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Background. Gatifloxacin is used for the treatment of multidrug-resistant tuberculosis (MDR-TB). The optimal dose is unknown.
Methods. We performed a 28-day gatifloxacin hollow-fiber system model of tuberculosis (HFS-TB) study in order to identify 

the target exposures associated with optimal kill rates and resistance suppression. Monte Carlo experiments (MCE) were used to 
identify the dose that would achieve the target exposure in 10 000 adult patients with meningeal or pulmonary MDR-TB. The opti-
mal doses identified were validated using probit analyses of clinical data from 2 prospective clinical trials of patients with pulmonary 
and meningeal tuberculosis. Classification and regression-tree (CART) analyses were used to identify the gatifloxacin minimum 
inhibitory concentration (MIC) below which patients failed or relapsed on combination therapy.

Results. The target exposure associated with optimal microbial kill rates and resistance suppression in the HFS-TB was a 0–24 
hour area under the concentration-time curve-to-MIC of 184. MCE identified an optimal gatifloxacin dose of 800 mg/day for pul-
monary and 1200 mg/day for meningeal MDR-TB, and a clinical susceptibility breakpoint of MIC ≤ 0.5 mg/L. In clinical trials, 
CART identified that 79% patients failed therapy if MIC was >2 mg/L, but 98% were cured if MIC was ≤0.5 mg/L. Probit analysis 
of clinical data demonstrated a >90% probability of a cure in patients if treated with 800 mg/day for pulmonary tuberculosis and 
1200 mg/day for meningeal tuberculosis. Doses ≤400 mg/day were suboptimal.

Conclusions. Gatifloxacin doses of 800 mg/day and 1200 mg/day are recommended for pulmonary and meningeal MDR-TB 
treatment, respectively. Gatifloxacin has a susceptible dose-dependent zone at MICs 0.5–2 mg/L.

Keywords. Monte Carlo experiments; hollow-fiber system model; machine learning; susceptibility breakpoint; probit regression.

The emergence of multidrug-resistant tuberculosis (MDR-TB) 
has been well chronicled, as have the potential reasons [1]. In 
patients with MDR-TB treated with gatifloxacin-containing 
regimens, the treatment success rate was 87% in gatifloxacin-
susceptible tuberculosis versus 51% with high-level gatifloxacin 
resistance [2]. Successful treatment outcomes in extensively 
drug-resistant tuberculosis (XDR-TB), which is MDR-TB 
with resistance to quinolones and aminoglycosides, are a 
dismal 28% [3]. Thus, the use of fluoroquinolones in treating 
MDR-TB is crucial for therapy success. While preclinical 
pharmacokinetics/pharmacodynamics (PK/PD) work has 
been performed for moxifloxacin, no PK/PD–derived target 

exposure for gatifloxacin has been derived for Mycobacterium 
tuberculosis (Mtb) [4]. Since high-dose gatifloxacin could be less 
arrhythmogenic than high-dose moxifloxacin, it is imperative 
that equivalent dosing be established for high-dose gatifloxacin 
[5]. Given that quinolone- and aminoglycoside-acquired drug 
resistance (ADR) arise in 9–14% of patients after an average of 
5 months of combination therapy for MDR-TB, it is crucial to 
identify a gatifloxacin dose that suppresses ADR [6, 7]. Here, we 
performed PK/PD studies for gatifloxacin microbial kill rates 
and ADR suppression in the hollow-fiber model of tuberculosis 
(HFS-TB).

The HFS-TB, with repetitive sampling for drug concentrations and 
bacterial burdens, allows the derivation of the relationships between 
drug exposure, microbial kill rates, and resistance suppression for 
monotherapy and for combination therapy [4, 8–11]. Delineation of 
these PK/PD relationships allows for the estimation of clinical doses 
[8, 12–15]. Since drug concentrations achieved in patients with 
tuberculosis are a major driver of both therapy failure and ADR, the 
estimation of clinical doses takes into account the pharmacokinetic 
variability [16–21]. Similarly, the antibiotic minimum inhibitory 
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concentration (MIC) is also an important determinant of a patient’s 
outcome, with a dramatic fall in the patient response once a break-
point MIC is achieved [21–26]. Here, we utilized population phar-
macokinetics (and thus variability) of gatifloxacin from 169 patients 
with tuberculosis, gatifloxacin MICs from 243 Mtb isolates, and the 
PK/PD target derived from the HFS-TB to identify the gatifloxacin 
doses likely to be effective in pulmonary and meningeal tuberculosis, 
and the MIC breakpoint above which therapy is expected to fail, in 
Monte Carlo experiments (MCE) [27, 28]. The dose versus outcome 
relationships and MIC breakpoints derived thereof were then vali-
dated using clinical trial data from actual patients. Currently, doses 
of 200 mg to 1200 mg are given in MDR-TB.

METHODS

Materials, Isolates, and Reagents

Stock Mtb H37Ra (American Type Culture Collection # 25177) cul-
ture stored at −80°C in Middlebrook 7H9 broth was thawed before 
each experiment and grown into logarithmic growth phase (log-
phase) in a Middlebrook 7H9 broth supplemented with 10% 
oleic acid, dextrose, and catalase at 37°C under 5% CO2, under 
shaking conditions. Gatifloxacin powder was purchased from 
Sigma-Aldrich and moxifloxacin-13Cd3 from United States 
Pharmacopeia (Rockville, MD). Hollow-fiber cartridges were pur-
chased from FiberCell (Frederick, MD). We utilized the BACTEC 
MGIT 960 Mycobacterial Growth Indicator Tube (MGIT) System 
for monitoring time-to-positivity (TTP; Franklin Lakes, NJ).

Minimum Inhibitory Concentration and Screening for Gatifloxacin 
Intracellular Effect

MICs of the laboratory strain were identified using the standard 
macrobroth dilution reference method and the MGIT assay, at 
concentrations of 0.03125–16 mg/L on a 2-fold dilution scale, 
as described previously [29, 30]. We used the 1% proportion 
method. Next, we examined the microbial kill characteristics 
of gatifloxacin, at the same concentrations, in extracellular and 
intracellular Mtb over 7 days of co-incubation, as described in 
detail in prior studies [29, 30].

Hollow-fiber System Model of Tuberculosis and Pharmacokinetics/
Pharmacodynamics Modeling

The construction of the HFS-TB and descriptions of how it works 
have been extensively published, as detailed in the introduction 
paper in this supplement [5, 8, 15, 17, 31]. Log-phase growth Mtb 
cultures were inoculated into 7 HFS-TB units, and 24 hours later 
were started on treatment with gatifloxacin doses to achieve daily 
AUC 0–24/MIC exposures of 0, 18, 37, 83, 171, 389, and 678 at a 
half-life of 11 hours for 28 days. The central compartment of each 
HFS-TB was sampled at 0, 1, 4, 8, 12, 22, and 23.5 hours post–
first dose, and gatifloxacin concentrations were measured. The 
peripheral compartment was sampled for colony forming units 
(CFU) on Middlebrook 7H10 agar supplemented with 10% oleic 
acid, dextrose, and catalase and for MGIT TTP [5, 9, 30, 32, 33]. 
CFUs of a gatifloxacin-resistant subpopulation growing on agar 
supplemented with gatifloxacin 3-times MIC were identified. 
The gatifloxacin-resistant colonies underwent whole genome 
sequencing (WGS), with specific mutations confirmed by Sanger 
sequencing [30, 33].

Gatifloxacin AUC0-24/MIC versus total Mtb log10 CFU/mL 
was examined using the inhibitory sigmoid Emax model, and the 
exposures associated with 50% (EC50) and 80% (EC80) of the 
maximal kill (Emax) were identified [8]. The AUC0-24/MIC versus 
the size of the ADR population was examined using the quad-
ratic equation, as described in the introduction paper  in this 
supplement [8, 34]. The EC80 and exposure-suppressing ADR 
were defined as target exposures.

Dose Finding Using Monte Carlo Experiments

We performed 10 000 patient MCEs for gatifloxacin doses of 
200, 400, 600, and 800 mg/day, using ADAPT 5 software [35]. 
We used the gatifloxacin parameter estimates shown in Table 1 
and identified by others [28]. The gatifloxacin concentration 
in tuberculosis cavities-to-serum was assumed to be 1.3-fold, 
based on epithelial lining fluid and bronchial mucosa studies 
and the caseum protein unbound proportion in tuberculous 
cavities [36–38]. Sensitivity testing was performed for a 1-fold 

Table 1. Comparison of Pharmacokinetic Parameters in Simulation to Patients

Domain of Input in  
Subroutine PRIOR

10 000 Simulated  
Subjects

FDA Gatifloxacin  
Label Information

Clearance in L/hr (mean ± SD) 6.2 ± 2.0 6.1 ± 2.0 8.8 ± 1.5a

Volume in L (mean ± SD) 141.0 ± 31.0 141.0 ± 8.8 ...

Absorption constant (hr-1) 1.3 ± 0.4 1.3 ± 0.6 ...

200 mg oral

AUC0-24 mg*hr/L ... 20.8 ± 2.8 14.2 ± 0.4b

Peak concentration in mg/L ... 1.3 ± 0.1 2.0 ± 0.4b

400 mg oral

AUC0-24 mg*hr/L ... 41.6 ± 5.6 51.3 ± 20.4a

Peak concentration in mg/L ... 2.5 ± 0.2 4.2 ± 1.9a

Abbreviations: AUC, area under the concentration-time curve; FDA, Food and Drug Administration; SD, standard deviation.
aMultiple dose in patients with non-tuberculous infection. 
bHealthy volunteers, single dose. 
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change (ie, similar concentration to serum) in lung cavities. The 
gatifloxacin AUC0-24 penetration ratio into the cerebrospinal 
fluid (CSF) in tuberculous meningitis (TBM) was 0.48, as iden-
tified in both patients and rabbits [25, 39].

We validated the MCE using recommended steps [8], including 
a comparison to the concentrations achieved by doses of 200 mg 
and 400  mg, used for Food and Drug Administration licensing 
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2004/2106
1s023,024,21062s026,037lbl.pdf). We calculated the target attain-
ment probability (TAP) at each MIC in the 243 isolates from Spain 
[27]. This MIC distribution from Spain was based on Middlebrook 
7H11 agar, which could have higher MICs by 1-tube dilution, 
compared to MGIT. Therefore, in a further sensitivity analysis, to 
account for differences in the methods used to identify MIC, we 
also utilized a distribution derived in the MGIT by Isaeva, et al. 
[40]. Cumulative fraction of response (CFR) was calculated by 
summing over this MIC range, as described elsewhere [8]. The 
CFR is the proportion of 10 000 patients treated with a specified 
dose who achieved the target exposure over the MIC range.

External Validation of Monte Carlo Experiment Dose and Minimum 
Inhibitory Concentration Findings Using Clinical Trials Data

Data on the relationship between gatifloxacin dose, MIC, CSF 
exposure, and patient outcomes in 15 patients with TBM have 
been published by Thwaites and colleagues [25]. We used 
those patient-level data to examine the relationship between the 
dose (mg/kg) and the proportion of patients with a specified 
outcome in probit regression modeling. The outcomes exam-
ined were (1) patient survival, (2) death or disability, (3) relapse, 
and (4) a composite therapeutic success or good outcome, 
defined as not experiencing death, disability, failure, or relapse.

Similarly, we examined the clinical outcomes in 161 patients 
in Bangladesh with confirmed pulmonary MDR-TB who were 
treated with varying gatifloxacin doses of 200–800 mg by weight 
band [26]. The main outcomes and patient characteristics in 
this study have been reported before [3, 26]. Patient isolates at 
therapy commencement had gatifloxacin MICs identified based 
on the Löwenstein-Jensen medium. Mutations in the deoxy-
ribonucleic acid gyrase A (gyrA) and gyrase B (gyrB) subunits 
genes were also identified. We performed probit regression for 
the relationship between a cure and the gatifloxacin dose in mg/
kg. Next, we utilized a machine-learning algorithm, classifica-
tion, and regression tree analysis (CART) to identify the MIC 
above which combination therapy fails, following steps in our 
prior work [23, 24]. We then performed a probit analysis of dose 
versus good clinical outcome for patients with MICs above and 
below this threshold.

RESULTS

Gatifloxacin Microbial Kill of Intracellular and Extracellular Mtb

The gatifloxacin MIC of Mtb H37Ra was 0.06  mg/L with the 
MGIT assay, but 0.125 mg/L by the reference microbroth-dilution 

method. Therefore, we adopted an MIC of 0.125 mg/L; however, 
for sensitivity analyses for dose findings, we compared the find-
ings to those using the MGIT-derived MICs (see below). Next, 
we compared the microbial kill rates of intracellular and extra-
cellular Mtb by gatifloxacin, with results shown in Figure  1. 
Gatifloxacin achieved an Emax of 6.79 log10 CFU/mL (95% con-
fidence interval [CI] 6.30–7.32) against the log-phase growth 
extracellular Mtb in 7 days (Figure 1). The EC50 was 0.08 mg/L 
(95% CI: 0.07–0.10; r2 = 0.98). Figure 1 also shows the results 
of the intracellular Mtb study. The Emax was 4.55  mg/L (95% 
CI: 3.94–5.65) and the EC50 was 0.64 mg/L (95% CI: 0.50–1.01; 
r2 = 0.95).

Hollow-fiber Model of Tuberculosis Study Results

The gatifloxacin concentration-time profiles achieved in 
the HFS-TB are shown in Figure 2. Pharmacokinetic mod-
eling revealed a mean ± standard deviation elimination-rate 
constant of 0.06 ± 0.01 hr-1 and a volume of distribution of 

Figure 1. Gatifloxacin effect against extracellular and intracellular Mtb at static 
concentrations. Concentrations were examined in triplicate, and results shown 
are for mean and standard deviations, with an error bar. The dotted line indicates 
the starting (day 0) bacterial burden. A, After 7 days of co-incubation, gatifloxa-
cin completely eliminated the log-phase growth of extracellular Mtb, with a kill 
of 5.16 ± 0.03 log10 CFU/mL below stasis. B, Gatifloxacin showed a considerable 
effect against intracellular Mtb, with a kill of 4.82 ± 0.40 log10 CFU/mL below sta-
sis. However, this was slightly less than that observed against extracellular Mtb. 
Abbreviations: CFU, colony forming units; Mtb, Mycobacterium tuberculosis. 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2004/21061s023,024,21062s026,037lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2004/21061s023,024,21062s026,037lbl.pdf
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0.52  ±  0.05  L. The pharmacokinetic model–predicted ver-
sus –observed concentrations had a slope of 1.00  ±  0.01 
(r2  >  0.99), indicating no bias. Figure  2 demonstrates the 
time-kill curves in the HFS-TB based on the CFU/mL read-
out. At AUC0-24/MIC  >  171.2, gatifloxacin completely ster-
ilized the HFS-TB on day 10, but rebounded by the end of 
the study. Figure  2 also shows that a gatifloxacin-resistant 
subpopulation arose in the 3 lowest gatifloxacin exposures, 
starting after day 10, and was responsible for the rebound. 
However, there was a gatifloxacin exposure above which no 
drug-resistant subpopulation arose. Figure 2 shows the kill 
curves based on TTP, which confirmed that the Mtb popula-
tion was actually not all killed on day 10.

Pharmacokinetics/Pharmacodynamics Modeling for Microbial Kill and 
Acquired Drug Resistance Suppression

Figure 3 shows exposure versus the total Mtb population. Given 
the rebound growth in the 3 lowest doses on day 28, the model 
achieved a moderate fit at the end of the experiment (r2 = 0.89), 
with an EC80 that was an AUC0-24/MIC of 82. On the other hand, 
the TTP assay–based results demonstrated better model fits 

(Figure 3), with the lowest Akaike Information Criteria score 
noted on day 10 and associated with an EC80 that was an AUC0-

24/MIC of 147, while the EC80 at the end of the experiment was 
an AUC0-24/MIC of 184. The percentage of the gatifloxacin-re-
sistant subpopulation versus exposure is shown in Figure  3. 
The AUC0-24/MIC associated with the suppression of ADR was 
171.2. Taken together, the gatifloxacin exposure that would 
achieve both a maximal kill rate and suppression of ADR was 
an AUC0-24/MIC ≥ 184.

WGS of the gatifloxacin-resistant isolates identified several 
gyrA mutations. Sanger sequencing confirmation results are 
shown in Figure  3. The gatifloxacin-resistant isolates carried 
either an A>G Asp94Gly, G>A Asp94Asn, or G>T Gly88Cys 
gyrA mutation, all in the quinolone resistance–determining 
region [41].

Monte Carlo Experiment Dose-finding for Pulmonary and Meningeal 
Tuberculosis

The TAPs at different MICs by different doses in 10 000 
patients with pulmonary tuberculosis are shown in Figure  4. 
The TAP for the dose of 400  mg/day fell precipitously at 

Figure 2. Gatifloxacin pharmacokinetics and time-kill curves in the HFS-TB. A, The pharmacokinetic model–predicted gatifloxacin concentrations are shown with the 
shaded graph lines, while the concentrations observed on direct measurement are shown as the symbols. The concentrations achieved were used to calculate the 24 hr AUC 
and AUC/MICs. B, Time-kill curves based on log10 CFU/mL versus the AUC/MIC achieved in each HFS-TB unit revealed a biphasic decline at each exposure. C, There was an 
emergence of a gatifloxacin-resistant subpopulation on days 14 and 21 in the 3 lowest exposures, while higher exposures suppressed resistance. In the non-treated controls, 
the percentage of the subpopulation that was gatifloxacin-resistant did not change and remained close to 0%. D, When bacterial burden was expressed as TTP, the bac-
terial burden demonstrated the same biphasic pattern, but starting at day 14 and with rebound or regrowth in virtually all systems. None of the HFS-TB units demonstrated 
complete sterilization with monotherapy. Abbreviations: AUC, area under the concentration-time curve; CFU, colony forming units; HFS-TB, hollow fiber system model of 
tuberculosis; MIC, minimum inhibitory concentration; Mtb, Mycobacterium tuberculosis; TTP, time-to-positivity.
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MIC = 0.25 mg/L; with 800 mg/day this occurred at 0.5 mg/L. 
When the TAP was summated over the MIC range of the 243 
Mtb Spanish isolates, the proportion of patients who achieved 
target exposures (ie, CFR) were as shown in Figure 4. The opti-
mal dose was 600 mg/day, which achieved the target exposure 
in 91% of cases. However, in a sensitivity analysis assuming a 
1:1 penetration ratio, the 600 mg dose fell just short of 90% and 
the optimal dose was 800 mg/day. At this dose, the gatifloxacin 
TAP fell just short of 90% at the MIC of 0.5  mg/L, based on 
the Middlebrook 7H11 agar dilution test. In a second sensitivity 
analysis, we utilized the MGIT-derived MICs of our laboratory 
isolate (0.0625  mg/L), which increased the PK/PD exposure 
targets by a factor of 2 from an AUC0-24/MIC  ≥  184 to ≥368: 
together, the MGIT-derived MIC distribution of Mtb isolates 
from Russian patients [40]. Results are shown in Figure 4.

Next, we examined the performance of doses in suppressing 
ADR target exposure in TBM, as shown in Figure 4. The dose 
of 400 mg/day was associated with a mean CSF AUC0-24/MIC 
of 208.6, with a range of 1.9 to 901.0. The CFR for 400 mg was 
15%, while that for 600 mg was 48%. In a sensitivity analysis, the 
dose of 1200 mg/day remained as the best for TBM.

Validation of Monte Carlo Experiment–identified Doses With Clinical Data

Next, we examined the clinical outcomes in 161 Bangladesh 
patients treated with gatifloxacin plus ethambutol, pyrazina-
mide, clofazimine, kanamycin, prothionamide, and isoniazid 
during the first 4 months, followed by gatifloxacin, ethambutol, 
pyrazinamide, and clofazimine for 5  months. Their clinical 
characteristics are shown in Table 2. Probit analyses of doses in 
mg/kg versus the probability of a favorable outcome (cure with-
out relapse) revealed the results shown in Figure 5. The figure 
shows a relatively flat response between doses of 6–12 mg/kg, 
with favorable outcomes of less than 20%, followed by a steep 
dose-versus-success curve up until the dose of 18.18 mg/kg, with 
a probability of success of 73%. The curve is still on an upswing, 
such that, based on the shape of the curve, a 90% cure would be 
achieved by a dose of 801.37 mg, given the weights of patients in 
study. That dose is virtually the same as that identified by MCE.

The distribution of gatifloxacin MICs in the 161 MDR-TB 
patients is shown in Figure 5; 78% of isolates were wild-type, 
while 22% had gyrA and or gryB mutations. We divided the 
161-patient data set randomly into 2 equal halves, trained a 
CART model to identify the gatifloxacin MIC above which 

Figure 3. Exposure versus effect models for microbial kill and acquired resistance. A, Inhibitory sigmoid Emax curves for gatifloxacin microbial kill in log10 CFU/mL for each 
day of sampling. The EC80s can be read off the graphs for each day at the inflection point of each curve. B, The same inhibitory sigmoid curves, based on TTP readout. The 
model fit was better with this readout (except on day 3) than with log10 CFU/mL. C, Quadratic function model for acquired drug resistance revealed a model fit associated 
with an r2 = 0.82 on day 21 (black) and r2 = 0.90 on day 28 (magenta). The AUC/MIC of 171.2 is shown, which was associated with resistance suppression. D, Illustration of 
mutations in gyrA of some gatifloxacin-resistant isolates. The mutations cluster at position 7563 of gyrA in all resistant isolates but 1. Abbreviations: AUC, area under the 
concentration-time curve; CFU, colony forming units; EC80, exposure associated with 80% of maximal kill; Emax, maximal kill exposure; gyrA, gyrase subunit A; MIC, minimum 
inhibitory concentration; Mtb, Mycobacterium tuberculosis; TTP, time-to-positivity.
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patients with pulmonary tuberculosis failed the combination 
therapy or relapsed after a cure, and then used the second data-
set for validation. The validated CART model shown in Figure 5 
had a receiver operating characteristic curve score of 0.86, a 
precision of 0.96, and a specificity of 0.87. Since the receiver 

operating characteristic curve on the learn model after 10-fold 
cross-validation  was 0.91  ±  0.04, this CART model will be 
highly reproducible when applied to future independent data. 
The CART model shown in Figure 5 identified 2 breakpoints: 
the primary node was MIC < 1.0 mg/L and the secondary node 
was MICs 1–2 mg/L. Thus, there is a susceptibility breakpoint of 
0.5 mg/L and an intermediate susceptibility zone of 1–2 mg/L. 
The odds ratio for failure/relapse at an MIC  >  1  mg/L versus 
MICs  <  1  mg/L for the entire data was 21.74 (95% CI: 7.09–
66.67; P <  .001). Given these findings, we performed a probit 
analysis of mg/kg dose in patients infected with Mtb that had 
MICs ≤ 0.5 mg/L versus 1.0–2.0 mg/L versus ≥ 1 mg/L, which 
revealed the results shown in Figure 5. At the dose of 800mg/
day, favorable outcomes were observed in 54% of patients with 
MIC > 1.0 mg/L versus 84% with MIC < 1.0 mg/L. There were 
13 patients with gatifloxacin MIC < 1 who were cured but had 
the weight and gatifloxacin dose data missing; otherwise, the 
proportion cured in this group would have been 96%.

Gatifloxacin Dose Versus Cure in Patients With Meningeal Tuberculosis

A group of 15 Vietnamese patients with TBM were treated with 
gatifloxacin at 400 mg/day for the first 60 days of treatment; full 
clinical details of these patients have been published elsewhere 

Gatifloxacin MIC, mg/L

Gatifloxacin MIC, mg/L

Figure 4. Performance of different gatifloxacin doses in Monte Carlo experiments. A, TAP for the AUC0-24/MIC ≥ 184 target at Middlebrook 7H11 medium MICs of 243 
isolates from Spain [27]. B, The CFR, with and without sensitivity analysis, demonstrated that 800 mg/day was the minimal dose to consistently achieve the CFR > 90% in 
pulmonary tuberculosis. C, Sensitivity analyses based on MGIT MICs from Russia identified similar doses and MIC breakpoints as those based on the Middlebrook 7H11 
medium. D, The CFR in patients with TBM revealed that a gatifloxacin dose of 1200 mg/day would be required to achieve target exposures in >90% of patients, even on 
sensitivity analyses. Abbreviations: AUC, area under the concentration-time curve; CFR, cumulative fraction of response; MGIT, BACTEC MGIT 960 Mycobacterial Growth 
Indicator Tube System; MIC, minimum inhibitory concentration; TAP, target attainment probability; TBM, tuberculous meningitis.

Table 2. Demographic and Clinical Characteristics of 161 Patients With 
Multidrug-resistant Tuberculosis 

Clinical or Laboratory Feature Estimate

Gender

Age

Weight in kg, median (range) 43 (26–65)

Pulmonary tuberculosis, n (%) 161 (100%)

Gatifloxacin dose, median (range) 600 (400–800)

Gatifloxacin dose mg/kg, median (range) 14.0 (6.6–18.2)

Minimum inhibitory concentration in mg/L,  
median (range)

0.25 (<0.25 to >8)

Gyrase mutations in pretreatment isolates

 Wild type 108 (67%)

  Gyrase subunit A mutations 53 (33%)

Outcomes

 Cure 131 (81%)

 Failure 23 (14%)

 Relapse 7 (4%)
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[25] and further treatment details are in Supplementary Table 1. 
The gatifloxacin dose achieved a mean CSF AUC0-24/MIC of 148.2 
(95% CI: 74.4–222.3); the 95% CI is within the values we identi-
fied in MCE with this dose. The overall favorable outcome (no 
disability, death, or relapse) at this dose was 7/15 (47%). Probit 
analyses of dose mg/kg versus outcome were as shown in Figure 6 
(r2  =  0.95); the probability of disability/relapse–free survival at 
the median dose of 8.33 mg/kg was 20.0–26.7%. The curves mir-
ror those for MCE in TBM patients. However, the confidence 
intervals in the probits were too wide to accurately calculate the 
dose associated with a 90% probability of a favorable response.

DISCUSSION

Firstly, we found that gatifloxacin kill curves and Emax were rem-
iniscent of those of moxifloxacin, while the time to ADR was 
better than that documented in the past for moxifloxacin in the 
same HFS-TB model [4]. MCE identified a gatifloxacin dose of 
800 mg/day that could minimize the commonly-observed ADR 

rates in MDR-TB treatment, while optimizing the microbial kill 
rate. This dose has been given before to patients with MDR-TB, 
and was well tolerated by patients [2, 26]. In the probit analyses, 
a similar dose was calculated to be associated with at least a 90% 
probability of a cure in MDR-TB patients with pulmonary TB. 
Thus, the gatifloxacin doses of 200–400 mg/day for pulmonary 
tuberculosis currently utilized by some are suboptimal; that of 
600 mg/day is good, but not optimal; and that of 800 mg would 
be the best, especially when used for the replacement of high-
dose moxifloxacin. An equivalent dose for levofloxacin for the 
same target has been derived elsewhere [42].

Secondly, the MCE performances of different doses to achieve 
target exposures for efficacy and suppression of resistance in 
CSF were examined. Thwaites, et  al., have demonstrated that 
quinolone AUC/MIC mapped with a favorable outcome in 
patients with TBM is a U-shaped curve, with an optimal zone 
of CSF AUC0-24/MIC of 14–252 for survival outcome, 0–240 
for post-treatment disability, and 94–352 for relapse [25]. 
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Figure 5. Gatifloxacin MIC and doses predictive of microbiologic cure in pulmonary tuberculosis patients. A, Probability of therapeutic success (cure without relapse) 
increases as gatfloxacin doses increase (r2 = 0.96). A dose of 654 mg would achieve success of about 73%, while that of 801.37 mg would achieve a probability of success of 
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Interestingly, our target exposure AUC0-24/MIC of 184 falls 
squarely in the middle of this optimal zone of exposure ranges. 
Probit analyses curves mirrored MCEs, confirming the dose-re-
sponse relationship. We found that the dose of 1200  mg/day 
would be best able to achieve the target exposure in TBM. This 
is a high dose, however, and would only be applicable to patients 
with MDR-TB in whom there are otherwise no other good sec-
ond drugs that penetrate the CSF and achieve a sufficient kill rate 
[43]. With drug-susceptible TB, other drugs that penetrate CSF 
would also be able to kill the Mtb, and the gatifloxacin optimal 
dose could be less under those circumstances [44].

The proposed high gatifloxacin doses could increase the 
rates of adverse events. As an example, dysglycemia is already 

encountered in 2–9% of MDR-TB patients on 400 mg/day and is 
especially problematic in the elderly [45, 46]. Moreover, in a large, 
retrospective study of 605 127 patients on standard doses for 
mundane bacteria that were treated with a shorter duration than 
that used for MDR-TB, the adjusted rate ratios (aRR) of serious 
arrhythmia were highest with gatifloxacin (aRR = 7.38), followed 
by moxifloxacin (aRR  =  3.30) and ciprofloxacin (aRR  =  2.15) 
[47]. However, in a randomized, controlled trial of 1602 patients 
in which half received 400 mg/day of gatifloxacin for tuberculo-
sis, there was no difference in the corrected QT interval lengthen-
ing (QTC) at 1, 2, and 4 months of therapy on or off gatilfloxacin, 
and concentrations did not correlate with QTc [5].

Thirdly, we propose a gatifloxacin susceptibility breakpoint of 
0.25 mg/L in MGIT assays and 0.5 mg/L with macrobroth dilu-
tion assays at the 800mg/day dose. Interestingly, the agnostic 
CART algorithm identified a susceptibility breakpoint MIC of 
0.5 mg/L on Löwenstein-Jensen agar based on patient outcomes. 
Further, based on the findings from the clinical study, we defined 
an intermediate-susceptibility dose-dependent zone of 1–2 mg/L 
on Löwenstein-Jensen agar, while the MCE-based zone would be 
0.5–1 mg/L in broth, at which 1200 mg of gatifloxacin could lead 
to a microbial kill. Elsewhere, we have introduced a similar con-
cept for first-line anti-tuberculosis drugs [48].

The gatifloxacin-resistant isolates in the HFS-TB had either 
a Asp94Gly, Asp94Asn, or Gly88Cys gyrA mutation, which are 
the most commonly encountered in fluoroquinolone-resistant 
MDR-TB strains [41]. These quinolone resistance–determining 
region mutations confer high-level fluoroquinolones resistance, 
while Gly88Cys has been associated with intermediate suscep-
tibilities [49]. The ability to repetitively sample the HFS-TB 
through time in order to document an evolution of resistance—
and the WGS—allowed us to catch the “antibiotic resistance 
arrow of time” in process [10, 11]. Mutations arose at specific 
“resistance amplifying” exposures, but not at high exposures, 
suggesting that high enough concentrations can shut down, or 
at least delay, quinolone resistance.

There are several limitations to our studies. First, more precise 
PK/PD exposure targets could be identified if different Mtb iso-
lates were used in the HFS-TB experiments. However, the MCE 
take into account isolates with a large range of MICs in calculating 
the optimal dose. Moreover, the clinical validation portion of our 
study suggests that the findings have clinical meaning. A second 
limitation is that optimal exposures and doses are regimen-spe-
cific; lower gatifloxacin doses may be needed in the case of a reg-
imen with drugs that are synergistic or have high efficacies [21, 
32]. In addition, the HFS-TB does not include the immune sys-
tem, and the contribution of the immune system to therapy suc-
cess could reduce the requirement for a large dose. Thus, our dose 
choices should be considered a worst-case scenario. However, the 
validation study suggests that in the case of gatifloxacin, the doses 
derived using the HFS-TB reflect clinical reality.
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Figure 6. Gatifloxacin dose versus probability of favorable outcome in tubercu-
lous meningitis. A, Plot of probability of gatifloxacin dose (mg/kg) versus survival 
based on relapse- and disability-free survival in 15 patients treated with 400mg of 
gatifloxacin for tuberculous meningitis. Any neurological disability was taken as a 
poor outcome, regardless of severity, as were death and relapse. B, Plot of probabil-
ity of survival versus dose in mg/kg. In both cases, confidence intervals for the EC50 
were too wide to be able to calculate an optimal dose with precision. 
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