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1. EXECUTIVE SUMMARY 

The Critical Path to TB Drug Regimens (CPTR) initiative aims to develop consensus and build 
an evidence base to support potential new drug development tools for tuberculosis (TB) 
combination regimen development. One such tool, the hollow fiber system model of TB (HFS-
TB) was developed 10 years ago and has been used to inform drug doses, select drug regimens 
and improve therapeutic strategies involving old as well as new antibiotics. The HFS-TB can be 
effectively utilized to mimic the pharmacokinetic disposition of antibiotics observed in TB 
patients and the metabolic and physiologic behavior of Mycobacterium tuberculosis (Mtb) 
populations commonly encountered in patients with pulmonary TB. The HFS-TB also mimics 
intracellular bacteria characteristics of disseminated TB and can quantify the sensitivity and 
resistance of these Mtb populations to various doses and combinations of antibiotic agents over 
time.  

The CPTR Pre-Clinical & Clinical Sciences Workgroup (PCS-WG) requests an EMA 
Qualification Opinion for the following Context of Use:  

• The HFS-TB can be used in anti-TB drug development programs as an additional and 
complementary tool to existing methodology to inform selection of dose and treatment 
regimen to maximize bactericidal effects and minimize emergence of drug resistance. 
HFS-TB can be used in submissions to EMA throughout the drug development process 
for a product, especially for more informed design of Phase I, Phase II and Phase III 
clinical studies.  

The HFS-TB system provides essential pharmacologic and microbiologic information that 
cannot be obtained from any other single, commonly accepted tool. In addition, its use should 
significantly shorten the overall time to complete necessary preclinical and clinical 
pharmacology studies. In this dossier, we utilize high-quality evidence from the published 
literature demonstrating a high degree of predictive accuracy for, and strong correlation between, 
data generated by the HFS-TB and clinical trial results.  

METHODS:  This team performed comprehensive literature searches to identify all relevant 
publications that were used to perform our analyses. 

Search A identified all HFS-TB studies and Monte Carlo simulation studies published in the 
literature that utilized the HFS-TB output to make therapeutic predictions. HFS-TB generated 
data from studies obtained in Search A were then compared to clinical data from studies obtained 
in Searches B and C. 

Search B identified clinical studies that were used to examine therapeutic relevance of the HFS-
TB output through descriptive correlations. For each correlation, it was required that these 
clinical studies were published prior to HFS-TB. Therefore they were not used for predictive 
accuracy assessment. 

Search C identified clinical studies that were used to evaluate predictive or forecasting accuracy 
of the HFS-TB study output. For each predictive evaluation, it was required that the clinical 
study was published at least six months after the HFS-TB publication. 

Standard evidence-based medicine criteria were used to evaluate the quality of clinical studies 
and are described in the Methods section (Section 5). Data and information were extracted from 
the relevant publications to enable several types of analyses. These analyses are described within 
the Results section of this document (Section 6). 
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RESULTS: 

Search A identified 26 studies that reported the output of HFS-TB or used the HFS-TB output in 
Monte Carlo simulations. 

Search B identified 17 clinical studies. 

Search C identified 20 clinical studies.  

Analyses Conducted Based upon Search Results 
Analysis 1: Mtb kill rates in patient sputum, patterns of microbial kill, cessation of effect and 
time to emergence of drug resistance from the 17 clinical studies identified in Search B were 
compared to the same parameters in the 26 HFS-TB studies identified in Search A. Descriptive 
correlations demonstrated excellent concordance for these parameters for standard doses of 
isoniazid, rifampin, pyrazinamide, ethambutol, ciprofloxacin and moxifloxacin. 

Analysis 2:  Predictive accuracy was examined using 20 clinical studies identified in Search C, 
which were published at least 6 months after HFS-TB studies identified in Search A.  

In Analysis 2a, the forecasting accuracy of the pharmacokinetic/pharmacodynamic 
(PK/PD) indices or dosing schedules associated with optimal microbial kill or resistance 
suppression was identified. The PK/PD indices associated with microbial kill and resistance 
suppression by rifampin, isoniazid, ethambutol and pyrazinamide were accurately predicted in 
the HFS-TB when compared with the clinical studies.  

In Analysis 2b, the data from HFS-TB studies suggested new hypotheses relevant to 
therapeutic strategies and contradicted some accepted therapeutic strategies. These HFS-TB 
study data were then compared to clinical studies published at a later date. Six such hypotheses 
were subsequently confirmed by the results of the clinical studies.  

In Analysis 2c, the quantitative predictive accuracy of several HFS-TB study generated 
parameters, including optimal drug doses and PK/PD exposure values, was calculated. HFS-TB 
study results were compared to results generated in clinical studies performed after the HFS-TB 
results were published. The forecasting accuracy rate was 94.4% (95% confidence interval [CI]: 
84.3-99.9). The bias was 1.8% (CI:-13.7 to 6.2) and thus crossed zero. Therefore, it is proposed 
that the HFS-TB model is a drug development tool that is highly accurate for forecasting optimal 
drug exposures, drug doses, dosing schedules and appropriate drug combinations for anti-TB 
drugs/drug regimens. 

CONCLUSION:  These data demonstrate a validated forecasting accuracy for HFS-TB and 
support its utility as a valuable complementary, additional tool to existing methods for anti-TB 
drug dose selection and regimen design. HFS-TB outputs can facilitate drug development 
strategies and be useful for more informed design of Phase I, Phase II and Phase III clinical 
studies.  
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2. INTRODUCTION 

TB has been a public health problem for millennia and it is currently estimated to be the cause of 
3% of all deaths in low and middle-income countries primarily in Asia and Africa.1 Additionally, 
there are an estimated 8.8 million new cases of TB each year worldwide.2 While antibiotic 
therapy is available, the treatment is for six months in the simplest of cases and up to five years 
in multi-drug resistant (MDR-TB) and extensive drug resistant TB (XDR-TB) cases.3-6 
Resistance to antimicrobial agents is a widespread and an increasing problem. As an example, it 
is estimated that 50-70% of TB patients in India have MDR-TB.4 Thus, an urgent need exists for 
new treatment regimens that will optimize antibacterial activity of currently available agents, 
cure patients in weeks rather than months, and reduce the number of patients with drug resistant 
disease. The CPTR initiative seeks to accelerate the development of a safer, faster-acting, shorter 
duration regimen for TB. One goal is to achieve more efficient design of clinical trials by the 
application of validated approaches that provide a more accurate understanding of PK/PD 
relationships for new TB drugs regimens.  

3. QUESTION FOR THE AGENCY 

Question: Does the Agency agree that the results presented here support our proposed COU for 
the Hollow Fiber System Model (HFS-TB) as an additional and complementary tool for use in 
anti-TB drug development for optimal selection of drug, dose and dosing schedules and for 
informing the development of potential combination therapy regimens?  

CPTR Position: CPTR PCS-WG believes that the results from our data analysis conclusively 
establish the high predictive accuracy of HFS-TB output for clinical trial outcomes (Section 6.5). 
When used in an anti-TB drug development program, outputs from HFS-TB, as described 
in Section 4, can be run through Monte Carlo simulations for a given drug or drug combination 
to yield a quantitative understand of PK/PD relationships, expected dose-response curves for 
patients and expected rates of, and time to, resistance emergence for concentration-related 
resistance. These parameters can be used in conjunction with the overall preclinical study results 
to optimize choice of drug(s), dose(s), and dosing schedules.  

4. BACKGROUND  

4.1 Background of the CPTR Initiative 

The CPTR initiative is a broad collaboration of pharmaceutical companies, government 
regulatory and multilateral agencies, academia, civil society advocates and non-government 
organizations that aim to accelerate the development of new, safe and highly effective TB 
treatment regimens with shorter therapy durations than the current standard of care. CPTR was 
formed through the collaboration and support of the Bill & Melinda Gates Foundation, the 
Global Alliance for TB Drug Development and the Critical Path Institute. The CPTR PCS-WG 
strives to identify, develop consensus around and build the evidence base to support potential 
new Drug Development Tools (DDTs) for TB medical product development.  

4.2 The Hollow Fiber System of TB (HFS-TB) 

Since the time of both Robert Koch, who discovered Mycobacterium tuberculosis (Mtb), and his 
protégé Paul Ehrlich, who laid the foundation for modern chemotherapy and antibiotic drug 
development, animal models have been used extensively for TB drug development.7,8 However, 
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these animal models have sometimes failed to predict clinical efficacy. In addition, the advent of 
antimicrobial PK/PD science required a tractable, patient-relevant model of pharmacokinetics. 
This model would allow repetitive sampling of bacteria during drug therapy, as is the standard in 
clinical trials, and would easily delineate differential effects of drug therapy on the various 
metabolic sub-populations of Mtb.  

Approximately 10 years ago, the HFS-TB was developed by Gumbo et al. and first presented at 
the Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC) 9-10. Since 
that time, the model has been refined to become more sophisticated in its utility and application, 
which has expanded to include the ability to influence effective dose selection in clinical 
settings. The applicability of this tool and the utility of data produced by it are described below. 
The HFS-TB was developed not just to fill the gaps in knowledge associated with existing 
preclinical efficacy models, but also to offer more quantitative measurements and outputs than 
those provided by animal models. This is important, as quantitative PK/PD assessment is crucial 
to the development and execution of an integrated drug development process.  

The HFS-TB was specifically designed to: (1) mimic the pharmacokinetic concentration-time 
profiles of antibiotics observed in TB patients in both plasma and at the site of infection, (2) 
mimic the metabolic and physiologic behavior of Mtb strains encountered in infected patients 
given that Mtb can exist in one of three metabolic states which impact the efficacy of drugs 
against the bacterium, (3) quantify the sensitivity and resistance of these Mtb strains to various 
doses and combinations of antibiotic agents over time and (4) perform PK/PD studies that will 
inform dose selection in clinical trials. The HFS-TB enables a quantitative understanding of the 
relationship between dynamic drug concentrations, as well as dynamic populations of drug-
susceptible and drug-resistant Mtb, over time. HFS-TB assembly specifications can be found in 
the Amendment. The HFS-TB (Figure 1) consists of a “pharmacodynamic” compartment (also 
referred to as the peripheral compartment) and a pharmacokinetic (PK) compartment, which 
consists of a central compartment that allows drug to equilibrate with contents of the peripheral 
compartment via diffusion process across the hollow fibers. The peripheral 
(“pharmacodynamic”) compartment also houses either extracellular or intracellular Mtb, which 
can be maintained for several months. 

 

 

 

 

 

 

 

 

 

 

  Page 9 of 42 



Hollow Fiber System-TB  24 February 2014 

Figure 1. Diagram of Hollow Fiber System for TB (HFS-TB) 

 
Hollow fibers are semi-permeable capillary tubes, whose pore sizes can be varied depending on 
the type of study being performed. A fiber pore diameter of 42kDa has been commonly utilized 
in the TB model because it allows easy and rapid equilibration of small molecules across the 
hollow fibers, while preventing bacilli from distributing between compartments, or entering the 
hollow fiber lumina. The lumina of the hollow fibers is part of a continuous media flow path that 
includes tubing and the central reservoir. Drugs are administered via a computer-controlled 
syringe pump, with drug entering the central compartment via tubing in the flow path. Drug 
infusion rates are designed to mimic a desired peak concentration and time to peak 
concentration, as encountered in patients. Fresh media is introduced to the central compartment 
via tubing in the flow path and used media removed via the central reservoir to create a dilution 
system that allows the concentration of the drug to decline over time with the same half-life as 
observed in humans. The system allows the investigator to mimic varied concentration-time 
profiles and thus drug combination regimens. The actual drug or drug combination levels 
achieved are directly quantified by direct sampling of the central compartment via a stopcock 
mechanism in the flow path tubing at pre-specified times for measurement of achieved drug 
concentrations. The timing of sampling within a given study is determined by the PK profile of 
the drug(s) of interest. The actual drug concentrations observed are then utilized in mathematical 
in silico models, dose-finding studies and for extrapolation to the equivalent clinical doses in 
patients. 

Bacilli (which are too large to cross the pores) are inoculated into the peripheral compartment via 
a syringe device (Figure 1). The inoculated bacteria could be at low pH when semi-dormant 
  Page 10 of 42 



Hollow Fiber System-TB  24 February 2014 

bacilli are needed for evaluation, under anaerobic conditions to generate the non-replicating 
persister state, at ambient air and normal pH for log-phase growth bacteria, or within 
macrophages or neutrophils to represent the intracellular state. The growth media circulating in 
the system is selected to maintain a particular pH, or support human-derived cell lines such as 
macrophages. The system is incubated at 37ºC with oxygen and CO2 content pre-specified 
according to the metabolic status of Mtb under study. The peripheral compartment is then 
sampled at pre-specified times, typically day 0, day 3, day 7 and then every seven days 
thereafter, similar to the sampling schedule typically used for determination of total bacterial 
burden in sputum in liquid cultures. 

There are multiple outputs from the HFS-TB, including: (1) total bacterial colony forming unit 
(CFU) count; (2) drug-resistant Mtb CFU count; (3) drug concentration which can be modeled 
using compartmental PK analysis methods; (4) macrophage count (in some studies) and number 
of bacteria per macrophage; (5) RNA expression and (6) whole genome sequencing which can be 
performed on sampled material. All of these PD measures can be directly correlated with PK 
measurements taken at the same time point within a study. This is a significant advantage to in 
vivo model study methods. The last three types of PD measures allow a systems pharmacology- 
based approach that can be utilized in drug development. 

4.3 Proposed Use of HFS-TB in Drug Development 

The HFS-TB can: (1) mimic the concentration-time profiles of antibiotics observed in TB 
patients, (2) mimic the metabolic and physiologic behavior of Mtb populations commonly 
encountered in infected patients with pulmonary TB and the intracellular Mtb characteristic of 
disseminated TB and (3) quantify the sensitivity and resistance of these Mtb populations to 
various doses and combinations of antibiotic agents over time. When these outcomes are 
correctly achieved, the results can then be used in Monte Carlo simulations to identify (i) optimal 
doses of drugs, (ii) drug combinations which are most likely to achieve desired microbial 
outcomes, (iii) expected response rates from a drug or combination regimen, (iv) expected rates 
of and time to resistance emergence in patients and (v) susceptibility breakpoints based on a 
minimum inhibitory concentration (MIC) above which therapy by a specific drug will fail. 

The HFS-TB is proposed for use in optimization of drug regimens and dose selection to 
maximize the bactericidal and sterilizing effect rates and minimize the emergence of resistance. 
When used early in the drug development cycle as a complementary and additional tool to 
existing methodologies, information regarding optimal dose selection, dosing schedules and 
potential combination therapies can be obtained. Additionally, the HFS-TB can be used in a post-
approval setting to optimize currently used drug regimens (for both dose and dosing schedule) 
for drug-susceptible and drug-resistant TB. Therefore, the results obtained by the HFS-TB are 
expected to support trial design for Phase I, II, III and IV clinical trials.  

Phase I dose ranging study design can be optimized by data from HFS-TB experiments 
especially when the PKs in humans can be predicted by data from preclinical studies. The HFS-
TB is used to identify optimal PK/PD exposures associated with maximal and fastest bactericidal 
and sterilizing effect rates and resistance suppression. Monte Carlo simulations would then be 
used to identify optimal clinical dose. In appropriate circumstances the need for dose ranging 
study designs, which potentially expose some patients to suboptimal doses, might be avoided. In 
later-phase development, HFS-TB provides information to help identify the optimal doses and 
combinations for Phase II and III studies, the proportion of patients expected to have maximal 
response and the expected rates of acquired drug resistance. 
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4.4 Advantages of the HFS-TB 

Animal models quickly became the preferred model in TB drug development following elegant 
work by Paul Ehrlich using various classes of chemotherapeutic agents at the turn of the last 
century. In the last 70 years, mice and guinea pigs have been used for anti-TB drug development 
with considerable success, but also with some notable failures. In the 1950s, the studies of 
Steenken and Wolinsky in guinea pigs demonstrated no effect of pyrazinamide, which led to its 
reduced use.11 Fortunately, the studies of Yeager et al. in patients and Grumbach in mice, 
demonstrated pyrazinamide efficacy and it is now known to be essential for short course 
chemotherapy as demonstrated in clinical studies in East Africa by the British Medical Research 
Council. 12-14 

The utility of these in vivo models for new anti-TB regimens has been questioned, most recently 
by Mitchison and colleagues (renowned subject matter experts for in vivo model systems of 
Mtb). 15-18 The predictive accuracy of these in vivo models for reducing duration of therapy in 
moxifloxacin containing regimens (as a substitution for isoniazid) has been contested, as the 
preclinical results did not track with clinical findings for the regimen.17,19,20 A more recent 
example of inconsistency between animal model data and clinical predictability is a mouse study 
that demonstrated that daily dosing of rifapentine would lead to cure of TB in three months or 
less in the standard regimen,21

 which led to the Tuberculosis Trials Consortium Study 29 (TBTC 
29) of 531 patients. In TBTC 29, daily rifapentine in patients was no better than daily rifampin.22 
Moreover, the animal models have limited use in assessment of acquired drug resistance in 
combination regimens due to comparatively low bacterial burdens than achieved in humans. 
Furthermore, the lack of repetitive sampling of Mtb in mice or guinea pigs, which is the standard 
approach in clinical trials, limits extrapolation from these models for time-to-event outcomes and 
identification of the exact timing of drug resistance emergence. Finally, a formal study to 
examine how accurate these models are at quantitative forecasting has not been performed, thus 
the in vivo models cannot be used as baseline models. 

The HFS-TB offers distinct advantages to current in vivo model systems for evaluating efficacy, 
resistance potential and dose determination as described below.  

• Simulation of human PK and PD 
The primary advantage of the HFS-TB is its capacity to simulate human PK/PD of a drug or drug 
combination. This is strengthened by the capability for iterative and repetitive sampling for 
quantitative measurement of both organism and drug concentration simultaneously. This is a 
distinct feature of this model as repetitive sampling of both drug and organism are not feasible in 
in vivo models of infection based on limitations of access to infection sites for both organism and 
drug. Therefore, providing a quantitative understanding of PK/PD relationships is the primary 
benefit of HFS-TB in the drug development process. This allows measurement of efficacy and 
resistance suppression providing a rational and efficient approach to explore novel combination 
therapies, which can then be directly translated, into more effective clinical trial designs. 

• Microbial response to drug(s) 
The HFS-TB has been used to determine the bactericidal and sterilizing effect (i.e., microbial 
kill) rates, likelihood of resistance emergence and effects of drug combinations, which are 
comparable to those effects in the sputum cultures of patients. The HFS-TB model has the 
advantage that the microbial sub-populations important in sterilizing effect (i.e., non-replicating 
persisters and semi-dormant bacilli) can be separately studied from log-phase growth sub-
populations. This allows for more accurate identification of microbial kill rates, resistance 
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emergence within each sub-population and differential effects of antibiotics, all of importance in 
design of regimens that would shorten therapy duration. 23,24 

• Complete eradication 
The ability to culture the entire contents (usually 20 mL of culture) of the peripheral 
compartment of the HFS-TB at the end of an experiment interval allows assessment of the 
potential for a compound’s ability to completely eradicate Mtb at early time points such as one or 
two months. The data from this model can inform the likely time point in a clinical trial setting 
that can be considered for proof of efficacy rather than relying on relapse rates (as is current 
practice) in in vivo models of infection.  

• Assessment of resistance potential 
As cited above, the HFS-TB has the advantage of accurately mimicking human PK. This is an 
improvement to static in vitro models, which are typically employed to assess resistance 
potential for drugs or drug combinations. Drug instability issues are obviated in the dynamic 
HFS-TB model as well. As an example, rifampicin, a key component of the current standard of 
care for TB and the new anti-TB drug ertapenem, are unstable in static medium incubator 
conditions used to assess MIC or minimum bactericidal concentration profiles. These two 
aspects are important because the shape of the concentration-time curve of some anti-
tuberculosis drugs (i.e., the stressor) is an important determinant of microbial effects such as 
acquired drug resistance. This reflects the evolutionary principle in which oscillations in the 
intensity of environmental stressors result in higher mutation rates than with constant stressor 
pressure.25-28 Comprehensive understanding of concentration-effect profiles is needed to fully 
understand resistance potential. For the same reasons, the HFS-TB has advantages over in vivo 
models, (i.e. rodent models) in which the half-life of many drugs differ greatly from that in 
humans, thereby exposing Mtb to different shapes of the concentration-time curves, or intensity 
of the chemical stressor.  

• Repetitive sampling 
Repetitive sampling from the same system offers another advantage over in vivo models, which 
rely on terminal procedures to obtain samples to be cultured. Repetitive sampling vastly 
improves statistical power, time-to-event analysis and repeated event analysis.  

• Assessment of drug combinations 
Anti-TB drugs exhibit peak and area under the concentration-time curve (AUC) concentration-
dependent synergy and antagonism in patients.29 Two and three drug combinations, at different 
doses for each drug, can be performed in the HFS-TB allowing identification of dose and 
concentration-dependent synergy or antagonism.30 

5. METHODS 

Extensive evidence supporting the utility of HFS-TB to enable selection of dose and drug 
regimens in TB clinical trials has been published. A thorough literature search was designed to 
identify relevant published studies of HFS-TB experiments (Search A) and TB clinical trials 
(Search B and Search C). Information and data were extracted from these studies and used to 
establish descriptive correlations between HFS-TB outputs and clinical study observations 
(Analysis 1) and predictive accuracy of the HFS-TB to forecast clinically observed outcomes of 
drug treatment (Analysis 2). 
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5.1 Literature Search Strategies 

In order to avoid potential publication bias, a search was reviewed by utilizing not only PubMed, 
EMBASE, ISI Web of Science and the Cochrane Libraries, but also the Grey literature 
(unpublished or un-indexed reports which can include conference proceedings, non-indexed 
journals, internal reports, pharmaceutical industry reports and student dissertations and theses). 
Conference presentations were also reviewed and accessed. In addition, CPTR members were in 
communication with colleagues in the pharmaceutical industry whose companies were involved 
in anti-TB drug development and researchers who do hollow fiber studies, to determine if they 
had performed HFS-TB studies. All experiments reported are included in Table 2 and all were 
used for further analyses. 

5.1.1 Search A:  HFS-TB experiments 
The purpose of this search was to identify all published experiments using the HFS-TB. The data 
extracted from these publications were used to evaluate the correlation with clinical outcomes 
(Analysis 1) as well as to evaluate forecasting capability (Analysis 2). The team searched 
PubMed, EMBASE, ISI Web of Science and the Cochrane Libraries for studies published 
beginning January 1, 2000, the year experiments of the HFS-TB were first performed and 
December 31, 2012. The following medical subject heading terms and strategy were used: 
“hollow fiber” OR “hollow fibre” AND either “tuberculosis” OR “mycobacterium” OR 
“mycobacteria.” Bibliographies of original articles, key reviews of TB PK/PD studies and 
consensus statements were also examined for additional relevant studies. A manual search of 
meeting abstracts was then conducted for the ICAAC, the annual Conference of the Infectious 
Diseases Society of America, the Gordon Research Conferences (Tuberculosis Drug 
Development) and the 1st to 5th International Workshops on Clinical Pharmacology of 
Tuberculosis Drugs. In addition, the team searched other literature sources via Inside 
Conferences, clinicaltrials.gov and Open Grey (System for Information on Grey Literature in 
Europe) at http://www.opengrey.eu. Where conference abstracts were found, but a full study was 
published later in scientific journals, the full study was taken as the main reference. There was no 
exclusion of articles by language. 

5.1.2 Search B:  Clinical TB studies performed prior to HFS-TB studies 
The purpose of this search was to identify all clinical TB studies containing relevant data for our 
analyses examining correlation with output of the HFS-TB (Analysis 1). A PubMed search was 
conducted for clinical studies performed with anti-TB monotherapy or dual therapy, in which 
pharmacokinetics were documented or a dose-scheduling study design was employed, published 
from the beginning of chemotherapy from January 1, 194331-33 up to December 31, 2012. Search 
terms with either “isoniazid” or “rifampin” or “rifampicin” or “pyrazinamide” or “ethambutol” 
or “moxifloxacin” or “ciprofloxacin” or ‘linezolid” AND “tuberculosis” were used and the 
results filtered to include only “clinical trials”. The drugs for the search string were chosen based 
on results from the literature search for hollow fiber studies described above with the intent to 
correlate data from HFS-TB and clinical trials. In addition, PK/PD review articles identified 
using subject headings “pharmacokinetics-pharmacodynamics” or “PK/PD” AND “tuberculosis” 
were identified and read and their references manually examined. 

5.1.3. Search C:  Clinical TB studies performed at least 6 months after HFS-TB studies 
The purpose of this search was to identify all clinical TB studies containing relevant data for our 
analyses examining predictive accuracy of the HFS-TB output (Analysis 2). Selection criteria 
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and search terms were as in Search B. However, the period used for this search was from January 
1, 2003, the year the HFS-TB was first introduced at ICAAC, until December 31, 2012. To 
assess true predictivity of HFS-TB outputs, clinical studies were only chosen if they were 
published at least 6 months after publication of the HFS-TB that they were compared to. These 
studies were used in Analyses 2. 

5.1.4 Assessment of quality of clinical studies 
All publications of clinical studies retrieved through Search B and Search C were judged for 
quality of evidence in accordance with the scale described in Table 1, which is based on both the 
Grading of Recommendations Assessment, Development and Evaluation (GRADE) criteria and 
those used by the Infectious Diseases of America-US Public Health Service Grading System 
(USPHS) for evidence based medicine decision making.34,35 This method was adapted to 
determine the quality of evidence from the clinical study that supported or refuted the findings of 
the HFS-TB. Numeric estimates of parameter clinical values from key opinion leaders based on 
clinical experience, or reports of expert committees were NOT considered to be evidence.  

Table 1. Quality of Evidence of Clinical Studies Used to Compare to Predictions 

 

 

5.1.5  Analysis methodology of studies identified in Searches A to C. 

5.1.5.1. Analysis 1: Descriptive correlation 
The first analysis was descriptive and established the correlation between HFS-TB output 
(Search A) and observations from clinical studies published prior to the publication of HFS-TB 
studies (Search B) for equivalent treatment regimens. Specifically, kill rates in sputum of 
patients; patterns of microbial kill, cessation of effect and time to emergence of drug resistance 
were compared. This analysis is not considered predictive, but merely descriptive.  

5.1.5.2. Analysis 2: Predictive accuracy 
In order to minimize bias in this analysis, we examined all publications that documented 
qualitative or quantitative outputs of the HFS-TB in tandem with Monte Carlo simulations at 

Quality Of 
Evidence 

Score 
Criteria 

1 Evidence From ≥1 Properly Randomized, Controlled Trial; Meta-Analysis Of Randomized, 
Controlled Trials That Followed PRISMA Recommendations 

2 
Evidence From ≥1 Well-Designed Prospective Clinical Trial, Without Randomization; From 
Prospective Cohort Or Case-Controlled Analytic Studies; Dramatic Experimental Study Results 
Of Uncontrolled Clinical Studies 

3 Evidence From Multiple Time-Series; Evidence From Dramatic Epidemiological Data 

4 Evidence From A Large Retrospective Case Series In Single Centre; Examination Of Clinical 
Isolates From Case Series 
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publication time = t1 (Search A) and then searched the clinical literature published at least six 
months after at time t2 years, i.e., t2 > (0.5+ t1) years (Search C). Findings in clinical studies 
were considered the actual observations. By definition, a prediction is a forecast, in that the 
prediction is stated or declared at an earlier time point, and the observation confirming or 
refuting the prediction is made at a later time. Thus, true prediction occurs when a model’s 
output is published, followed either by the explicit generation and publication of confirmatory 
clinical data or by the publication of independent clinical data that could be used for 
confirmatory purposes. This was the rationale for choosing clinical studies published at least 6 
months (search C or observation of the truth) after publication of the HFS-TB in search A (i.e., 
the forecast). Steps for minimizing bias and for reporting systematic reviews outlined by the 
Cochrane collaboration, the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 36 and GRADE Working Group 
(http://www.gradeworkinggroup.org/publications/ JCE_series.htm) 37 were applied. 

Analysis 2a. 
Search A identified some studies in which the HFS-TB made a prediction on PK/PD indices 
associated with optimal treatment effect. Search C identified some clinical studies performed 
after the publication of these HFS-TB studies that also examined PK/PD indices associated with 
optimal effect. We performed a qualitative analysis of forecasting accuracy based on comparison 
of HFS-TB-generated PK/PD indices associated with optimal treatment effect (AUC/MIC, 
peak/MIC, or % time above MIC [%TMIC]), with the findings from the high quality clinical 
studies. 

Analysis 2b. 
Search A identified some HFS-TB studies that generated new hypotheses relevant to therapeutic 
strategies and also challenged some long accepted strategies. Search C identified several studies 
that directly examined those hypotheses. We performed a qualitative assessment to determine the 
accuracy of the output from these HFS-TB studies by comparing them with the results of clinical 
studies published after the HFS-TB publications. We used the synthesis methods outlined by the 
Cochrane Collaboration for qualitative systematic analyses.  

Analysis 2c. 

Search A identified HFS-TB studies that made predictions of optimal PK/PD exposure values, 
optimal drug doses and MIC breakpoints associated with optimal clinical outcomes. Search C 
identified clinical studies that also examined these factors and were published after these HFS-
TB studies. For the HFS-TB experiments that predicted drug concentrations associated with 
either optimal efficacy or emergence of drug resistance, susceptibility breakpoints, or 
proportions of patients achieving a particular response, pairs of the HFS-TB ± Monte Carlo 
simulations versus clinical data were examined. Both accuracy and bias were calculated and then 
summated. The ideal Drug Development Tool (DDT) would have an error of zero. As an 
example, if the DDT predicts the optimal exposure necessary for optimal kill of Mtb to be 15 
mg/L at time t1 and is followed by a clinical study at t2 showing that exactly 15 mg/L of the drug 
were associated with optimal efficacy, then error is zero and accuracy 100%. Error (E) is the true 
value identified in clinical study at t2 (T) minus value predicted at t1 (P). In other words:  

   E= T-P        (1) 

For a number of trials or experiments i of up to n, this takes the form of the mean absolute 
percentage error (MAPE), which is given by: 
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   MAPE=1
𝑛
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𝑖=1 �    (2) 

If the MAPE is the forecasting error (FE), the accuracy (A) is defined by: 

   A=100%-FE       (3) 

If the forecast error is zero (i.e., T=P), then accuracy is 100%.  If forecast error is 100%, then 
accuracy is zero. MAPE has the advantage of (1) making the units of the forecast variable 
unimportant, through normalizing different scales by dividing by the size of the true or observed 
value (T) and (2) allowing the comparison to a benchmark or pre-defined threshold.  If the true 
value T is zero however, the problem of dividing by zero arises and we switch from MAPE to 
mean squared error (MSE).  

In calculating the summary estimate of accuracy, weighting was performed. First, it was assumed 
that there is one true accuracy measure for the HFS-TB, thus weighting reverts to a fixed effects 
model. Weighting in a given clinical study was based on the size of the population sample, 
divided by the quality of evidence score provided in Table 1. 

A second test characteristic of interest is bias. Bias (B) is the tendency of the DDT to overstate or 
understate the true value. As an example, one model may be biased towards forecasting 
emergence of acquired drug resistance compared to what is actually observed in patients later 
(B<0) while another may rarely show emergence of acquired drug resistance when clinical 
studies will show resistance emergence often (B>0).  

   B=∑ (𝑇𝑖𝑛
𝑖=1 − 𝑃𝑖)/𝑛      (4) 

Weighting was as discussed above for accuracy. For the HFS-TB experiments that predicted 
drug concentrations associated with either optimal efficacy or emergence of drug resistance, 
susceptibility breakpoints, or proportions of patients achieving a particular response, pairs of the 
HFS-TB ± Monte Carlo simulations versus clinical data were examined. Both accuracy and bias 
were calculated and then summated.   

While mice and guinea pigs have historically been utilized as animal models for TB, several 
considerations led us to exclude either as the “standard” tools for comparison to HFS-TB. First, 
dose-ranging and dose-scheduling PK/PD studies for sterilizing effect, for acquired drug 
resistance and for concentration-dependent synergy and antagonism in mice and guinea pigs are 
scant. Indeed, there have been vastly more PK/PD studies performed in the HFS-TB than in 
these animal models. Second, very few of the animal studies have employed proper 
mathematical simulation steps for dose selection in regimen design or for susceptibility 
breakpoint determination. Third, the accuracy of these animal models in quantitative forecasting 
has not been studied. To our knowledge, the same level of statistical rigor has not been applied to 
define the predictive accuracy of in vivo models to clinical outcome. Given the lack of a standard 
DDT for TB whose accuracy has been quantified, we examined what would happen if one had a 
completely unreliable tool. We assumed that randomly generated pairs of quantitative prediction 
at t1 versus clinically generated values at t2 would be the base model currently available for 
forecasting. A random number generator was utilized to generate actual or true value and predict 
value pairs for 1,000 experiments. 
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6. RESULTS 

6.1 Literature Search A:  HFS-TB experiments 

Search A identified 26 studies involving the HFS-TB, which are shown in Table 2.10,23-25,38-59. 

Table 2. Hollow Fiber System Tool of TB (HFS-TB) Publications 

MONOTHERAPY 

Study 
Reference Year 

Regimen   
(Plus =In  

combination) 
Findings/Conclusions 

Gumbo et al.10 2004 Moxifloxacin 
 

• Biphasic kill 
• Acquired drug resistance (ADR) 
• First study to use mathematical models in PK/PD of anti-TB drugs 
• Identification of optimal moxifloxacin dose 

Ginsburg et al.50 2004 Moxifloxacin • Moxifloxacin post-antibiotic effect 

Gumbo et al.38 2005 Ciprofloxacin  • Standard doses lead to emergence of ADR 
• Biphasic kill 
• Ciprofloxacin likely to be ineffective and should be replaced by 

moxifloxacin 

Gumbo et al.40 2007 Isoniazid • Use of slow and fast acetylator pharmacokinetics 
• First study to show role of efflux pumps in drug tolerance as part of 

ADR and why isoniazid effect ceases after 3 days 

Gumbo et al.41 2007 Isoniazid • Slow/rapid isoniazid pharmacokinetics mimicked 
• PK/PD indices identified; described by series of “U” shaped curves 
• 300mg/day inadequate for optimal kill in some ethnic populations 

Gumbo et al.39 2007 Rifampin • Rifamycin half-life has little relevance to efficacy 
• Rifampin efficacy measures such as resistance suppression and 

post-antibiotic effect are driven by peak/MIC  
• Microbial kill linked to AUC/MIC 
• Standard human doses are inadequate for resistance suppression 

and optimal microbial kill 

Gumbo et al.23 2009 Pyrazinamide • New in vitro model for examination of sterilizing effect 
• Derivation of quadratic function describing concentration vs. ADR 
• For optimal kill, doses >60mg/kg rather than current 15-30mg/kg 

identified in Monte Carlo Simulations 

Musuka et al.48 2008 Thioridazine • Efficacy is driven by peak/MIC and AUC/MIC 
• Observation of a wobbly PK/PD parameter 
• Efficacious doses are in range toxic to humans 

Drusano et al.51 2012 Moxifloxacin • Moxifloxacin kills Mtb in non-replicating persister (NRP) state at 
rates higher than expected 

Drusano et al.52 2012 Rifampin • in vitro HFS-TB model of NRP, recapitulated RIF relapse and failure 
rates observed in actual patients: 12.7% versus 14% 

 

COMBINATION THERAPY 
 

Drusano et al.24 2010 Rifampin Plus 
Moxifloxacin 

• Rifampin plus moxifloxacin synergistic in resistance suppression 
but antagonistic in microbial kill 

  Page 18 of 42 



Hollow Fiber System-TB  24 February 2014 

Srivastava et 
al.25  

2010 Ethambutol/ 
Isoniazid 
-Alone and in 
combination 

• Ethambutol monotherapy and in combination with INH examined 
• Multiphase ethambutol/isoniazid pharmacokinetics mimicked 
• Demonstrated the sequence and role of efflux pumps on drug 

tolerance and in the emergence of multiple drug resistance 
• Ethambutol kill linked to AUC/MIC 

Srivastava et 
al.42 

2011 Rifampin 
Plus Isoniazid 
Plus 
Pyrazinamide 

• Established that pharmacokinetic variability hypothesis of therapy 
failure and ADR 

• Predicted the proportions of patients who would have a two 
month sputum conversion rate and ADR despite 100% adherence 

• First in vitro study to interrogate public health policies used by TB 
programs 

Srivastava et 
al.44 

2011 Rifampin  
Plus Isoniazid 

• Disproved the pharmacokinetic mismatch hypothesis 
• Deliberate mismatch of rifampin and isoniazid leads to improved 

microbial kill 

Drusano G et 
al.47 

2011 Rifampin  
Plus 
Moxifloxacin 

• In combination therapy; 5/7 day regimen allowed emergence of 
moxifloxacin resistance while 7/7 day regimen did not 

Srivastava et 
al.49 

2011 1-,2-,3-drug 
combinations 
of rifampin, 
isoniazid and 
pyrazinamide 
compared to 
effect in 56 
patients 

• Microbial kill rates of optimal drug combinations in the in vitro 
HFS-TB model are the same 

• Pattern of ranking of regimens is the same as in patients in terms 
of microbial kill 

• Confirmation of the clinically accepted notion that rifampin and 
isoniazid in combination prevent resistance development to each 
other 

Okusanya et 
al.54 

2012 Rifampin/ 
Linezolid-Alone 
and in 
combination 

• Rifampin and linezolid were additive, demonstrating potential use 
for sterilizing effect 

Xue et al.53 2012 Rifampin/Linez
olid/ 
PNU100480/PN
U-101603 -
Alone and in 
combination 

• Kill effects in log-phase growth bacilli for PNU-100480 and its 
metabolite, PNU-101603 were additive; however, resistance 
emerged quickly for all single agents 

Okusanya et al.55 

 
2012 Rifampin/PNU-

100480/ PNU-
101603 –Alone, 
& combined 

• PNU-101603 and not the parent compound (PNU-100480) 
enhanced the sterilizing effect of rifampin 

Louie et al.56  2012 PNU-100480 
Plus 
Rifampin 

• PNU-100480 plus its metabolite (PNU-101603) together with RIF 
600mg/day synergistically killed Mtb 

• The combination of PNU metabolite and rifampin prevented ADR 
to PNU or rifampin alone 

Louie et al.57 2012 PNU-100480 
Plus  
PNU-101603 

• PNU-100480 at 600 mg q12h was as effective as a continuous 
infusion of 1200 mg/d. 600 mg q12h plus RIF 600 mg qd sterilized 
the HFS-TB and prevented ADR 

Louie et al.58  2012 PNU100480/PN
U-101603/ 
Rifampin, alone 
& combined  

• PNU-100480 was synergistic with the major metabolite (PNU-
101603) in killing Mtb but did not prevent ADR 

 
MONTE CARLO SIMULATONS OF HFS-TB OUTPUT 
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6.2. Literature Search B:  Clinical studies published before HFS-TB studies 

A literature search for clinical studies published before the HFS-TB experiments identified in 
Search A, identified 17 clinical studies shown in Table 3. Data from these studies were used in 
Analysis 1. 

Table 3. Clinical Studies Published Before HFS-TB Results Used In Descriptive Correlation. 
Study reference Year Quality of Clinical Evidence 
Sirgel et al.60 2000 1 
Pasipanodya et al.61 2011 1 
Donald et al.62 1997 1 
Jindani et al.63 1980 1 
Jindani et al.64 2003 1 
Gangadharam et al.65 1961 1 

Gangadharam et al.66 1961 1 

Devadatta et al.67 1961 1 

Selkon et al.68 1964 1 

Selkon et al.69 1964 1 

Anonymous.70 1976 1 
Anonymous.71 1981 1 
Yeager et al.12 1952 2 
British Medical Research Council72 1969 1 
Ginsburg et al.73 2003 4 
Hesseling et al.74 2010 1 
Visser et al.75 2011 1 

 

  

 

Gumbo T.43 2010 Rifampin, isoniazid, 
pyrazinamide, 
ethambutol, 
moxifloxacin 

• Set new susceptibility breakpoints for rifampin, isoniazid and 
pyrazinamide and confirmed those for moxifloxacin and 
ethambutol 

Jeena et al.45 2011 Isoniazid • Selection of optimal isoniazid doses in TB meningitis, 
disseminated TB and pulmonary TB in children less than 10 
years old 

Goutelle et al.46 2009 Rifampin • Selection of rifampin optimal dose for microbial kill and 
resistance suppression in pulmonary TB 

Goutelle et al.59 2011 Rifampin • Full mathematical model on the effect of rifampin from first 
day to last day of therapy suggested need to increase rifampin 
dose above 600 mg/day 
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6.3. Literature Search C:  Clinical studies published after HFS-TB studies 

A literature search for all relevant clinical studies published at least 6 months after the HFS-TB 
studies from Search A identified studies shown in Table 4. Data from these studies were used in 
Analysis 2. 

Table 4. Clinical Studies Published After HFS-TB studies Used in Predictive and Forecasting 
Accuracy. 

Study reference Year Quality of Clinical Evidence 
Devasia et al.76 2009 2 
Chang et al.77 2010 1 
Gandhi et al.78,79 2006 3 
Pillay et al.79 2007 3 
Chatterjee et al.80 2013 2 
Machado et al.81 2012 4 
Louw et al.82 2011 4 
Pasipanodya et al.83 2013 1 
Pasipanodya et al.84 2012 1 
Pasipanodya et al.85 2013 2 
Chigutsa et al.29 2013 1 
Peloquin et al.86 2008 2 
Pasipanodya et al.87 2013 2 
Gumbo et al.88 2013 1 
Pranger et al.100 2011 4 
Pranger et al.101 2011 4 
Thwaites et al.89 2011 1 
Williamson et al.90 2012 4 

6.4 Analysis 1:  Descriptive correlation between HFS-TB and clinical studies 

Search A identified 26 HFS-TB experiments ± Monte Carlo simulations, while Search B 
identified clinical studies shown in Table 3. For any correlation made, the clinical data was 
required to have been published prior to the HFS-TB data to which it was compared. In addition, 
a comprehensive review performed in 2011 re-examined clinical studies published prior to the 
execution of HFS-TB experiments evaluating the same regimens.61 These clinical studies 
incorporated drug concentrations or dose scheduling as part of their study design and several also 
utilized a new compartmental analysis method to define PK/PD parameters associated with the 
optimal effect of either monotherapy or dual therapy. Table 5 summarizes PK/PD correlations, 
comparisons of kill rates reported in HFS-TB studies from Search A with those from sputum in 
clinical trials from Search B and timing of resistance emergence in terms of kill rates in sputum 
patterns of microbial kill, cessation of effect and time to emergence of drug resistance. Table 5, 
which includes all studies identified, demonstrates an excellent correlation between the outcome 
of HFS-TB studies and clinical studies. These findings support the hypothesis that the HFS-TB ± 
Monte Carlo simulations is a DDT that accurately predicts bacterial kill rates obtained in clinical 
efficacy trials. For perspective, literature reports of mouse and guinea pig TB drug studies 
demonstrate limitations and lack of correlation to patient outcomes. Mouse PK/PD studies of 
isoniazid and rifampin were short duration (six days), bactericidal effect studies and did not 
reflect sterilizing activity. They found a predominantly AUC/MIC-driven microbial kill and 
provided no data on acquired drug resistance.61,91-93 The mouse studies failed to predict the effect 
of peak/MIC ratio on long-term outcomes. In a murine study on moxifloxacin, a full dose-
response curve could not be derived because higher doses that generate AUCs tolerable to 
humans were toxic to mice. 93 
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Table 5.  Correlation of HFS-TB Findings with Clinical Studies Published Prior to the HFS-TB 
Results 

Drug HFS-TB Estimate Clinical Estimate (Sputum) 
Isoniazid   
Standard dose early bactericidal effect study  (log10 CFU/mL) 
        Hong Kong [China] patients (95% CI)*                       0.40 (0.23–0.69)41 0.37 (0.16–0.58)60,61 
        Cape Town [South Africa] patients (95% CI)*                        0.60 (0.38–0.74) 41 0.65 (0.43–0.87)60,61 

Chennai [India] patients (95% CI) *                       0.90 (0.40–0.93) 41 0.94 (0.45–1.43)60,61 
Maximal kill in inhibitory sigmoid Emax curve (log10 CFU/mL) 0.9±0.241 0.6±0.261,62 
Hill-factor or slope in inhibitory sigmoid Emax curve 0.9±0.441 1.0±0.4161,62 
Time to cessation of effect 80hrs40 72hrs63,64 
PK/PD parameter associated with optimal effect AUC/MIC; 

Peak/MIC41 
Peak/MIC, AUC/MIC61,65-69 

Rifampin   
Standard dose early bactericidal effect (log10 CFU/mL) 0.2839 0.25 (-0.08 to 0.57)60 
Microbial kill of standard dose day 3-6 0.2839 0.27 (0.06 to 0.47)60 
PK/PD parameter associated with optimal effect Peak/MIC;AUC/MIC39 Peak/MIC 61,70 
Ethambutol   
Maximal  EBA  (log10 CFU/mL) (95% CI) or SD 0.22 (0.14–0.29)25 0.26±0.1263,64 
Sterilizing effect rate (log10 CFU/mL) 0.04 to 0.1025 0.163,64 
PK/PD parameter associated with optimal microbial kill AUC/MIC vs. 

peak/MIC25 
AUC/MIC71 

Pyrazinamide61   
Kill rates on days 0-4 (log10 CFU/mL)  -0.123 -0.1 ± 0.263,64 
Sterilizing effect kill rates: days 4-14 days (log10 CFU/mL)  0.09 to 0.0123 0.12 ± 0.0563,64 
Time to emergence of resistance in monotherapy (weeks)  2-323 2-312,61 
PK/PD parameter associated with optimal effect AUC/MIC23 AUC/MIC61,72 
Ciprofloxacin/moxifloxacin   
Time To Emergence Of Resistance (Days) 10-1410,38 10-1373 
Pyrazinamide/isoniazid/rifampin combination   
% with 2-month sputum conversion in Western Cape, South 
Africa 

58.342 51-6074,75 

*The differences in early bactericidal activity effect (EBA) was driven by modeling the effects of N-acetyl transferase 2 SNPs on 
isoniazid AUCs in based on frequencies in each population and then determining effect of standard dose based on the inhibitory 
sigmoid Emax of AUC/MIC versus EBA from the HFS-TB  

6.5 Analysis 2:  Predictive accuracy of the HFS-TB in forecasting 

We identified all publications that documented qualitative or quantitative outputs of the HFS-TB 
in tandem with Monte Carlo simulations at publication time = t1 in Search A (Table 2). For each 
comparison made to a HFS-TB study output, we identified relevant clinical studies published at 
least six months after at time t2 years, i.e., t2 > (0.5+ t1) years in Search C. Findings in clinical 
studies were considered the actual observations. These searches were used in three types of 
analyses for forecasting accuracy: (a) correct ranking of PK/PD indices which have relevance to 
dose scheduling, (b) accuracy in generating or refuting hypothesis with direct relevance to 
therapeutic strategies and (c) quantitative forecasting. 
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6.5.1. Analysis 2a:  Forecasting accuracy in ranking of PK/PD indices or dosing schedules 
by HFS-TB 

In order to select the best dose and dosing schedule, experiments are performed to rank the 
antimicrobial PK/PD parameters. Search A and Search C were used to determine how accurate 
the HFS-TB had been in predicting the PK/PD indices associated with optimal effect in patients. 
Results are shown in Table 6.   

Table 6. Clinical Studies Supporting HFS-TB-Derived PK/PD Parameters or Dosing Schedule 
Based on Microbial Kill and Resistance Suppression 

Drug HFS-TB   Microbial Kill                         HFS-TB Resistance 
Suppression 

Clinical Evidence of Efficacy 
in Combination Therapy 

Isoniazid AUC/MIC 41 Peak/MIC; AUC/MIC 41 Peak, AUC,MIC 29,85,87 
Rifampin AUC/MIC 39 Peak/MIC; AUC/MIC 39 Peak, AUC, MIC 29,85,87 
Ethambutol Peak/MIC or AUC/MIC 25,94 %TMIC 25 Peak/MIC 29 
Pyrazinamide AUC/MIC 23 %TMIC 

23 AUC/MIC 29,85,87 

 

If an antibiotic’s optimal efficacy is linked to peak/MIC ratio, this means that for that drug the 
optimal way to dose it is to increase the peak as much as tolerated. In such a case, the elimination 
half-life is less relevant. This allows intermittent dosing. As an example, rifampicin’s once-a-day 
dosing has been proven to be effective, despite its 3hr elimination half-life. On the other hand, if 
an antibiotic’s effect is linked to the percentage of time that the concentration persists above 
MIC (%TMIC), the optimal dose scheduling strategy is based on frequent administration at 
relatively lower doses or linked to strategies aimed at increasing its elimination half-life. If a 
drug is AUC/MIC linked, specific dosing schedules become less critical, as long as the 
appropriate cumulative dose is given. In order to derive the optimal dose, an exposure-response 
relationship is derived, with exposure defined as the magnitude of either peak/MIC or %TMIC, or 
AUC/MIC (whichever is linked to that drug) in order to select the appropriate exposure 
associated with 80-90% of optimal effect. The appropriate exposure associated with 80-90% 
optimal effect is used to identify the optimal dose and the appropriate dosing schedule.  

It is noteworthy that in the case of rifampin, the murine model of TB found a predominant role 
for AUC/MIC and not peak or peak/MIC.91,92 In contrast, the HFS-TB tool found that peak/MIC 
was more important for post-antibiotic effect (i.e., microbial kill or inhibition that continues long 
after an antibiotic has been removed) and acquired drug resistance while AUC/MIC was more 
important for microbial kill. The HFS-TB tool also predicted that in long term studies (i.e., over 
many weeks to months), peak/MIC would play the predominant role.39,61 Similarly, the murine 
model established a role for AUC/MIC and missed the role of peak or peak/MIC, while the HFS-
TB had predicted both as important, especially for resistance and long-term outcomes.41,61,92 For 
pyrazinamide, murine and guinea pig studies confirmed the AUC/MIC role first identified in the 
HFS-TB.23,95 Table 5 demonstrates that these HFS-TB findings were borne out in combination 
therapy studies in patients which were published three to five years after the publication of the 
original HFS-TB studies. Table 6 provides evidence that the HFS-TB is an accurate DDT in 
identifying and ranking PK/PD parameters of clinical relevance for combination therapy. 
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6.5.2. Analysis 2b:  Systematic review to establish predictive accuracy of accepted 
qualitative therapeutic notions overturned by the HFS-TB or new hypothesis 
otherwise unknown 

Findings from Search A and Search C were also used in a systematic analysis, which followed 
both PRISMA and Cochrane Collaboration criteria, to establish the accuracy of the HFS-TB in 
establishing new therapeutic frameworks in TB and overturning some accepted notions found by 
the HFS-TB to be erroneous. As an example, some HFS-TB predictions were refuted using 
mouse and guinea pig models, or expert consensus.96-98 These HFS-TB predictions were borne 
out by clinical studies published subsequent to the initial HFS-TB publications (Table 7). 

Table 7. HFS-TB Accuracy in Therapeutic Hypotheses Verification 

HFS- TB and Monte Carlo simulation 
Predictions at t1 Clinical Study Findings at t2 

MOXI and CIPRO standard doses have a 
biphasic kill pattern due to differences in 
concentrations associated with optimal 
microbial kill and those associated with 
suppression of ADR, which led to ADR arising 
between day 10 and 14.10,38 

i. Biphasic kill rate of Mtb and emergence of ADR with >10 days 
of monotherapy with MOXI, levofloxacin and CIPRO.76 
ii. Biphasic kill of MOXI administered for ≥10 days.77 

CIPRO (and ofloxacin) used at standard 
doses with second line agents in MDR-TB will 
lead to further ADR within weeks 38  

Emergence of what was later termed XDR-TB when quinolones 
used with second line drugs in MDR-TB.78,79 

Efflux pump derived multiple drug resistance 
to monotherapy as an early event leading to 
high level resistance chromosomal 
mutations; The  “antibiotic resistance arrow 
of time”25,99 

i. Transcriptional profile of sequential sputum isolates in 
patients who were in the process of developing MDR-TB from 
initially susceptible isolates, despite DOTS.80 
ii-iii. Demonstration that efflux pump inhibitors can reverse 
drug resistance in MDR-TB and XDR-TB clinical isolates81,82 

Acquired drug resistance (ADR) and most 
microbiological failure is not due to poor 
compliance 42 

Meta-analysis of 10 prospective trials of patients on DOT 
(n=8774) versus SAT (n=3708): Incidence ratios for DOT versus 
SAT were 1.5 vs. 1.7% for microbiological failure, 3.7% vs. 2.3% 
for relapse and 1.5% vs. 0.9% for ADR.83 

Drug resistance and therapy failure is driven 
by pharmacokinetic variability 42 

i. Meta-analysis of 13 randomized studies with 1631 rapid 
acetylator and 1751 slow acetylators. The rapid versus slow 
acetylator relative risk was 2.0 for microbiological failure and 
2.0 for ADR, even in combination therapy.84 
ii. Clinical cohort of 142 patients demonstrated poor long-term 
outcomes such as relapse and therapy failure, as well as two 
month sputum conversion.85 

Pharmacokinetic mismatch does not lead to 
emergence of isoniazid or rifampin 
resistance44 

i-ii. Two clinical cohorts of 142 and 59 patients demonstrated 
no increased ADR with mismatch of pharmacokinetic profiles of 
rifampin and isoniazid (manuscript in preparation). 

 

Table 7 demonstrates the capability of controlled experiments in the HFS-TB to predict clinical 
outcomes, even against several fundamental concepts that underpin anti-TB therapeutics such as 
directly observed short course therapy. In addition, they gave rise to a new paradigm for how 
drug resistance arises and the most important causes for therapy failure, especially the role of 
biological variability such as pharmacokinetic variability in initiating a set of events that start the 
bacteria on the way to the acquired drug resistance state.50,104,105 These new concepts have direct 

  Page 24 of 42 



Hollow Fiber System-TB  24 February 2014 

relevance in the design of new drug regimens and new dosing concepts that will minimize the 
emergence of drug resistance and therapy failure. As an example, they de-emphasize the 
necessity to develop new drug combinations in fixed dose formulations.  

6.5.3 Analysis 2c:  Quantitative accuracy of the HFS-TB in forecasting the clinical future 
To evaluate the accuracy of quantitative predictions from the HFS-TB tool, the team selected 
publications that documented quantitative outputs of the HFS-TB in tandem with Monte Carlo 
simulations at publication time = t1 (Search A). The team then performed a literature search 
(Search C) of clinical literature published at least 6 months after each HFS-TB study at time t2 
years, i.e., t2 > (0.5+ t1) years. The findings at t2 were considered valid. A quality of evidence 
score combined with number of patients in the clinical study was used for weighting. The team 
defined forecasting error (FE) as MAPE, the accuracy (A) 100% minus FE (equation #3). 
Similarly, the bias of the HFS-TB tool was calculated. However, to contextualize the approach it 
was compared to a model recognized to be completely random but utilized in 1,000 forecasting 
experiments. 

The randomly generated pairs of predicted value versus actual values demonstrated that random 
prediction was 100% correct in 1.6% of experiments, while 6% were within 95% of the actual 
value (i.e., error less than 5%). Mean accuracy (95% CI) was 15.6% (8.7-22.5). The mean bias 
(B) was close to 0% at -01% (-2.5 to 2.2). Thus, in the case of the random model, there was no 
significant bias in either direction. In summary, even randomly generating figures has some 
forecasting accuracy better than zero. This means that a truly useful model would have to vastly 
beat the rate of 15.6% and be outside the upper 95% confidence bounds of 22.5%. 

Eight clinical studies at t2 examining 14 therapeutic parameters forecast by the HFS-TB studies 
with Monte Carlo simulations at t1 and are shown in Table 8.10,23,25,29,42,43,85-87,89,90,94,100,101 The 
95% confidence interval for predictive accuracy was 84.3-99.9%, while the bias was -13.7 to 
6.2% and thus crossed zero. Compared to the random forecasting model, the HFS-TB was 
several folds more accurate. Indeed, one of the reasons it was only in the lower 90% was because 
of MIC breakpoints which change by a scale of two. A miss of one tube dilution, considered to 
be acceptable in the clinical laboratory, leads to an accuracy of only 50%. 
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Table 8. Quantitative Accuracy of the HFS-TB Tool 

Drug Parameter HFS-TB 
Clinical 

observation 
Number of 
patients 

Weighting 
% 

Weighted 
accuracy 

Weighted 
bias (%) 

Pyrazinamide Optimal AUC/MIC23,85 209 258 142 13.4 10.9 2.6 
Isoniazid Optimal AUC/MIC23,85 567 520 142 13.4 12.2 -1.2 
Ethambutol Optimal peak/MIC25,29,94 0.51 0.46 59 11.2 9.9 -1.2 
Moxifloxacin AUC/MIC at Dose of 

400 mg/day10,86 59 66 9 0.9 0.8 0.1 

Moxifloxacin AUC/MIC at Dose of 
400 mg/day10,100,101 59 56 9 0.4 0.4 -0.0 

Moxifloxacin Optimal AUC/MIC10,89 106 106 61 11.5 11.5 0 
Pyrazinamide Optimal AUC/MIC23,29 11.7 11.3 59 11.2 10.8 -0.4 
Rifampin Breakpoint MIC 

(mg/L)43,87 0.0625 0.125 36 3.4 1.7 1.7 

Rifampin Breakpoint MIC 
(mg/L)43,90 0.0625 0.0625 52 2.2 2.5 0 

Isoniaid Lower level resistance  
breakpoint MIC  
(mg/L)43,87 

0.0312 0.0312 36 3.4 3.4 0 

Isoniazid Lower level resistance  
breakpoint MIC43 0.125 0.125 36 3.4 3.4 0 

Pyrazinamide Breakpoint MIC43,87 50 50 59 11.2 11.2 0 
Moxifloxacin Breakpoint MIC43,100,101 1 1 16 0.8 0.8 0 
% of patients ADR in Western 

Cape42,85 0.68 0.7 142 13.4 13.0 0.4 

All SUMMARY    100 94.43 1.8% 
 

7. SUMMARY 

Several levels of evidence have been presented to demonstrate the accuracy of the HFS-TB tool 
using clinical studies as the final arbiter of predictive accuracy. Analysis 1 demonstrated an 
excellent correlation between the HFS-TB and clinical observations for bactericidal effect and 
sterilizing effect patterns, rates of kill, dose-response patterns, time to emergence of resistance 
and PK/PD parameters associated with long term outcome. Next, evidence was presented 
showing that HFS-TB correctly predicted the PK/PD parameters of standard drugs that drive 
bactericidal effect, sterilizing effect, acquired drug resistance and long-term outcomes, based on 
combination therapy clinical studies published after the publication of the HFS-TB data 
(Analysis 2a). In addition we presented evidence of new hypotheses generated by HFS-TB 
relevant to DDT, overturning some accepted beliefs founded by in vivo data, all of which has 
been confirmed in subsequent high quality clinical studies (Analysis 2b). Finally, evidence was 
presented demonstrating that the HFS-TB tool has a quantitative predictive accuracy of 94% in 
forecasting optimal drug exposures, susceptibility breakpoints, rates and time to emergence of 
resistance and doses to be used in drug regimens to treat TB (Analysis 2c). 

The data presented here support the current utility of the HFS-TB as a valuable tool for anti-TB 
drug dose selection and regimen design with a validated forecasting accuracy, which could 
facilitate submissions to EMA throughout the drug development process and be useful for better 
design of Phase I, Phase II and Phase III clinical studies. 
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9. AMENDMENT 

After EMA’s review of the briefing document and in response to their queries and requests for 
information (received on December 17, 2013), we have provided information and additional 
details as points of clarity in this amendment. 

Question 1 
Please provide additional evidence that the HFS-TB can support all the stated claims.  
For regulatory purposes it is recommended to build you briefing package around the 
proposed claims: 
a. mimic the concentration-time profiles of antibiotics observed in TB patients 
b. mimic the metabolic and physiologic behavior of Mtb populations commonly 
encountered in infected patients with pulmonary TB and the intracellular Mtb 
characteristic of disseminated TB and 
c. quantify the sensitivity and resistance of these Mtb populations to various doses and 
combinations of antibiotic agents over time. When these outcomes are correctly achieved, 
the results can then be used in Monte Carlo simulations to identify (i) optimal doses of 
drugs, (ii) drug combinations which are most likely to achieve desired microbial 
outcomes, (iii) expected response rates from a drug or combination regimen, (iv) 
expected rates of and time to resistance emergence in patients and (v) susceptibility 
breakpoints based on a minimum inhibitory concentration (MIC) above which therapy by 
a specific drug will fail. 

Our response to the agency: 

Response to question 1a: All the HFS-TB studies reported in Table 2 had drug concentrations 
measured from the central compartment at several time points from 24-48h. From these data 
actual concentration-time profiles were constructed. Reports had graphs showing the whole 
concentration-time profile to demonstrate what was actually achieved in each experiment and/or 
reported HFS-TB compartmental pharmacokinetic parameters (clearance, volume of distribution 
and area under the concentration-time curve).  

Examples of published concentration-time profiles are shown in Figure 2 below. Thus, the 
concentration-time profiles achieved in the HFS-TB and drug compartmental pharmacokinetic 
parameter estimates were reported to document that these accurately mimicked human 
pharmacokinetics. 
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Figure 2. Antibiotic concentration-time profiles achieved in the HFS-TB. 

 
A. Standard multidrug regimen. Error bars are standard deviations of replicates from two experiments.  
B. The triphasic pharmacokinetic profile of ethambutol achieved in the HFS-TB. 
 

Response to question 1b: All HFS studies were reported based upon the exact metabolic profile 
of M. tuberculosis they used. In the early years, the log-phase growth experiments, representing 
the majority of studies, used changes in CFU/mL, and provided growth curves of the bacteria 
sampled from drug treated systems, as well as non-treated controls in which log-phase growth 
curves are derived. Growth rates of 0.069 (0.059–0.079) log10 CFU/mL/day have been recorded. 
In addition, the mathematical models that use the observed bacteria burden lead to calculations 
of the exact growth rate constants for drug susceptible and drug-resistant subpopulations, which 
demonstrated continued log-phase growth.  For semi-dormant bacteria at low pH, the pH in the 
system is measured at intervals. As an example, one study reported “Measurement of the pH at 
the start of each experiment, as well as every 7 days for up to 28 days, demonstrated no pH 
change in either the external or the peripheral compartment.”23 In addition, growth rates of the 
semi-dormant bacteria are also calculated, based on observed bacterial burden, and grow at a rate 
10-fold slower than log-phase. For non-replicating persistent bacteria, several parameters are 
monitored to validate both hypoxia and metabolic phenotype. In one report in the published 
studies “O2 tensions in the liquid medium were monitored at least 5 days/week. There were 
36/53 (68%) measurements over the course of the experiment that were 10 parts per billion (ppb) 
or lower. The highest (one occasion) was 14 ppb. We also examined the organisms for the ability 
to be stained with Nile red as an indicator of the NRP state. This is shown in Fig. 4A and B. The 
organisms under anaerobiosis demonstrated clear staining with Nile red, whereas log-phase 
organisms did not. It has also been demonstrated previously (7) that organisms in the NRP state 
due to Wayne-Hayes level II anaerobiosis produce a 16-kDa protein (α-crystalline protein). 
Given the documentation of O2 tension, Nile red staining, and production of α-crystalline 
protein, we conclude that the organisms studied were in the NRP state due to Wayne-Hayes level 
II anaerobiosis.”24 

Response to 1c: Similarly, all HFS-TB studies in Table 2 reported repetitive sampling of the 
peripheral compartment and quantification of the colony forming units per milliliter (CFU/mL) 
at several time points during the study. Thus they all reported microbial kill rates (bactericidal 
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and sterilizing effects). In addition, 19 of the 22 HFS-TB used the samples to quantify the 
CFU/mL of drug resistant sub-populations at various pre-specified sampling time points. These 
later data were used to assess the relationship between drug concentration and the emergence of 
ADR. 

The steps describing how these data are used, in response to 1c (i-v) are given in our response to 
question #3 below. 

Question 2 
Please provide more details on the Hollow Fiber System platform. Are there any 
specifications that should be respected? Are the platforms used in your literature reviews 
comparable? 

Our response to the agency: 
HFS-TB assembly specifications are listed below. To ensure further laboratory knowledge, the 
team will also be developing a HFS-TB Methods Manual that will be published and utilized for 
appropriate laboratory training. The central aspects of the HFS-TB include (a) the cartridge 
assembly, (b) the tubing connected to and from the cartridge assembly, (c) the central reservoir 
(d) fresh media which is delivered via tubing and a mechanical pump, (e) used media also 
removed via tubing and a mechanical pump and (f) the syringe pump. Each of the components is 
purchased from vendors who manufacture via good manufacturing practices and are required 
components of the HFS-TB assembly. 

The cartridge assembly consists of the hollow fiber cartridge and flexible tubing with valves that 
ensure one-directional flow. The cartridge assembly is manufactured by one of three independent 
commercial companies using good manufacturing practices. Material used to make the 
membranes of the cartridges is pre-specified depending on the drugs being studied. Commonly 
used materials include cellulosic, polysulfone, polypropylene, coated polypropylene, 
polyethylene, and coated polypropylene, most HFS-TB systems use cellulosic or polysulfone 
membranes. The molecular weight cut-off of the membranes is specified for each experiment, 
and includes typical molecular weight cut-offs which are 5, 10, 20, 30, and 42kD; with 42kD 
being the most commonly used.  The cartridges carry 20 mL of peripheral compartment space 
volume and the hollow fibers have a surface area of 3,000 cm2. Tubing, central reservoir bottles, 
mechanical and syringe pumps are purchased from several vendors that supply standard 
laboratory supplies. 

 The HFS-TB is assembled in each research laboratory with all components manufactured 
elsewhere.  In a typical experiment, flow rates for circulation within the central compartment are 
5-120 ml/min and the rate of addition of fresh media varies from 0.3 ml/min up to 2ml/min. The 
exact rates and the volume of media in the central reservoir vary depending on the antibiotic 
half-life in patients. All systems are assembled to run with standard power outlets, in a CO2 
incubator and at 37⁰C. 

Additionally, a systematic comparison of performance of the HFS-TB between laboratories for 
factors such as the metabolic status of Mtb, recapitulation of human pharmacokinetics, 
quantitation of drug-resistant and drug-susceptible microbial populations and output of 
mathematical models will be performed as part of a newly funded effort. With this, the 
reproducibility of results between laboratories can be quantified. In order to make this 
comparison, HFS-TB studies will be designed and performed to specification by more than one 
laboratory. The results of these studies will be used to calculate between laboratory coefficients 
of variability. 
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Question 3 
Please provide more details on the MC simulation methodology to define an optimal 
dose/regimen. E.g. target attainment, number of simulated individuals, PK model (model 
building and evaluation) and good M&S practices. 

Our response to the agency: 

The relationship between drug-exposures achieved and drug-susceptible and drug-resistant 
subpopulations sizes at various time points were used to model the relationship between drug 
exposure measures versus size of bacterial population in standard Hill-type equations (inhibitory 
sigmoid Emax model). For drug-resistant subpopulation relationship to drug concentrations, the 
inverted “U” shaped curve (hormesis) of Tam et al has been used, as well as the quadratic 
function of Gumbo et al.23,108 In addition, this output has been used for modeling and simulation 
for a system of inhomogeneous differential equations that relate drug concentration and drug-
susceptible/drug-resistant subpopulations over time. An example of utilizing microbial and 
pharmacokinetic output in these equations, and the final model output and predictions, are shown 
in Gumbo et al.’s “Selection of a Moxifloxacin Dose That Suppresses Drug Resistance in 
Mycobacterium tuberculosis, by Use of an In Vitro Pharmacodynamic Infection Model and 
Mathematical Modeling”, which is the first published paper on the HFS-TB.10  Thus a variety of 
approaches is used to calculate drug exposures associated with optimal microbial kill suppression 
of drug resistance from HFS-TB outputs. 

Once the drug exposures associated with optimal outcome are identified, they are used to 
identify doses that would achieve this result in patients, as well as to identify preliminary 
susceptibility breakpoints.  First, the drug exposure associated with optimal kill and suppression 
of drug resistance is identified in the HFS-TB. This could be an AUC/MIC value of 209 for 
pyrazinamide or a rifampin peak/MIC concentration of 175.23, 39  Population pharmacokinetic 
parameter estimates of these drugs and their variance parameters for a specific population of 
patients (for example Western cape Province of South Africa) are used as prior data (i.e., domain 
of inputs). Thus, the full covariance matrix from the population modeling analysis is embedded 
into a particular sub-routine depending on the software. As is typical in the modeling and 
simulation literature, the size of individuals simulated is usually ≥10,000, in order to stabilize the 
variance in the tails of the distribution. Also incorporated at this stage are multimodal 
distributions of PK parameters for those drugs for which certain single nucleotide 
polymorphisms (SNPs) are associated with clinically meaningful PK variability (e.g., isoniazid).  
The output is a distribution of clearance values, peak concentrations, AUCs and concentration 
time profiles. The most adequate distributions are chosen based on the ability to closely 
recapitulate the original pharmacokinetic parameters. These simulations are performed for 
several ascending doses of each drug. Next, the distribution of the drug MICs are taken into 
account and AUC/MIC, peak/MIC, percent of time concentration persists above MIC is 
calculated. The proportion of patients who achieve or exceed the target drug exposure identified 
as optimal for microbial kill or resistance suppression is then calculated.  The weighted average 
population target attainment probability (TAP) for a particular clinical drug dose is then 
determined based on the formula: 
 

  ∑ (𝑻𝑨𝑷 ∗ 𝑴𝑰𝑪𝒏
𝒊=𝟏  𝒅𝒊𝒔𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏) 
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where, i is the proportion of isolates at the lowest MIC and n is the proportion of isolates at the 
highest MIC. If the target attainment probability is sub-optimal for a particular dose, a higher 
dose is chosen and the whole process repeated, until an optimum dosing regimen is attained. 
External validation is performed by also examining the predicted effects of a dose with known 
clinical outcomes; TAP should be similar (very close) to the proportion of patients known to 
respond to that dose. Gumbo et al.’s paper, “Pharmacokinetics-Pharmacodynamics of 
Pyrazinamide in a Novel In Vitro Model of Tuberculosis for Sterilizing Effect: a Paradigm for 
Faster Assessment of New Antituberculosis Drugs”, examines such simulations for dose 
selection, starting with HFS-TB output.23 A similar process is followed for selection of MIC to 
be used for susceptibility breakpoint. The maximum tolerated dose is utilized in these 
simulations, and the MIC above which >10% of subjects attain drug exposures below those 
known to be optimal is chosen as susceptibility breakpoint. T. Gumbo’s publication, “New 
Susceptibility Breakpoints for First-Line Antituberculosis Drugs Based on Antimicrobial 
Pharmacokinetic/Pharmacodynamic Science and Population Pharmacokinetic Variability”, is an 
example of use of HFS-TB output data in simulations to identify susceptibility breakpoints.43 

Question 4 
Please include protocols/plans/reports for the conducted searches (A, B, C) and analyses 
1, 2 (2a-2b-2c). 

Our response to the agency: 

A description of the literature search strategy is described in section 5.1 in the briefing 
document. References have been provided in the briefing document for the conducted searches 
and corresponding analyses. There are no other protocols or plans for this study. 

Question 5 
In the searches performed you refer to correlation and predictive evaluations based on 
the publication date of the studies. I understand that your reference to HFS-TB 
publication refers to the date where the analysis of a specific drug with the platform was 
published. Are there any cases where the publication dates for the HFS-TB and Clinical 
studies are not concordant with the completion dates? 

Our response to the agency: 

Yes, there may be clinical study completion dates that are not concordant with the publication 
dates. However, the goal of prediction is based on the transfer of information through time, and 
is dependent on the release of date of the completed analysis, not the data-collection completion 
date. 

Question 6 
How do you address publication bias? 

Our response to the agency: 

Publication bias is addressed on p. 14, section 5.1. 

Question 7 
Did you perform any in house experiments? 

Our response to the agency: 
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The analyses performed and described in this briefing document were based on data derived 
from the published literature.  We have received an award with funding to conduct in-house 
experiments and will be further investigating new treatment regimens with the HFS-TB and with 
new emerging clinical data. 
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