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WHY CONSIDERING HIGHER DOSES IF PATIENTS 
MAY RECOVER SPONTANEOUSLY AND THE 
EFFICACY IS APPROXIMATELY 95%?

Clinical 

Efficacy is 

approximately 

80% in real-

life settings

1.3 M (1.2-1.4) 

deaths (HIV-

negative) 

&

214 K (187–

242) deaths

HIV+



Incidence of RR Tuberculosis

MDR TB AND TT OUTCOMES
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ACTIVITY OF ANTITUBERCULAR DRUGS
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EBA AND VT50

Drug EBA0-2 EBA0-5 EBA0-14

Isoniazid 300 0.37-0.77 0.20-0.25 0.18-0.19

Rifampicin 600 0.17-0.63 0.28 0.11

Ethambutol 25 0.37 0.12 0.16

Pyrazinamide 0.04 - 0.11

Moxifloxacin 0.33-0.53 0.17-0.27 -

Streptomycin 0.04-0.13 - -

H

R E P

Donald PR and Diacon AH, Tuberculosis 2008; Gosling RD, et al. JAC 2003



PK TARGETS

Cmax/MIC > 10  

AUC/MIC > 125

AUCMIC 

Cmax

Cmax

Targets

AUC/MPC90

Mx 32, Lz 116

Peloquin et al. Microbiol Spectrum, 2016 

MPC
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PK AND EFFICACY

▪High variability in plasma exposure of anti TB drugs

▪ Food effect and gastric pH dependant (RH)

▪ Low anti-TB drug concentrations in PLWH (lower CD4 cell count), children and individuals with 
type 2 diabetes mellitus  and with cystic fibrosis

▪ Low exposure associated with treatment failure and selection of drug-resistant strains

▪ RFB dose and selection of RR MTB in PLWH

▪ RIF TDM and RIF dose increase successful in patients with slow response

▪ In a Study from Botswana (mostly PLWH) low Z concentrations were uncommon (5%) but 
associated (after correction for HIV status and CD4 cell count) with unfavorable outcome 
(aOR 3.38)

Berning SE, et al. NEJM 1992; Patel KB, et al. NEJM 1992; Ridzon R, et al. AJRCCM 1998; Mehta J, et al. Chest 2001; Chideya S, et al. CID 2009; Peloquion C. 

Microbiol Spectr 2017; Motta I, et al. Expert Opin Drug Metab Toxicol 2018



CUMULATIVE NUMBER OF LOW EXPOSURE DRUGS 
AND TREATMENT OUTCOMES

Pasipanodya JG, et al. JID 2013

142 patients (10% PLWH) South Africa
Low rifampin and isoniazid peak and AUC 

concentrations preceded all cases of acquired drug

resistance. 



FACTORS ASSOCIATED WITH UNDERDOSING

▪ 199 participants (5% PLWH) on 1st line GL-
based antiTB

▪ TDM at 2 and 4 weeks

▪ 60-66% had RIF Cmax <8000 ng/mL

▪ 54-55% had INH Cmax <3000 ng/mL

▪ 62-63.2% had more than 1 drug below target

Lower weight-

adjusted doses, 

being born abroad

and male gender 

Lower weight-

adjusted doses, older

age, use of PPIs

Trentalange A, et al. Int J Antimicr Agents 2021



RIF WEIGHT ADJUSTED DOSE AND CMAX TARGETS
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PK AND TOXICITY

▪ Several adverse effects

▪ Mostly mild and reversible but some may be 
serious (optic neuropathy with E, uveitis with RFB) 
or life-threatening (severe liver toxicity with RHZ)

▪ Liver toxicity is most likely determined by multiple 
factors, including genetic (acetylator state for 
INH for instance) and non-genetic features

▪ Drug exposure may be relevant at currently administered
doses for INH-induced liver toxicity

▪ Pyrazinamide at much higher doses in phase II studies

Saukkonen JJ, et al Am J Respir Crit Care Med; Ramachandran G, et al. Pharmgenomics Pers Med 2012; Cojutti P, et al. J Antimicrob Chemother 2016; Sekaggya-

Wiltshire C, et al. JAC 2017; Richardson M, et al. Syst Rev 2018



Stott KE, et al. JAC 2019

RIFAMPICIN UNDERDOSING



TISSUE PK: CASEUM VS. MACROPHAGES

Prideaux B, et al. Nat Med 2015



«THE PATH OF ANTI-TUBERCULOSIS DRUGS: FROM 
BLOOD TO LESIONS TO MYCOBACTERIAL CELLS»

Dartois V. Nature Reviews Microbiology 2014

sublesional small-molecule distribution 
in most specimens. However, PET and 
MALDI MSI complement each other, with 
each method compensating for the limita-
tions of the other. Used together, they have 
the potential to deliver a comprehensive 
picture of drug pharmacokinetics in multiple 
organs, including infected lung tissue and 
granulomas or cavities.

Drug uptake into infected immune cells

M. tuberculosis is a facultative intracel-
lular pathogen of macrophages and other 
immune cells. In silico modelling and clini-
cal data indicate that intracellular bacterial 
growth inhibition and killing is important 
to ensure the complete sterilization of 
infected lungs56,57. The presence of intracel-
lular bacteria creates an additional hurdle in 
the path of anti-TB drugs from the central 
blood compartment to their bacterial targets, 
as they must permeate the cell types in 
which the bacterium resides (FIG. 1). As such, 
many new drug-formulation approaches rely 
on liposomes and nanoparticles to achieve 
targeted drug delivery to macro phages in 
order to reduce systemic drug levels and 
toxicities. As particulate carriers, liposomes 
and nanoparticles naturally target macro-
phages by taking advantage of their phago-
cytic properties, which is a feature that can 
be further enhanced by the addition of 
ligands for macrophage receptors to their 
surface58,59. The potential of these alterna-
tive drug delivery systems for the treatment 
of TB has been comprehensively reviewed 
elsewhere60,61.

The requirement for anti-TB drugs to 
reach intracellular bacilli raises two key 
questions. First, how do different anti-TB 
drugs vary in their ability to penetrate 
macro phages that are grown in vitro and, 
second, how representative is this data for 
the penetration of alveolar macrophages 
and inflammatory cells in vivo? Standard 
first-line and second-line anti-TB drugs 
have varying intracellular-uptake properties 
in vitro, with intracellular-to-extracellular 
(I/E) ratios ranging from 0.1 to >20. The 

-lactams (antibiotics that were developed 
for non-TB infections but which are now 
increasingly used to treat XDR-TB62,63) 
and aminoglycosides have I/E ratios that 
are lower than 1, isoniazid has an I/E ratio 
of around 1, rifampicin has an I/E ratio of 
between 2 and 5, and ethambutol and the 
macrolides have I/E ratios ranging from 10 
to >20 (REFS 64,65). These numbers were 
primarily obtained from in vitro studies that 
used alveolar macrophages, but the trend 
remains the same in in vivo clinical studies 
of pulmonary alveolar cells and epithelium 
lining fluid (ELF)66,67. Although rifampicin 
shows limited penetration of ELF (with an 
ELF/plasma ratio of around 0.3), it accu-
mulates in alveolar macrophages to levels 
that are tenfold to 20-fold higher than those 
measured in plasma67,68.

The fluoroquinolones show surprisingly 
variable intracellular penetration proper-
ties: MXF concentrations are old 
higher in pulmonary alveolar macrophages 
compared with the concentrations that are 
measured in plasma69, whereas levofloxacin 

only achieves marginally higher concentra-
tions in alveolar cells compared to plasma70, 
and ciprofloxacin exhibits intermediate 
penetration with an alveolar macrophage-
to-plasma ratio of (REF. 71). The high 
levels of MXF that are observed by both 
MALD I and conventional mass 
spectrometry in solid granulomas11 (FIG. 3) 
corroborate these results. However, it is 
unlikely that in vitro assays of macrophage 
uptake or in vivo measurements of drug 
concentrations in alveolar cells are always 
predictive of drug accumulation in granulo-
mas, as immune cells differ in their uptake 
ability. Macro phage activation which 
occurs after an encounter with an appropri-
ate stimulus, such as a bacterial infection 

can induce active transport and efflux 
systems that contribute to the intracel-
lular accumulation of some drug classes. 
For example, intracellular accumulation 
of MXF is markedly increased in activated 
macrophages, whereas levofloxacin uptake 
remains unaffected72. Intracellular accumu-
lation of fluoroquinolones is dependent on a 
dynamic balance between influx, binding of 
the drug to undefined intracellular constitu-
ents and efflux, all of which vary according 
to the different types of fluoroquinolone 
that are used39. Differential drug distribution 
in the cytosol and in membrane-enclosed 
organelles (such as the phagolysosome) 
where M. tuberculosis is known to reside 
also needs to be considered. In order to 
maximize their efficiency, anti-TB drugs 
must reach, and preferably be retained in, 
the infected subcellular compartments.

Figure 2 | Maturation of pulmonary TB lesions. The granuloma is initially 

rich in immune cells and is highly vascularized (it is referred to as a cellular 

granuloma), which facilitates drug distribution into the core of the lesion. 

Bacilli reside extracellularly and in activated and foamy macrophages.  

As the granuloma matures, it  begins to necrot ize from the centre  

outwards, and vascularization is gradually destroyed, although the fibrotic  

rim and cellular layer remain densely vascularized. Bacilli can be found 

extracellularly in the necrotic caseum and in immune cells. When an 

expanding granuloma meets an airway, the necrotic centre fuses with the 

airway structure to form a cavity. Mycobacteria are found extracellularly in 

the cavity caseum and intracellularly in macrophages, foamy macrophages 

and neutrophils. Both intracellular and extracellular bacteria are released 

at the luminal side of the cavity and later appear in sputum23. Image is  

modified, with permission, from REF. 25  (2013) Elsevier.

Nature Reviews | Microbiology
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These data clearly show that extensive 
permeability profiling should be included 
early during drug discovery in order to 
design strategies for optimizing drug 
distribution at the sites of infection. The 
complexities that are described above high-
light the need for in vitro assays that can 
predict the distribution of drug candidates 
in the blood, in the cellular and necrotic 
compartments of granulomas, in multiple 
immune cell types and, finally, in the sub-
cellular organelles in which the bacterium 
resides (FIG. 1). In addition, different anti-TB 
compound classes target physiologically 
distinct mycobacterial populations (BOX 1), 
and this must also be considered. Ideally, 
each of the drugs that makes up an effective 
regimen should preferentially distribute 
to the site where its most vulnerable target 
population resides, as seems to be the case 
for pyrazinamide.

Drug uptake into M. tuberculosis

The inefficiency and extended time period 
of current TB-treatment strategies is 
thought to be caused by both pharmaco-
kinetic and pharmacodynamic factors25. The 
pharmacokinetic factors include differential 
and suboptimal drug distribution at the site 
of infection, and the pharmacodynamic 
factors pertain to subpopulations of pheno-
typically resistant bacilli (as opposed to 
genetically resistant bacteria)73. In combi-
nation, these P D parameters drive the 
development of genetic drug resistance.

Limited drug distribution at the infected 
site and phenotypic drug resistance are 
not as independent as they might seem to 
be. Penetration and accumulation of the 
drug in bacilli is the last step of the long 
journey to the site of action (FIG. 1), and it 
has been shown that reduced permeability 
of M. tuberculosis to small-molecule drugs 

contributes to the drug tolerance that is 
associated with the quiescent bacterial popu-
lation74. Conventional mass spectrometry 
methods have been optimized to measure 
the concentrations of unlabelled drugs in the 
cytosolic fraction of M. tuberculosis cells 
grown in vitro. Intracellular accumulation of 
the fluoroquinolones is markedly reduced in 
nutrient-starved non-replicating M. tuber-

culosis, and this probably contributes to the 
loss of fluoroquinolone activity against qui-
escent populations74. Although efflux seems 
to have a role in the extrusion of fluoro-
quinolones in genetically drug-resistant 
strains75,76, the intracellular levels of these 
drugs are unaffected by efflux-pump inhibi-
tors in wild-type (that is, drug-susceptible) 
M. tuberculosis, at least in vitro77. 

By contrast, polyamines do inhibit the 
uptake of fluoroquinolones in myco-
bacteria77, which has interesting clinical 

Nature Reviews | Microbiology
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Figure 3 | Drug distribution and imaging in lung tissue and lesions.  

a | Boxplots of rifampicin and moxifloxacin (MXF) concentrations in lung 

tissue and cellular granulomas, relative to plasma concentrations, which 

show that both drugs are efficiently distributed in healthy lung tissue. 

Rifampicin concentrations are significantly lower in granulomas than in 

healthy lung tissue, whereas the opposite is observed for MXF. The box 

width is the interquartile range and the horizontal line marks the median 

value. The T-bars indicate the maximum and minimum of ratios within 1.5x 

the upper and lower quartiles, respectively. Observed datapoints that fall 

outside this range are represented by open circles. b | A mass spectrometry 

image that shows the distribution of MXF in necrotizing rabbit granulo-

mas43. The panel contains an ion map (upper panel) and the corresponding 

hematoxylin and eosin-stained section (lower panel). A signal intensity of 

0% corresponds to minimum signal, whereas 100% is assigned to the maxi-

mum signal, which, in the case of MXF, corresponds to the cellular cuff of 

granulomas. The signal responds linearly up to 1 nmol, which is several 

orders of magnitude higher than the therapeutically relevant drug concen-

trations that are achieved in tissues. The ion map clearly shows lower drug 

levels in caseum compared to the surrounding cellular region, which high-

lights the poor diffusion capacity of MXF in the necrotic core, where extra-

cellular bacilli reside. c | Absolute concentrations of MXF were measured 

by HPLC coupled to tandem mass spectronomy (LC–MS/MS) in t issue 

homogenates of caseum and the cellular fraction of granulomas, and these 

are shown relative to the absolute drug concentration measured in plasma 

at the time of rabbit necropsy. The bar graph shows the MXF concentration 

in granuloma and caseum relative to plasma at 2 hours post-dose, which 

confirms that the drug distributes more efficiently in the cellular fraction 

of the granuloma than in caseum (V.D., unpublished observations).  

d | Distribution of the nitroimidazole PA-824 in a large rabbit necrotic 

granuloma. Similarly to MXF, the ion map (upper panel) shows that PA-824 

has limited penetration in caseum. The lower panel is an optical image of 

the same tissue section prior to matrix coating and imaging44. e | Absolute 

concentrations of PA-824 were measured by LC–MS/MS in the caseum and 

cellular wall of three cavities that were found in the same animal at the 

time of necropsy, and these are shown relative to the absolute drug con-

centration measured in plasma. The concentration of PA-824 in the cavity 

wall is higher than in caseum (V.D., unpublished observations), which con-

firms the results of MALDI–MS (part d). Graph in part a is reproduced, with 

permission, from REF. 11  (2012) American Society for Microbiology. The 

images in part b are reproduced, with permission, from REF. 43  (2011) 

American Cell Society. Images in part d are reproduced, with permission, 

from REF. 44  (2012) Science Direct. 

PRO GRESS

164 | MARCH 2014 | VOLUME 12  www.nature.com/reviews/micro

© 2014 Macmillan Publishers Limited. All rights reserved



OUTLINE

1. The origins of current anti-TB dosages

2. PK & PD studies

3. Low exposure of antitubercular drugs
▪ in serum

▪ in tissues

4. Data on high-dose rifampicin
▪ Rifapentine

5. Issues with higher doses
▪ DDIs with HD-RIF?

6. Conclusions and Discussion



STUDIES WITH HD-RIF

Onorato L, et al. CMI 2021



SUMMARY OF STUDIES WITH HD-RIF

▪ Dose-proportional increase in EBA and in sputum conversion rates

Svensson RJ, JID 2018; Boeree MJ, et al. Lancet Infect Dis 2017; Svensson E, et al. CID 2018; Velasquez GE, et al. Am J Resp Crit Care Med 2018; Aarnoutse RE, et al. 

AAC 2017; Seijger C, et al. PlosOne 2019.



STUDIES WITH HD-RIF - EFFICACY

Onorato L, et al. CMI 2021



SUMMARY OF STUDIES WITH HD-RIF (2)

▪ Dose-proportional increase in EBA and in sputum conversion rates

▪ No increase in side effects up to 35 mg/Kg

▪ Hyperbilirubinemia with doses >40 mg/Kg

Svensson RJ, JID 2018; Boeree MJ, et al. Lancet Infect Dis 2017; Svensson E, et al. CID 2018; Velasquez GE, et al. Am J Resp Crit Care Med 2018; Aarnoutse RE, et al. 

AAC 2017; Seijger C, et al. PlosOne 2019.



STUDIES WITH HD-RIF – SIDE EFFECTS

Onorato L, et al. CMI 2021



STUDIES WITH HD-RIF IN PATIENTS WITH TB 
MENINGITIS

1. 60 adults in Indonesia (12% HIV+) randomized to receive HZ (and dexamethasone) plus 
either oral RIF (10 mg/Kg) or iv RIF (13 mg/Kg) and Mx (400 or 800) or E (750 mg) for 
14 days (then standard regimens)

• AUC, Cmax, CSF-to-plasma ratio 3 times higher

• Less chance of death (HR 0.42) with iv RIF and GCS as independent 
predictors

2. 60 adult TBM patients in Bandung (Indonesia) randomized to 450 mg, 900 mg, or 1,350 
mg (10, 20, and 30 mg/kg) oral RIF combined with other TB drugs for 30 days 

• AUC and CSF-to-plasma ratios 3- and 5- folds higher

• No increase in the incidence of grade 3 or 4 adverse events

• Non significant reduction in mortality in the 30 mg/kg arm (15% vs. 35% vs. 
45%)

Ruslami R, et al. Lancet Infect Dis 2013



PLASMA VS. ORAL RIFAMPICIN IN TBM

11%

93% 95%

Wasserman S, et al. AAC 2021 and Cresswell FV, et al. CID 2021



RIFAPENTINE
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ISSUES WITH HD RIFAMPICIN

1. Disruption of fixed-dose 
combinations

2. DDIs?

Magis-Escurra C, et al. Lancet Resp Med 2018



ENZYME INDUCTION WITH HD RIF?

R10

EFV600

R20

EFV600

R20

EFV800

n 31 28 31

Week 8 AUC0-24 40198 47505 44466

Week 28 AUC0-24 38918 49574 35169

GMR AUC0-24

0.96 

(0.84-1.10)

0.87 

(0.75-1.00)

1.12 

(0.96-1.30)

Week 8 Cmin 1078 1163 1032

Week 28 Cmin 1137 1496 1028

GMR Cmin

0.92 

(0.79-1.08)

0.83 

(0.72-0.96)

1.16 

(0-97-1.39)

Atwine D, et. al. JAC 2020; Sekaggya-Wiltshire C, et al. CROI 2021 #90
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INH DOSE AND PHARMACOGENETICS

Patients <38 kg → lower

30.4% (RIF AUC), 45.9% 

(INH AUC) and 18.0% 

(PZA AUC)

Higher doses + one

fixed-dose combination

tablet or + 150 mg INH

Gao Y, et al. BJCP 2020; Cho Y-S, et al. J Clin Pharm 2021 

200 mg 300 mg 400 mg

Proposed dose in Korean patients



CONCLUSIONS

▪ Current 1st-line antitubercular drugs doses were chosen according to patients’ features (body 

weight, PK exposure), experience (fear of adverse events) and costs that changed over time 

(and need to be challenged with the risks of selecting DR strains)

▪ Isoniazid, Ethambutol and Pyrazinamide may have significant toxicities with higher doses

▪ RIF is underdosed and higher doses (up to 35 mg/kg) may increase bactericidal activity, 

prevent the selection of resistant strains and would not increase side effects

▪ The adoption of higher doses may lead to some implementation issues so it may be 

prioritized in hard-to-treat patients (cavities, extensive disease, extrapulmonary TB) and in 

those with a higher chance of low exposure (PLWH, diabetics, children, low BMI)

▪ The effect of higher RIF doses on enzyme induction and DDIs still need to be thoroughly assessed

▪ The combination of HD-RIF with newer drugs may favour shorter regimens (as observed for 

rifapentine) thus allowing for better treatment adherence



ACKNOWLEDGEMENTS

Prof. G Di Perri

Prof. S Bonora

Mattia Trunfio

Alice Trentalange

Veronica Pirriatore

Prof. A. D’Avolio

Jessica Cusato

Amedeo de Nicolò

Miriam Antonucci

Elisa Delia De Vivo

Pavilio Piccioni

Giovanni Rossi

Luca Zito

Ilaria Motta


