the ther-
apy of tuberculosis: 1) proportions negative/positive at a 
particular time, usually 8 weeks, in clinical studies; 2) time 
to achieve negative cultures, and 3) rate of killing on a con-

 

Fig. (4). Diagrammatic indication of how regression analyses of colony counts, speed of sputum conversion (by survival analysis) and pro-

portion of patients negative at 8 weeks all measure the same rate of elimination of bacilli from sputum. Solid black lines represent the fall in 

bacterial content of sputum in individual patients. Dotted black line is the mean fall for the group. Proportion of patients negative at 8 weeks 

(2 of 4) is obtained from the result at 8 weeks. Speed of conversion is obtained from the treatment period until sputum conversion occurred. 
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tinuous scale. The relationship between these measures is 
shown in Fig. (4). 

 If we accept that learning about the PKPD relationship 
should occur cumulatively throughout drug development 
[102, 103] then this will usually be most efficiently achieved 
using continuous measures. However in many areas (deter-
mination of the MBC in vitro, relapse rates in mouse studies 
and phase III clinical trials) proportions of bacterial, organ or 
sputum cultures negative at the end of a period of drug expo-
sure are routine. Dividing results simply as positive or nega-
tive, whether as a result of technique or analysis can result in 
loss of information and statistical efficiency [104, 105]. It 
will also usually use a limited number of fixed time points 
giving a static, sometimes inflexible view of the data and 
requiring repeated piecemeal validation. 

 If more intensive longitudinal study designs are feasible 
but the endpoint is still binary then measures based on speed 
of attaining negative cultures can be used which will often 
prove to be superior [106-108]. Fully continuous measures 
such as the regression coefficient of viable bacterial count on 
time are likely to be the most powerful, but also the most 
logistically and analytically demanding [109]. From the 
point of view of evaluation it is worth pointing out that 
whichever type measure is chosen, each represents the un-
derlying data-generating process more or less informatively 

and can in principle be expressed in terms of the others. 
Hence evaluation of one such endpoint will be relevant to the 
others. 

 Recommendations on duration of therapy have been 
based on relapse rates obtained in Phase III trials of regimens 
of varying length with the aim of obtaining rates <5%. Of 
particular interest are trials in which the same regimen was 
given for two different durations (Table 6) and a review of 
the results of trials of “ultra-short course” regimens suggests 
that six months may be conservative [110]. Clearly though it 
would be useful to have some indication of the likely length 
of a regimen from Phase II trials. Measures of the effect of 
time lend themselves more naturally to such forecasting, 
though this area remains to be developed. 

1.8. Aims in Drug Discovery 

 The current top priority in tuberculosis drug development 
is to shorten the current duration of treatment to less than 6 
months in order to reduce the burden of adherence on both 
patients and providers [2]. This goal must mean targeting 
“persisters” and therefore prioritizing the identification and 
enhancement of late-phase activity. PZA may be the only 
current first-line drug that ultimately survives introduction of 
new sterilizing drugs because of its unique mechanism of 
action and compatibility with anti-retrovirals. In the short-

Table 6. Factorial Study Designs Allowing Estimation of the Optimal Duration of Regimens [20] 

 

Site Study Regimen Duration (Months) Negative Sputum Culture at 2 m (%) Relapse Rate After 2-yr Follow Up (%) 

E. Africa 3 2SHRZ/TH 6 87 13 

   8  0 

  1SHRZ/TH 6 67 18 

   8  7 

  1SHRZ/S2H2Z2 6 75 9 

   8  2 

 5 2SHRZ/H 6 84 10 

   8  3 

Hong Kong 1 SHZ 6 77 18 

   9  5 

  S2H2Z3 6 70 24 

   9  6 

  S2H2Z2 6 72 21 

   9  6 

 2 2SHRZ/S2H2Z2 6 81 23 

   8  10 

  4S3H3R3Z3/S2H2Z2 6 94 6 

   8  1 

 5 S3H3R3Z3 6 80 20 

   8  3 

Madras  1 2SHRZ/S3H3Z3 5 92 5 

India   7  0 

 2 SHRZ 3 91 20 
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term there may still be a strong case for optimizing the dose 
size of rifampicin and further evaluation of rifapentine, ri-
fabutin and perhaps 3-(4-cinnamyl piperazinyl immi-
nomethyl) rifamycin SV (T9) [111-114] in terms of efficacy. 

 Achieving safe intermittent administration more suited to 
resource poor settings is now a secondary priority but still of 
importance. The use of the plasma binding characteristics of 
the long-acting rifamycins to optimise dose size and possible 
exploration of fluoroquinolones as companion drugs are cur-
rently under exploration. Furthermore, the high plasma bind-
ing of new drugs such as TM-207 and PA-824 make them 
eminently suitable for intermittent administration provided 
the toxicity of the high doses necessary can be avoided and 
the high doses of PA-824 are absorbed. 

 A third priority is the use of drugs with good sterilizing 
activity for chemoprophylaxis of disease in people who have 
been infected with MTB but remain healthy especially those 
who also have HIV infection. In recent years, rifamycins 
have been proposed in place of isoniazid but avoiding crea-
tion of wide-spread drug resistance to this key drug in treat-
ing active disease has meant that this approach has not been 
widely adopted. A CDC chemoprophylaxis study is in pro-
gress on the use of rifapentine, in a 900 mg dose given once 
weekly so as to make supervision of drug taking easier. 
There is a possibility that more effective, safer sterilizing 
drugs could reduce the global burden of infection and dis-
ease, provided of course that people without disease would 
take them. 

2. METHODS 

2.1. Drug Discovery and Screening 

 New or improved anti-tuberculosis pharmacophores may 
be identified through various routes including (i) inhibition 
of growth or related physiological functions of MTB or 
closely related species in broth (ii) inhibition of growth or 
related physiological functions in cellular infection models 
(iii) sterilizing activity against non-replicating MTB in vitro 
(iv) identification of MTB genes required for growth or per-
sistence (using allelic exchange [115], sequence-tagged 
transposon mutagenesis and TrasH [116, 117]), elucidation 
of their functions and development of antagonists by high 
throughput screening. This is followed by optimization of 
binding or inhibition of previously characterised targets us-
ing combinatorial chemistry, molecular modelling and cell-
free assays [118]. 

 All of these methods have weaknesses and even at this 
stage, a clear definition of what counts as efficacy is impor-
tant. Mechanism-based methods of identifying potential tar-
gets should generally focus on processes plausibly identified 
as relevant to persistence while ideally random screens 
would use assays which reproduce the conditions most 
closely associated with “sterilizing activity”. In practice 
whether either of these conditions has been met may be un-
certain. In the largest publicly-funded screening program 
(TAACF) [118], the primary in vitro screen (microplate ala-
mar blue assay or MABA) simply demonstrates an arbitrarily 
“low” MIC90 (<6.25 g/ml) against H37Rv in broth and only 
compounds that pass this test generally progress to MICs 
against panels of resistant strains and determinations of EC90 
in macrophage infection models. None of these tests reflects 

the effects of anaerobiosis, low pH or nutrient starvation. 
There are strong reasons for believing that MICs against 
actively growing MTB may differ widely from MICs against 
persistent or dormant MTB. Thus different analogs of PA-
824 have widely different ratios between these two types of 
MIC (personal communication, C Barry). The TAACF pro-
cedure defers “screening” of a relatively large number of 
compounds for sterilizing activity to later stages (10% of 
about 80,000 submitted compounds “passed”, only about 
1000 had an MIC < 1 g/ml) while it is quite likely that 
compounds with high sterilizing activity but low activity 
against actively growing MTB would not be identified. 

2.2. Pre-Clinical Development 

 As far as efficacy is concerned, pre-clinical development 
aims to test the new molecule alone and in combination with 
other drugs in systems that more closely mimic sterilization 
in patients. These may be (1) in vitro models of drug action 
on bacilli resembling persisters (2) in vivo experimental ther-
apy in the mouse model of chronic tuberculosis. 

2.2.1. In Vitro Models 

 Simple in vitro assessments may include bactericidal 
action under conditions of reduced metabolic activity, such 
as suspension of MTB in non-nutrient buffer [119,120] or at 
a variety of temperatures down to 21

o
C [80], where multipli-

cation ceases. Another potentially important factor is the 
effect of pH over a range between 5.5 and 7.4 [121-123]. 
From the outset, it would also be helpful to have preliminary 
information about plasma-protein binding determined by for 
example equilibrium dialysis to ensure appropriateness of 
the drug concentrations selected for experiments. 

 Several in vitro experimental systems using non-
replicating cultures have been developed in an attempt to 
mimic the environmental and physiological conditions asso-
ciated with persistence though they have generally received 
less attention in drug development than mouse models. 
Wayne developed sealed broth culture models in which ba-
cilli gradually adapt to increasing anaerobiosis and enter two 
successive stages of “non-replicating persistence” with char-
acteristics suggestive of bacilli recovered from chronic 
mouse models and human lesions [124, 125]. In particular, 
these bacilli demonstrate tolerance to drugs such as isoniazid 
and the fluoroquinolones but rifampicin retains activity. Met-
ronidazole is also active in this system but this result has not 
been reproduced in mice [126], possibly because the redox 
potential of mouse lesions is not low enough to activate the 
drug [127]. Clinical trials of this agent are in progress but 
have not yet been completed. More recently, Hu et al. have 
carefully explored the heterogeneity of bacillary subpopula-
tions present in stationary liquid cultures and developed a 
series of similar models of persistence incorporating explicit 
induction of drug tolerance using exposure to high concen-
trations of rifampicin [128]. Bacilli under these conditions 
are also impervious to the effect of isoniazid and tolerant to 
rifampicin, as expected. This approach reliably reproduces 
the sterilizing effect of pyrazinamide [38] and appears to 
have correctly ranked the activities of fluoroquinolones in 
Phase II studies [109, 129]. 

 Studies of activity against bacilli residing in infected 
macrophages are commonly carried out but the conditions of 
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these models vary considerably according to whether they 
use primary cells or well-characterised cell-lines, from which 
species these cells are derived, whether they are activated by 
cytokines and the multiplicity of infection used. Bacilli pas-
saged through macrophages do show some similarities in 
microarray studies to those undergoing the environmental 
stresses used in the broth culture models and such models 
can account for cellular accumulation of drug. However, 
whether the persister population is predominantly intracellu-
lar remains controversial and predictions of such models 
have generally agreed less closely with those of clinical tri-
als. 

 Another promising approach is that of in vitro PKPD 
modelling using hollow fibre systems which may be able to 
reproduce the conditions of the existing broth culture sys-
tems while simulating dynamic changes in drug concentra-
tions more realistically, perhaps within monolayers of host 
cells [68]. 

 Any proposed in vitro tests should contain controls that 
demonstrate that isoniazid, rifampicin and pyrazinamide 
have high, moderate and no activity against actively growing 
cultures, as in human therapy, while their relative activities 
would be low, high and high, respectively in the non-
replicating culture. In addition to testing individual drugs, at 
concentrations mid-way between MIC and peak concentra-
tions, such models offer an economical way to test 2- and 3-
drug combinations and construct more extensive isobolo-
grams/response surfaces then usually possible in mouse ex-
periments from which promising combinations of drugs and 
trends in activity may be identified. They also offer a means 
of evaluating the joint PAE of agents in combination. 

2.2.2. Experimental Murine tuberculosis 

 Mouse models have a longer history than in vitro models 
of sterilization but the experimental goals and conditions 
have varied substantially. For the purposes of experimental 
therapy of established disease, infection using a mouse-
passaged strain of MTB (usually H37Rv) may be introduced 
intravenously or by aerosol though the latter route is now 
preferred because of the ease with which large numbers of 
mice can be uniformly infected. Traditionally, protection 
studies for single agents in BCG vaccinated, outbred Swiss 
mice use a restricted intravenous or aerosol inoculum to pre-
vent the bacillary population exceeding about 10

5
 and spon-

taneous resistance emerging during the study [130]. Treat-
ment is begun after 24 hours and mortality after 28 days 
compared with controls. Recently a “rapid screening” model 
for single agents using aerosol infection with the virulent 
Erdman strain and GKO ( -interferon knock-out) mice has 
also been proposed for this purpose, but this method can be 
criticised for not studying a persistent MTB population 
[131]. 

 For studies of combination therapy, inbred strains such as 
Balb/C or C57BL/6 are usually used to reduce inter-mouse 
variation in response and the inoculum is chosen so that after 
about 21 days the count in the organs approaches the lethal 
concentration of 10

8
 cfu/organ before treatment is begun [64, 

95]. This initial period allows the disease to become “estab-
lished” and thus contain a proportion of persistent MTB. 
Regimens often lasting 6 months may be constructed  
 

resembling those used in patients by addition of the new 
drug to the standard combination of HRZ or its substitution 
in turn for each of the standard drugs with a 2HRZ/4HR con-
trol, since ethambutol is not thought to contribute to bacteri-
cidal action. Samples of 6-10 mice are sacrificed at intervals 
from each arm, often monthly during treatment, and the 
spleens and lungs are homogenized and aliquots cultured in 
serial dilutions on plates, with and without drug, for incuba-
tion, colony counting and susceptibility testing. The results 
are evaluated by comparisons of the speed or rate of MTB 
killing due to the drug regimen, and also by proportions of 
mice that remain positive at certain time points, particularly 
at 2 months and later. Thus candidate combination regimens 
can be evaluated much more exhaustively than in human 
studies and the process of sterilization can in principle be 
monitored throughout treatment. This is currently impossible 
in clinical trials between the time that patients become spu-
tum culture negative during the first few months until the 
point of relapse a year or more later. 

 Mouse models have been criticised on the grounds that 
they do not adequately reproduce some features of human 
disease. There have also been problems with inter-species 
scaling of the doses of agents, sometimes resulting in spuri-
ous findings, though equipotency is now usually assured by 
demonstrating similar AUC of drugs in both mice and hu-
mans [132]. More seriously, it is unclear exactly how the 
process of relapse in many mouse models relates to that seen 
in clinical trials. The classic system for studying relapse is 
the Cornell model in which mice are infected and left un-
treated for 3 weeks as in the established disease model [133]. 
They are then treated with isoniazid and high-dose pyrazi-
namide in the diet or drinking water for 12 weeks. Soon after 
the end of therapy, MTB cannot be found by any method in 
the organs during the “sterile phase”, but if the mice are left 
untreated for several months relapses begin. Relapses are 
measured by culture of the organs, preferably in liquid me-
dium, as either a positive or a negative culture result. Re-
lapse can be accelerated by high dosage with corticosteroids. 
The aim in design is to achieve relapse rates in the order of 
20-60% so as to achieve statistical efficiency with a reason-
able number of mice. The system tends to be unstable, yield-
ing either positive cultures during the sterile phase or too low 
a relapse rate for statistical efficiency [134]. Attempts have 
recently been made to attach assessments of relapse rates to 
the end of the established disease model by leaving mice 
untreated for 3 months after optimal periods of treatment and 
then culturing their organs for relapse [135]. This system 
tends to give a sharp end-point between a duration of treat-
ment (perhaps for 2 months) followed by a high proportion 
of relapses and a slightly longer duration (perhaps for 3 
months) that does not produce any relapses. Such a sharp 
end-point does not appear to occur in the treatment of human 
disease, making it difficult to translate the degree of shorten-
ing that might be obtained. Another problem in this design 
lies in the possibilities that the relapse rates may be low (0-
5%) when the number of mice required to establish differ-
ences becomes unrealistically large [136]. If they happen in 
the middle range (20-60%), the numbers required are much 
smaller but the simulation of relapse rates in phase III clini-
cal trials is less good. 
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2.3. Clinical Development 

2.3.1. Phase I and II Studies 

 Phase II studies proof of principle. It is the first time a 
drug is given to patients and often provides the first evidence 
of pharmacodynamic effect, usually on the basis of surrogate 
endpoints. This is difficult to do in Phase I development for 
tuberculosis for lack of a relevant pharmacodynamic re-
sponse. The recently developed whole-blood bactericidal 
assay technique [137], an intracellular infection model in-
corporating the effects of protein binding and pharmacoki-
netics may offer a way of achieving this during Phase I/II 
studies and could be used to identify pharmacodynamic syn-
ergy during pharmacokinetic interaction studies in healthy 
volunteers. It can easily be adapted to the cross-over designs 
typically used unlike the measures available in patients 
which are irreversible once treatment has commenced. Cur-
rently, however, phase II studies are based on bacteriological 
assessments of viable M. tuberculosis in sputum since these 
are believed to be the most biologically relevant response 
and have been most extensively evaluated in clinical trials. 
Currently no other type of biomarker appears to offer any 
advantages and few have any support from evaluation stud-
ies. 

 Phase IIA studies of drugs given in monotherapy (termed 
“early bactericidal activity” or “EBA”) aim to show that a 
drug has anti-tuberculosis activity at least in the early phase 
of treatment in humans and can also be used for preliminary 
dose selection by examining a range of dose sizes so as to 
estimate the minimal effective dose. Phase IIB studies of 
combinations aim to measure late phase activity according to 
a more limited number of dose sizes and different partner 
drugs in a factorial manner. Both types of Phase II study may 
or may not also include pharmacokinetic sub-studies, which 
are generally desirable in order to further evaluate the rele-
vant pharmacokinetic indices, the dose response relationship 
and the contribution of pharmacokinetic variability to re-
sponse. 

2.3.1.1. Phase IIA EBA Studies 

 Most published EBA studies have measured the slope of 
the decline in serial sputum colony counts over the first 2 or 
5 days of therapy because the early estimates can best distin-
guish between the activities of different drugs and different 
dose sizes of the same drug [74]. Over this early period the 
bactericidal effect of isoniazid is the greatest encountered 
with a mean of 0.575 log10 cfu/ml sputum

-1
 day

-1
 (95% con-

fidence limits: 0.515-0.636) [138]. This occurs because the 
usual dose of isoniazid (300 mg daily) is about 20 times 
larger than the minimum effective dose (MED), when EBA 
just reaches 0, whereas most other drugs are given in dose 
sizes closer to the MED (but this may also be due to it’s 
unique intrinsic potency against the early population). As a 
result, it has not generally been possible to demonstrate any 
additive effect of additional agents [74]. Pyrazinamide ap-
pears inactive during the first 2 days but is then bactericidal 
at much the same rate as other drugs [39, 74]. These observa-
tions suggest that 1) short-term EBA studies can fail to de-
tect sterilizing activity of drugs, and 2) such studies are not 
likely to be an efficient means of studying combinations. 
While it is ethically difficult to justify monotherapy with any 
standard drug for more than 7 days, monotherapy for 14 days 

with a totally new drug may be acceptable since it will not be 
used in further treatment, even if drug resistance to it arises. 
This suggests the possibility of detecting sterilizing activity 
during monotherapy by extending the duration of the study 
as indeed has been accomplished in a late analysis of the first 
14-day EBA study [74]. On the other hand, the variability of 
the measurements increases steadily as the counts decline 
with time, so such a design will not improve prospects for 
detecting differences between combinations of agents which 
will generally be much smaller in magnitude than that be-
tween a single agent and placebo. 

 In practice, the risks posed to concurrent placebo controls 
in a 14-day study (resistance, mortality in HIV 

+
ve patients) 

are probably too great. Data from historical controls in EBA 
studies suggest that the mean EBA in these groups was ap-
proximately 0 [138] and to test new agents against this value 
may the only acceptable solution. Many EBA studies also 
include isoniazid as a positive control but it is important to 
understand that this is included simply to demonstrate that 
the system is working and has results comparable to those 
obtained in the past. There is no point in demonstrating a 
significant difference between the EBA of a new drug and 
that of isoniazid. 

 In order to establish proof-of-concept, the most reason-
able design would be to treat about 15 patients with the new 
drug at a high dose size for 14 days. This sample size may 
vary between different centres. A useful rule of thumb is that 
at a sample size of 15 patients per arm the minimum effect 
size detectable with 80% power approximately equals the 
expected SD of the measurements. Sputum specimens may 
be collected on alternate days. If the classical 2-day study 
(EBA0-2) differs significantly from 0, proof-of-concept is 
established. The rest of the profile of counts can then be ex-
amined (Table 7) to confirm that this activity is maintained 
after 7 days. For isoniazid the profile is markedly curved in 
shape with activity diminishing after the first two days while 
for rifampicin it is close to a straight line and for pyrazina-
mide it is curved but with activity increasing after 2 days. 
Slopes from days 7-14 may also be tested against 0 or each 
other. These differences may not achieve significance in 
these initial studies but may provide some indication of ster-
ilizing activity. If the onset of activity is unusually delayed 
and EBA completely absent, the duration of the study should 
be long enough to capture this behaviour which should in 
any case be predicted from pharmacokinetic considerations 
or possibly from the mechanism of action. 

Table 7. Values of the Early Bactericidal Action (EBA: Mean 

log10 cfu/ml Sputum/Day) of Isoniazid, Ofloxacin, 

Rifampicin and Pyrazinamide Over 0-2 Days and 2-

5 Days to Show the Shape of the Curve Over the 5-

Day Period 

 

Drug 
No. of  

Patients 

A  

EBA  

0-2 Days 

B 

EBA  

2-5 Days 

Ratio 

A:B 

Isoniazid [77, 140] 12 0.665 0.105 6.3 

Ofloxacin [140] 11 0.142 0.112 1.26 

Rifampicin [48, 141] 24 0.201 0.244 0.82 

Pyrazinamide [77] 8 0.054 0.076 0.71 
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 Provided that EBA is present, the second stage of phase 
IIA should be a dose-ranging EBA study in which the dose 
size is decreased, usually in 2-fold steps from the high level 
used initially, over the first 2 day (Fig. 5) or for longer peri-
ods up to a maximum of 14 days if ethical permission can be 
obtained. Such a study could estimate the MED, the shape of 
the dose-response curve and whether the apparently maxi-
mum response has been obtained [49, 50]. If the study were 
extended to 14 days, it might be possible to determine sepa-
rate dose-response curves for the early and late phases of 
bacterial killing, though this has never yet been achieved and 
would require larger sample sizes. Delayed drug action may 
complicate these calculations. 

 Most EBA studies have been carried out on Sub-Saharan 
African patients [47-50, 74, 77, 138-144], and studies have 
also been done on patients in the USA [145], Germany [146] 
and Brazil [147]. Studies have also been done in Hong Kong 
but with results too variable for useful analysis [140, 148]. 

2.3.1.2. Phase IIB 8-Week Studies 

 Given the difficulties demonstrating sterilizing activity 
and the lack of power of comparisons comparing combina-
tion therapy in 14-day EBA studies, extending the duration 
of sputum sampling throughout the intensive phase while 
sputum cultures still remain positive seems a logical way to 
maximize the information that can be obtained from such 
studies. However, if it is expected that these studies will be 
required to evaluate different dose sizes and also different 
combinations of companion drugs for a new agent then it is 
critical that they are designed to be as statistically efficient as 
possible. 

 In an 8-week study, possible sputum bacteriological end-
points include the proportion of patients culture negative at 8 
weeks, the time to culture conversion or the rate of reduction 
of colony-forming units (Fig. 5). Of these, the proportion of 
patients with negative cultures at 8 weeks is the cheapest, 
simplest and best validated, but is the least powerful. Con-
ceptually, different fixed time points could be used to rem-
edy this but would inevitably be selected arbitrarily and then 
require re-validation. Speed of sputum conversion, when 
analysed using survival techniques, requires more frequent 
sputum cultures (preferably weekly) during the 8 weeks. It 
seems likely to be more efficient than the proportion nega-
tive at 8 weeks but has not been so extensively validated. 
The most efficient method in theory, but the newest, least 
developed and most complicated, is the serial sputum colony 
counting (SSCC) technique in which viable MTB in sputum 
specimens are counted without decontamination on selective 
culture medium and the decline of cfu over time estimated 
by statistical modelling techniques (Fig. 6). This method can 
in principle distinguish the early and late phases and explic-
itly account for inter-individual variability in counts, greatly 
improving the precision of comparisons between treatment 
groups. To fully realize these gains in power however an 
optimized sampling scheme of up to ten time points is 
needed. This is less demanding and more cost-effective than 
it first appears since the cost of additional samples is usually 
much less than that of recruiting additional patients. Whether 
this approach can be as effective using time-to-positivity as a 
measure of bacterial survival in automated liquid culture 
systems remains to be explored. If sputum is decontaminated 
rather than plated on selective medium, it seems likely, 
though not certain, that the rapidly growing bacteria are se-
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Fig. (5). Early Bactericidal Activity (reduction in log10 cfu ml sputum
-1

 day
-1

 during days 0-2) related to log drug dose for isoniazid (INH ), 

rifampicin on 2 occasions (RIF1 & RIF2), rifabutin (RBU) and streptomycin (SM). Data from [45-47, 139]. 
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lectively killed leaving only the bactericidal activity against 
persisters (sterilizing activity) measurable [149]. Sample size 
calculations suggest that the number of patients required per 
arm to detect realistic differences between regimens with 
differing sterilizing activity may range from more than 150 
for studies based on 2 month culture conversion down to as 
few as 50 for SSCC [150]. These estimates appear to be 
borne out by the results of two recent Phase IIB studies in 
drug-sensitive disease [109, 151]. However, though it has 
been suggested that phase IIB trials could be more ethically 
acceptable in patients with MDR disease, it is likely that the 
power of such studies would be seriously reduced by the 
increased variability of response between participants on 
regimens that include companion drugs of widely variable 
potency. The smaller number of patients required in SSCC 
studies could make it feasible to design efficient factorial 
studies with approximately 25 patients per arm that might, 
for instance, look at dose size and companion drugs simulta-
neously in a range of combinations guided by the results of 
mouse experiments. Such designs could help to accelerate 
the development process while continuing to gather dose-
response information during the transition from early to late 
clinical development. 

 

Fig. (6). Bi-exponential fit of cfu counts in a phase IIB study of the 

fluoroquinolones gatifloxacin, moxifloxacin or ofloxacin substi-

tuted for ethambutol. Data from [127]. 

2.3.2. Phase III Studies 

 Phase III studies will compare a regimen including the 
new drug either as an addition or substitution in the current 
standard treatment (2HRZE/4HR), with the dose size and 
companion drugs optimized on the basis of preclinical data 
and the results of factorial Phase IIB studies. As noted 
above, because of the strength of the comparator, demon-
strating straightforward superiority of the new regimen given 
for six months is essentially impossible at practical sample 
sizes and it has been proposed instead that the aim should be 
to demonstrate equivalence of a shortened regimen using a 
combined primary endpoint of failure/relapse. The results of 
Phase IIB studies will play a crucial role in providing provi-

sional support for a shorter duration of the experimental 
regimen (on the basis that clearance of sputum is faster dur-
ing the intensive phase) but validation data are lacking to 
provide accurate forecasting as to the true extent of any re-
duction in Phase III. 

 Conceptually then, the goal is to reduce treatment dura-
tion to the point where relapse rates are not worse than the 
comparator. In an equivalence design at a single reduced 
duration (say 4 months alone) it could be problematic to 
show that this duration represented the shortest possible 
regimen using the equivalence limits and it is conceivable 
that this might result in undertaking a completely new trial at 
a shorter duration. A more efficient approach might be to use 
a non-inferiority design with two or more durations (say 3 
and 4 months) of the experimental regimen. The outcome of 
such a trial should be simpler to interpret since the null hy-
pothesis (which is that the new regimen is inferior) could be 
clearly rejected at one duration but not at another. Such de-
signs despite including more arms would probably be of 
similar or only modestly increased size compared to two-arm 
equivalence designs. For purposes other than shortening of 
treatment, different designs would be appropriate such as 
equivalence for widely intermittent therapy and perhaps su-
periority for new forms of delivery such as nano-particles. 
Similar trial designs for MDR-TB are also possible but com-
plicated due to the complexity of the intervention and ethical 
issues. 

3. PRIORITIES AND STRATEGIES 

 We have implicitly identified a number of linked issues 
arising during drug development, resolution of which could 
help to make the process more robust in the future while at 
the same time identifying important short to medium-term 
advances in therapy. We can list these as follows: 

1. The most important issue is to have a clear model of 
how chemotherapy for tuberculosis works, and what 
similarities and differences there are in comparison to 
non-tuberculous infections. A vital element of the 
model is the complete suppression of bacterial growth 
of the bacterial population by modern multi-drug 
regimens. The process during chemotherapy is just 
the killing of the initial bacterial population by the 
drugs. It is this feature together with the longevity of 
PAE following pulses of most drugs that makes the 
regimens so robust under a variety of adverse condi-
tions such as minor degrees of poor compliance 
within a programme of regular drug taking for 6 
months. This implies that inhibitors of cell wall syn-
thesis, which include about half of the drugs currently 
in us, are doomed to be largely ineffective except for 
the treatment of MDR disease. 

2. In vitro assays used in screening and early pre-clinical 
development should better reflect sterilizing activity. 
This can only be achieved by further comparative in 
vitro/in vivo studies of persistence and a better under-
standing of the mechanisms that induce this response. 

3. More detailed subsequent in vitro studies need to in-
corporate important pharmacodynamic properties 
such as PAE, a range of relevant environmental con-
ditions such as anaerobiosis and pH and techniques 
for evaluating combinations at this stage should be 
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explored and improved. Screening and early micro-
biological tests should be done on cultures resembling 
those found in sputum and lesions. In particular, they 
should reflect the switch in gene expression to an-
aerobic adaptation and to lipids as energy sources. 
They should also be done at a slightly acid pH (per-
haps of 6.0-6.2) to reflect acid conditions arising in 
inflammation and in the phagosome [125]. The activ-
ity of many drugs (streptomycin, pyrazinamide) is 
greatly altered by pH. Measurement of PAEs and of 
plasma binding should be carried out early. 

4. Murine models could be further improved by achiev-
ing a better understanding of the nature of the relapse 
process and by the application of techniques for lon-
gitudinal data analysis. 

5. 14-day phase IIA studies incorporating pharmacoki-
netics might maximize the quality of dose-response 
information for drugs which possess EBA and iden-
tify potential sterilizing activity in those that do not. 
This approach has been informative for rifamycins 
and should also be studied in the fluoroquinolone se-
ries. 

6. 8-week Phase IIB studies based on survival or model-
ling techniques may be the only feasible way to quan-
tify sterilizing activity in humans prior to Phase III. 
Logistical and analytical support for this technique 
needs to be developed more widely and evaluation 
against relapse carried out in further studies, for ex-
ample of higher dosage of rifamycins. This process 
could be supported by expression profiling studies of 
sputum bacilli in the early and late phases of therapy 
and measurements of phenotypic antibiotic tolerance. 

7. The merits of equivalence and multiple-duration non-
inferiority designs for Phase III trials based on relapse 
need to be explored. 

 Though resources for tuberculosis research have experi-
enced a resurgence in recent years achieving these goals still 
represents a challenge. The cost, regulation and complexity 
of clinical trials have been increasing rapidly while the 
global tuberculosis situation has shown little improvement 
and the need for more effective therapy is more urgent than 
ever. Several conditions will need to be met to make sure 
that the current pipeline of drugs is translated rapidly into the 
most effective new combination regimen possible. Firstly, 
testing of new drugs in combination needs to be promoted 
preferably prior to and certainly from the onset of Phase IIB 
but several commercial and regulatory barriers to such an 
approach need to be overcome and a framework for co-
ordinating such studies adopted by all involved. Second the 
concept of provisional licensing prior to Phase III should be 
considered as confidence in Phase IIB data grows, allowing 
early dissemination of any advance to pilot programs pend-
ing definitive evidence of efficacy. Third commercial barri-
ers to rapid uptake of new regimens must be foreseen in ad-
vance and mechanisms put in place to ensure that the slow 
adoption of fully rifampicin-based regimens globally is not 
repeated. Pharmaceutical, academic, governmental and non-
governmental partners all need to combine their efforts in 
realising new advances in therapy. 

 

ABBREVIATIONS 

E = Ethambutol (in a regimen) 

EBA = Early Bactericidal Activity 

GKO = Gene knock-out 

H = Isoniazid (in a regimen) 

MABA = Microplate Alamar Blue Assay 

MDR = Multi-drug resistance 

MED = Minimal Effective Dose 

MIC = Minimal Inhibitory Concentration 

MTB = Mycobacterium tuberculosis 

PAE = Post-antibiotic effect 

PKPD = Pharmacokinetic-pharmacodynamic 

R = Rifampicin (in a regimen) 

SSCC = Serial sputum colony counts 

TAACF = Tuberculosis antimicrobial acquisition and  
   co-ordinating facility 

Z = Pyrazinamide (in a regimen) 
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