
Vol.:(0123456789)

Infect Dis Ther 
https://doi.org/10.1007/s40121-024-01102-1

REVIEW

Optimizing Pyrazinamide Use: A Low‑Hanging 
Fruit in Improving Outcomes with Tuberculous 
Meningitis? Narrative Review

Bella Devaleenal Daniel   · Leeberk Raja Inbaraj · Shanmugapriya Kumaravadivelu · 

Kathirvel Subramanian · Balaji Ramraj · Abi Manesh

Received: October 4, 2024 / Accepted: December 16, 2024 
© The Author(s) 2025

PLAIN LANGUAGE SUMMARY

Tuberculosis (TB) is a disease caused by the 
organism Mycobacterium tuberculosis. TB men-
ingitis (TBM) is a medical condition in which 
the layers covering the brain are infected with 
TB bacteria. TBM is one of the worst forms of 
TB as it kills a lot of people who suffer with the 
disease and leaves many permanently disabled. 
Currently, the World Health Organization rec-
ommends 12 months of treatment for TBM. The 
drugs used in the treatment are rifampicin, iso-
niazid, ethambutol, and pyrazinamide. Usually, 
pyrazinamide is given only for the first 2 months 
of TB treatment. Many studies have shown that 
pyrazinamide penetrates the brain better than 
other drugs and kills TB bacteria more effec-
tively. In addition, ethambutol does not get 
into the brain well compared to other drugs. 
In this narrative review, we present evidence to 
reconsider the duration of pyrazinamide usage 
beyond 2 months for improving the results of 
TBM treatment. We also report the challenges 
of this approach, such as side effects and pyrazi-
namide resistance.
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ABSTRACT

Tuberculous meningitis (TBM) disables more 
than a third of its sufferers. Recent research 
has focused on optimizing the antitubercular 
regimen, mainly by increasing the dosage of 
rifampicin. However, pyrazinamide, with higher 
penetration into the central nervous system, is 
generally overlooked. We discuss the potential 
clinical impact of using pyrazinamide through-
out antitubercular therapy in TBM, in contrast 
to only the intensive phase. This approach may 
improve the treatment outcomes and reduce 
disability in TBM. We summarize the available 
data regarding this approach from in vitro stud-
ies, clinical cohorts, toxicity data, and baseline 
resistance rates. Additionally, we discuss the two 
ongoing clinical trials evaluating this approach.

Bella Devaleenal Daniel and Leeberk Raja Inbaraj 
contributed equally.

B. D. Daniel (*) · L. R. Inbaraj · S. Kumaravadivelu · 
K. Subramanian · B. Ramraj 
ICMR, National Institute for Research 
in Tuberculosis, No. 1, Mayor Sathyamoorthy Road, 
Chennai, Tamil Nadu, India
e-mail: belladevaleenal@gmail.com

A. Manesh 
Christian Medical College, Vellore, Tamil Nadu, 
India

http://orcid.org/0000-0001-6293-4990
http://crossmark.crossref.org/dialog/?doi=10.1007/s40121-024-01102-1&domain=pdf


	 Infect Dis Ther

Key Summary Points 

Tuberculous meningitis (TBM) is associated 
with poor treatment outcomes despite longer 
duration of treatment.

In the current regimen, both pyrazinamide 
and isoniazid achieve optimal therapeutic 
levels in the brain. However, pyrazinamide is 
used only during the first 2 months of treat-
ment.

There is an urgent need to reconsider the 
inclusion of medications which could 
achieve optimal therapeutic levels at the 
site of infection in the treatment regimen of 
TBM for the whole duration of treatment.

The role of extended use of pyrazinamide in 
the intensified regimens for improving the 
treatment outcomes in TBM needs further 
evaluation in clinical trials.

INTRODUCTION

Tuberculous meningitis (TBM) has high mor-
bidity and mortality rates. Almost one-fourth 
of adults with TBM are at risk of death despite 
treatment for a longer duration with standard 
antituberculosis therapy (ATT) and steroids, 
making it one of the most severe and debilitat-
ing forms of tuberculosis (TB). Around half of 
them recover with significant residual neurologi-
cal disability [1]. The causes of poor outcomes in 
TBM are multifactorial, complicated by delayed 
diagnosis and imprecise diagnostics. Another 
crucial factor is the lack of clear evidence for 
the drug regimen used in the management of 
TBM in adults and children. The drugs used in 
the management of drug-sensitive tuberculous 
meningitis (DS TBM) are similar to those used 
in pulmonary tuberculosis, except for a longer 
duration [2]. However, it is largely known that 
these drugs have varying penetration across the 
blood brain barrier (BBB) into the cerebrospinal 
fluid (CSF) and their treatment outcomes tend 
to be poor [3]. Of the four drugs used in DS TBM 
management, isoniazid and pyrazinamide have 

very good CSF penetration, often comparable 
to that of plasma concentrations [4, 5]. Isonia-
zid is used throughout the treatment regimen; 
however, the role of pyrazinamide ends with the 
intensive phase of treatment in the current treat-
ment guidelines for TBM. There is a scarcity of 
controlled clinical trials for optimal drugs and 
duration of treatment in TBM. The guidelines 
for treatment are still derived from observa-
tional studies and clinical practice rather than 
randomized controlled trials (RCTs). Here, we 
review the role of pyrazinamide, a potent steri-
lizing drug with good CSF penetration in the 
management of TBM, with a particular focus on 
the duration of its use.

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

SEARCH METHODOLOGY

We searched MEDLINE via PubMed, Google 
Scholar, and Cochrane Library for all the litera-
ture in the English language without any geo-
graphical or time restrictions. We used Medical 
Subject Headings (MeSH) and free text words. 
The search included terms or combinations of 
words such as “tuberculous meningitis epidemi-
ology,” “Central nervous system (CNS)-TB epide-
miology,” “pyrazinamide,” “tuberculous menin-
gitis,” “pyrazinamide resistance,” “pyrazinamide 
toxicity,” “pyrazinamide pharmacokinetics,” 
“pyrazinamide in clinical trials,” and “pyrazi-
namide in continuation phase.”

EPIDEMIOLOGY OF TBM

The burden of TBM and the mortality due to 
this disease are largely unknown. Assuming a 
similar case detection rate as all forms of TB for 
TBM, Dodd et al. estimated that 164,000 adults 
(95% UI 129,000–199,000) developed TBM glob-
ally in 2019. The prevalence of TBM among peo-
ple living with HIV (PLHIV) was 23% [6]. Dodd 
et al. also estimated that 5.6% of TB deaths were 
caused by TBM and the mortality was close to 
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50% in adults [6]. Navarro-Flores et al. included 
53 studies representing 12,621 participants 
from 28 countries in a systematic review and 
estimated the prevalence of CNS TB to be 2 per 
100,000 inhabitants. The prevalence of TBM 
among persons hospitalized for general condi-
tions was 7.4%, among those with meningitis 
it was 14.63%, and among those with TB it was 
3.67% [7]. Stadelman et al. included 39 primary 
research articles with 5752 adults with TBM in 
their systematic review and estimated a pooled 
6-month mortality of 24% (95% CI 19–29%). 
Mortality rates ranged from 2% to 67% in Asia 
and 23% to 80% in sub-Saharan Africa. Mortal-
ity was significantly higher among PLHIV (57%; 
95% CI 48–67%) than among HIV-negative indi-
viduals (16%; 95% CI 10–24%). The physical dis-
ability rate was 32% (95% CI 22–43%) among 
survivors [8]. Our estimation of CNS TB preva-
lence including TBM in India was 2%, and the 
case fatality rate was 35%, with a relative risk of 
5.6 compared to other forms of TB [9].

CURRENT TBM DRUG REGIMEN: IS 
THIS ADEQUATE?

Currently, the World Health Organization 
(WHO) recommends 2  months of isoniazid 
(INH), rifampicin, ethambutol, and pyrazina-
mide followed by 7–10 months of rifampicin 
and isoniazid for TBM [2]. Concepts of pulmo-
nary TB have been applied without considering 
the distinct development, intensity, and pene-
tration potential of anti-TB medications. These 
drugs have variable ability to cross the BBB and 
achieve wide-ranging concentrations in the CSF 
and brain.

Rifampicin

The recommended dose of rifampicin was 
10  mg/kg. Though there is a higher cellular 
penetration and sustained efficacy against 
intracellular pathogens, the drug’s CSF concen-
trations are less than 30% of plasma levels [10, 
11]. Rifampicin concentrations in the CSF were 
below the level of detection in approximately 
67% of patients with TBM receiving standard 

oral adult dose (8–10 mg/kg) in Indonesia [12]. 
Recent evidence suggests the need for higher 
doses of rifampicin to achieve optimal thera-
peutic levels in CSF. CSF levels exceeding the 
minimum inhibitory concentration (MIC) were 
obtained with high-dose intravenously admin-
istered (20 mg/kg/day) and orally administered 
(35 mg/kg/day) rifampicin without causing any 
additional harm [13].

Isoniazid

Isoniazid has favorable CSF pharmacokinet-
ics (PK), achieving peak concentrations (Cmax) 
that are marginally lower than in blood [14]. 
Isoniazid metabolism is influenced by the NAT2 
genotype. Isoniazid acetylator status could affect 
plasma and CSF concentrations, and the need 
for higher doses in fast acetylators is another 
gray area and a matter of concern [14]. Yunivita 
et al. showed that slow acetylators had higher 
drug concentrations of isoniazid in the plasma 
and CSF compared to fast acetylators [15]. Fast 
acetylators may  require dosages as high as 
600mg to reach optimal therapeutic CSF levels. 
Personalized dosing based on NAT2 status can 
minimize toxicity risks, including hepatotoxic-
ity, and maximize therapy efficacy [14]. Resist-
ance to isoniazid increases the risk of developing 
resistance to other first-line medications, such 
as rifampicin, and decreases the probability of 
successful treatment. This raises the possibility 
of multidrug-resistant tuberculosis [16].

Ethambutol

Ethambutol has very poor penetration through 
the BBB and the therapeutic levels achieved are 
minimal in the CSF. The action of ethambutol 
at the site of disease is negligible; hence, its 
contribution to TBM treatment is questionable 
[14]. Ethambutol initially showed promise with 
an effective minimum inhibitory concentration 
(MIC) when used at doses of 50 mg/kg or more. 
Retrobulbar neuritis brought on by this dose 
led to a decrease in the dosage and decreased its 
efficacy. Early studies found no ethambutol in 
the CSF after administration of a dose of 50 mg/
kg in healthy volunteers, while later studies 
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detected low concentrations (0–1.98 µg/ml) in 
patients with TBM 3–4 h after dosing. In some 
patients with TBM, ethambutol may reach con-
centrations near the lower MIC for Mycobacte-
rium tuberculosis, but this decreases the healing 
progresses [16, 17]. Overall, ethambutol’s con-
tribution to TBM treatment is likely minimal as 
a result of its limited CSF penetration. Etham-
butol, in addition to rifampicin and isoniazid, 
is recommended in the continuation phase of 
drug-sensitive pulmonary TB and TBM in India. 
The use of a drug that achieves low therapeutic 
levels in the brain with known cumulative mito-
chondrial toxicity, especially when administered 
for a longer duration, needs to be reconsidered.

Pyrazinamide

Pyrazinamide is bactericidal and kills intracel-
lular bacilli. Pyrazinamide has several advan-
tages because of its unique mechanism of action 
in inhibiting multiple targets, activity against 
persisters, and synergism with isoniazid and 
rifampicin [18]. Replacement of ethambutol 
with pyrazinamide or omission of pyrazinamide 
in the regimen was shown to reduce relapse rates 
in pulmonary TB during earlier trials [18]. Dur-
ing the early years of ATT, extending pyrazi-
namide beyond the continuation phase was 
associated with reduced relapse rates in a pul-
monary TB trial [19]. The current strategy of 
discontinuing pyrazinamide in the continua-
tion phase emerged after a clinical trial in Hong 
Kong [20]. The trial studied four regimens given 
thrice weekly for 6 months: three regimens con-
tained rifampicin and isoniazid for 6 months, 
streptomycin for 4 months, and pyrazinamide, 
which was given for 2, 4, or 6 months; one regi-
men contained rifampicin and isoniazid, no 
streptomycin, and pyrazinamide was given for 
a period of 6 months. The relapse rates during 
the 30-month follow-up period were 3%, 5%, 
and 3% in the pyrazinamide 2, 4 and 6 months 
groups respectively given along with rifampicin, 
isoniazid and streptomycin [20].

Drugs with low molecular weight, moder-
ate lipophilicity, and lower binding to plasma 
proteins readily enter the CSF and pyrazina-
mide has similar properties [21]. The levels 

of pyrazinamide achieved in the CSF are not 
affected by patient age, gender, disease stage, 
presence of active disease, use of steroids, dura-
tion of treatment, and co-administration with 
ethambutol or streptomycin [22]. Hence, pyrazi-
namide may be pivotal for use in the continu-
ation phase of TBM, especially for reducing 
relapse when used along with isoniazid and 
rifampicin in the continuation phase. It could 
also be considered for shortening the duration 
of TBM treatment, given its sterilizing effect on 
metabolically dormant M. tuberculosis [23].

Two (rifampicin and ethambutol) of the four 
medications in the intensive phase of treat-
ment penetrated the BBB poorly and only one 
achieved an optimal therapeutic level in the 
continuation phase of treatment for this severe 
form of TB. With the above evidence, the cur-
rent recommended treatment regimen in the 
continuation phase could be weak, as patients 
might be on effective monotherapy with iso-
niazid, given the low rifampicin levels in the 
CSF. This problem is accentuated when there is 
accompanying isoniazid monoresistance, which 
affects around 7–11% of patients with tubercu-
losis globally [24]. Diagnosing this problem is 
difficult, as TBM is a paucibacillary disease, and 
mycobacterial cultures are seldom positive in the 
CSF.

PHARMACOKINETICS (PK)/
PHARMACODYNAMICS (PD) OF 
PYRAZINAMIDE IN TBM

Phuapradit et  al. performed serial measure-
ments of plasma and CSF levels of pyrazinamide 
1500 mg administered along with isoniazid, 
rifampicin, and streptomycin from initiation to 
6 months of treatment. They demonstrated that 
good therapeutic levels were achieved even at 
6 months of treatment in patients with TBM. 
There was a good correlation between CSF and 
plasma levels [25]. Stemkens et al. showed that 
pyrazinamide dose is associated with plasma 
and CSF levels, and plasma levels could predict 
CSF values. They showed that higher exposure 
to pyrazinamide was achieved during the first 
few days of treatment compared to the levels 
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at 10 days, probably because of the interaction 
with rifampicin [5]. PK/PD modeling based on 
three clinical trials for pulmonary TB showed 
that there was no association between high 
doses of pyrazinamide (> 4500 mg) with or with-
out rifampicin and hepatotoxicity [26].

Therapeutic drug monitoring (TDM) uses the 
PK/PD knowledge of a particular drug to opti-
mize the drug treatment at an individual level. 
Understanding the drug concentrations in the 
plasma as well as the site of infection could 
guide in personalizing the drug treatment in 
order to maintain the concentrations within 
the optimal therapeutic range [27]. TDM can 
assist in directing pyrazinamide dose modifica-
tions in complex TBM cases, particularly where 
resistance or potential adverse reactions are a 
concern. The role of TDM in optimizing the 
treatment for TBM at a personalized level, its 
feasibility, impact on treatment outcome, and 
implementation challenges in high-burden 
countries need to be explored further.

PYRAZINAMIDE RESISTANCE

The final considerations included the global 
resistance rates, toxicity, and relapse. The 
global pyrazinamide resistance rate was 16.2% 
(95%  CI 11.2–21.2) and varied according to 
the geographic region [28]. A systematic review 
including 66 reports based on single nucleo-
tide polymorphism distribution reported that 
the pooled pyrazinamide resistance was 16.2% 
(95% CI 11.2–21.2) among all patients with TB. 
The resistance rate was almost threefold [41.3% 
(29.0–53.7)] and fourfold [60.5% (52.3–68.6)] 
higher in patients at higher risk for multidrug 
resistant (MDR)-TB and diagnosed with MDR-
TB, respectively. The review also estimated 
that 1.4 million persons with newly diagnosed 
TB could have pyrazinamide resistance annu-
ally [28]. In India, pyrazinamide resistance 
was reported to be approximately 7% and 9% 
among new and previously treated patients, 
respectively. This is higher when compared to 
ethambutol resistance rate (2.8%) [29]. Pyrazina-
mide resistance is known to influence the treat-
ment outcomes in patients with drug-sensitive 

and drug-resistant pulmonary TB [29]. The 
impact of pyrazinamide resistance on TBM treat-
ment outcome is largely unknown and needs to 
be studied.

PYRAZINAMIDE SIDE EFFECTS

Optimizing pyrazinamide doses may yield a 
favorable outcome in the treatment of TBM pro-
vided higher doses are tolerated well [5]. Chen 
et al. showed that higher pyrazinamide exposure 
is associated with positive treatment outcomes, 
but the side effects of pyrazinamide must be 
taken into consideration [30]. Transient eleva-
tions of liver enzymes which did not necessitate 
treatment discontinuation were observed when 
pyrazinamide (1500 mg) was used for a period 
up to 12 months during earlier days of TBM 
management [31]. Hepatotoxicity, arthralgia, 
hyperuricemia, and resultant gout are the most 
common side effects of pyrazinamide. A nested 
case–control study with a cohort of 3007 par-
ticipants evaluated the hepatotoxicity of pyrazi-
namide- and isoniazid-containing regimens, 
with or without rifampicin in the continuation 
phase. Chang et al. concluded that the risk of 
hepatotoxicity was 2.6% after 12 weeks of treat-
ment with an adjusted odds of 2.5 to 2.8 times 
compared to the standard regimens containing 
rifampicin and isoniazid [32]. Hyperuricemia 
and gouty arthritis are known complications of 
pyrazinamide when used alone or in combina-
tion with rifampicin, isoniazid, and ethambutol 
[33]. The arthralgia due to pyrazinamide toxic-
ity is often non-deformative, non-erosive, and 
reversible after completion of treatment [34].

The mechanism of pyrazinamide-induced 
hepatotoxicity is not well established but is 
attributed to the formation of pyrazinoic acid, 
an active metabolite formed by the action of 
amidase on pyrazinamide. However, it was 
hypothesized that the co-administration of an 
amidase inhibitor (bis-p-nitrophenyl phosphate) 
could prevent pyrazinamide-induced liver injury 
[35]. The PK parameters (Cmax) of pyrazina-
mide were evaluated against liver enzyme lev-
els, and no concrete relationship was estab-
lished between high-dose pyrazinamide and 
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hepatotoxicity [26]. Pyrazinamide increases uric 
acid levels by retaining uric acid in the form of 
urate crystals, resulting in hyperuricemia, which 
is characterized by joint pain (arthralgia) and 
gouty arthritis. A short course of aspirin may be 
considered in the intensive phase of treatment 
to prevent pyrazinamide-induced arthralgia [36]. 
These systemic exposures and toxicities could 
be reduced by formulating novel drug delivery 
systems such as nanoparticles, enhancing its tar-
geted delivery [37].

INTENSIFIED SHORTER REGIMENS

Van Toorn et  al. shortened TBM therapy to 
6 months (HRZEth) by continuing pyrazinamide 
(40 mg/kg) into the continuation phase, replacing 
ethambutol with ethionamide (Eth) and increas-
ing isoniazid and rifampicin doses to 20 mg/kg. 
They showed excellent clinical outcomes in chil-
dren and adolescents with this regimen [38]. This 
strategy, often called Cape Town regimen, has 
been incorporated into the South African National 
guidelines for TBM. A systematic review evaluat-
ing the outcomes of a 6-month intensive regimen 
with a 12-month regimen for TBM among chil-
dren and adolescents showed that outcomes such 
as death (5.5% vs. 23.9%) and survival with or 
without sequelae (94.6% vs. 75.4%) were better in 
the intensive regimen group. Neurological seque-
lae among survivors (66% vs. 36.3%) were higher 
in the shorter regimen compared to the 12-month 
regimen [39]. Following these data and others, 
WHO guidelines now recommend a 6-month 
intensified regimen with isoniazid, rifampicin, 
pyrazinamide, and ethionamide (6HRZEto) as 
an alternative option to the 12-month regimen 
(2HRZE/10HR) for children and adolescents [40]. 
More evidence is needed to translate these guide-
lines to adults. First, the PK data for pyrazinamide 
should be favorable. The mean CSF-to-plasma 
concentration ratio just a day after administra-
tion of pyrazinamide was 90% (range 55–115%) 
among Indonesian adults with TBM [5]. Pyrazina-
mide achieves excellent CSF concentrations with 
a positive correlation between the administered 
oral dose, plasma, and the CSF concentrations [5]. 
Such correlations strengthen the argument for 

increasing the duration of pyrazinamide use dur-
ing the continuation phase. A systematic review 
by Ryan et al. comparing 6-month regimens with 
a longer one for TBM showed that relapses are 
uncommon and are similar in both the groups 
[41].

ONGOING TRIALS FOR TBM 
WITH LONGER DURATION OF 
PYRAZINAMIDE

The current INSHORT TBM (NCT05917340) trial 
aims to look at a more prolonged duration of 
pyrazinamide (6 months) along with an intensi-
fied regimen in the initial phase of treatment to 
reduce mortality and disability in adults with TB 
[42]. The SURE trial (ISRCTN40829906) evaluates 
the safety and efficacy of a monthly daily regimen 
of rifampicin, isoniazid, pyrazinamide, and levo-
floxacin with or without aspirin in children with 
TBM. IMAGINE TBM (NCT05383742) is another 
trial comparing 6 months of high-dose rifampicin, 
high-dose isoniazid, linezolid, and pyrazinamide 
with the standard 9-month regimen. In addition 
to the clinical outcomes of pyrazinamide-contain-
ing regimens in the continuation phase, these tri-
als may also shed light on the drug–drug interac-
tions between pyrazinamide and drugs such as 
high-dose rifampicin and fluoroquinolones. As 
we await evidence from these clinical trials, it is 
time to reconsider the duration of pyrazinamide 
use in TBM. Single-center, small retrospective or 
prospective observational studies examining the 
duration of pyrazinamide administration and 
clinical outcomes will also shed some light on this 
crucial clinical decision. We believe that there is 
an urgent need for an optimal regimen for the 
management of TBM with appropriate drugs and 
duration to improve treatment outcomes, and 
pyrazinamide is definitely a low-hanging fruit 
that is worth considering.

PROGRAMMATIC IMPLICATIONS

Currently, fixed-dose combinations, are recom-
mended for the management of TB including 
TBM. Intensified regimens for shortening the 
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treatment duration require individual formu-
lations to optimize the regimen. Continuation 
of pyrazinamide in the continuation phase, if 
proven effective and safe, requires individual 
formulations, and its availability in the market 
is limited.

WAY FORWARD

Scaling up this strategy to routine care requires 
several steps. The ongoing RCTs will provide 
evidence whether continuing pyrazinamide will 
improve disability-free survival in TBM, with a 
good safety profile. The relative, proportional 
improvement in the primary outcome in these 
trials should be compared with other ongoing 
trials, specifically involving agents with good 
CNS penetration like linezolid. Large obser-
vational studies, though important for safety 
data, are unlikely to report on the efficacy of 
the approach, as the effect size is likely to be 
mild to moderate. The pharmacokinetic data 
linked to patient outcomes from the trials can 
be important in influencing policy. Joint mod-
eling exercises from the clinical trial data will 
inform target exposures and the doses needed 
to attain them. Pyrazinamide resistance rates 
across diverse regions need to be studied. This 
will require strengthening of laboratory capac-
ity as pyrazinamide susceptibility testing is chal-
lenging with high false positive rates. In sum-
mary, prolonging the duration of pyrazinamide 
in the current or augmented doses appears to be 
a promising approach and needs further study 
in the management of TBM.

Author Contributions.  Bella Devaleenal 
Daniel, Abi Manesh, Balaji Ramraj, Leeberk Raja 
Inbaraj: Idea, conceptualization and design, 
writing the original draft, reviewing it critically 
and editing. Shanmugapriya Kumaravadivelu, 
Kathirvel Subramanian: design, writing the 
original draft and review. All authors approve 
the submitted version and are accountable for 
all the aspects of the work.

Funding.  No funding or sponsorship was 
received for this manuscript.

Data availability.  This is based on the 
review of the available literature and does not 
contain any new studies with human partici-
pants or animals.

Declarations 

Conflict of Interest.  The authors (Bella 
Devaleenal Daniel, Leeberk Raja Inbaraj, Shan-
mugapriya Kumaravadivelu, Kathirvel Subrama-
nian, Balaji Ramraj, Abi Manesh) declare that 
they do not have any conflicts of interest.

Ethical Approval.  This article is based on 
previously conducted studies and does not con-
tain any new studies with human participants or 
animals performed by any of the authors.

Open Access.   This article is licensed under a 
Creative Commons Attribution-NonCommercial 
4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distri-
bution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the 
original author(s) and the source, provide a link 
to the Creative Commons licence, and indicate 
if changes were made. The images or other third 
party material in this article are included in the 
article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. 
If material is not included in the article’s Crea-
tive Commons licence and your intended use is 
not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain per-
mission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc/4.​0/.

REFERENCES

	1.	 Wang M-G, Luo L, Zhang Y, Liu X, Liu L, He J-Q. 
Treatment outcomes of tuberculous meningitis 
in adults: a systematic review and meta-analysis. 
BMC Pulm Med. 2019;19:1–11.

	2.	 World Health Organization. WHO consolidated 
guidelines on tuberculosis. Module 4: treatment-
drug-susceptible tuberculosis treatment. Geneva: 
World Health Organization; 2022.

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


	 Infect Dis Ther

	3.	 Panjasawatwong N, Wattanakul T, Hoglund RM, 
et al. Population pharmacokinetic properties of 
antituberculosis drugs in Vietnamese children 
with tuberculous meningitis. Antimicrob Agents 
Chemother. 2020. https://​doi.​org/​10.​1128/​aac.​
00487-​20.

	4.	 Ruslami R, Gafar F, Yunivita V, et  al. Pharma-
cokinetics and safety/tolerability of isoniazid, 
rifampicin and pyrazinamide in children and ado-
lescents treated for tuberculous meningitis. Arch 
Dis Child. 2022;107(1):70–7.

	5.	 Stemkens R, Litjens C, Dian S, et al. Pharmacoki-
netics of pyrazinamide during the initial phase of 
tuberculous meningitis treatment. Int J Antimi-
crob Agents. 2019;54(3):371–4.

	6.	 Dodd PJ, Osman M, Cresswell FV, et al. The global 
burden of tuberculous meningitis in adults: a 
modelling study. PLOS Global Public Health. 
2021;1(12):e0000069.

	7.	 Navarro-Flores A, Fernandez-Chinguel JE, Pacheco-
Barrios N, Soriano-Moreno DR, Pacheco-Barrios K. 
Global morbidity and mortality of central nervous 
system tuberculosis: a systematic review and meta-
analysis. J Neurol. 2022;269(7):3482–94.

	8.	 Stadelman AM, Ellis J, Samuels TH, et al. Treat-
ment outcomes in adult tuberculous meningitis: a 
systematic review and meta-analysis. Open Forum 
Infect Dis. 2020;7(8):ofaa257.

	9.	 Inbaraj L, Rade K, Selvaraju S, Rao R. Mortality 
estimates of central nervous system TB in India. 
Int J Tuberc Lung Dis. 2023;27(11):876–7.

	10.	 Nau R, Prange HW, Menck S, Kolenda H, Visser K, 
Seydel JK. Penetration of rifampicin into the cer-
ebrospinal fluid of adults with uninflamed menin-
ges. J Antimicrob Chemother. 1992;29(6):719–24.

	11.	 Ellard GA, Humphries MJ, Allen BW. Cerebrospi-
nal fluid drug concentrations and the treatment 
of tuberculous meningitis. Am Rev Respir Dis. 
1993;148(3):650–5.

	12.	 Dian S, Yunivita V, Ganiem A, et al. Double-blind, 
randomized, placebo-controlled phase  II dose-
finding study to evaluate high-dose rifampin for 
tuberculous meningitis. Antimicrob Agents Chem-
other. 2018. https://​doi.​org/​10.​1128/​aac.​01014-​18.

	13.	 Cresswell FV, Meya DB, Kagimu E, Grint D, et al. 
High-dose oral and intravenous rifampicin for 
the treatment of tuberculous meningitis in pre-
dominantly human immunodeficiency virus 
(HIV)-positive Ugandan adults: a phase II open-
label randomized controlled trial. Clin Infect Dis. 
2021;73(5):876–84.

	14.	 Donald P. Cerebrospinal fluid concentrations of 
antituberculosis agents in adults and children. 
Tuberculosis. 2010;90(5):279–92.

	15.	 Yunivita V, Te Brake L, Dian S, et  al. Isoniazid 
exposures and acetylator status in Indonesian 
tuberculous meningitis patients. Tuberculosis. 
2024;144:102465.

	16.	 Place VA, Pyle MM, De la Huerga J. Ethambutol 
in tuberculous meningitis. Am Rev Respir Dis. 
1969;99(5):783–5.

	17.	 Pilheu JA, Maglio F, Cetrangolo R, Pleus AD. 
Concentrations of ethambutol in the cerebro-
spinal fluid after oral administration. Tubercle. 
1971;52(2):117–22.

	18.	 Grosset J. The efficacy of short-course chemo-
therapy for tuberculosis. Bull Pan Am Health Org 
(PAHO). 1980;14(2):139–49.

	19.	 Third East African/British Medical Research Coun-
cil Study. Controlled clinical trial of four short-
course regimens of chemotherapy for two dura-
tions in the treatment of pulmonary tuberculosis. 
Second report. Tubercle. 1980;61(2):59–69.

	20.	 Hong Kong Chest Service/British Medical Research 
Council. Controlled trial of 2, 4, and 6 months 
of pyrazinamide in 6-month, three-times-weekly 
regimens for smear-positive pulmonary tuber-
culosis, including an assessment of a combined 
preparation of isoniazid, rifampin, and pyrazina-
mide: results at 30 months. Am Rev Respir Dis. 
1991;143(4_pt_1):700–6.

	21.	 Nau R, Seele J, Djukic M, Eiffert H. Pharmacokinet-
ics and pharmacodynamics of antibiotics in cen-
tral nervous system infections. Curr Opin Infect 
Dis. 2018;31(1):57–68.

	22.	 Ellard G, Humphries M, Gabriel M, Teoh R. Pen-
etration of pyrazinamide into the cerebrospinal 
fluid in tuberculous meningitis. Br Med J (Clin Res 
Ed). 1987;294(6567):284.

	23.	 Zhang Y, Shi W, Zhang W, Mitchison D. Mecha-
nisms of pyrazinamide action and resistance. 
Microbiol Spectrum. 2014. https://​doi.​org/​10.​
1128/​micro​biols​pec.​MGM2-​0023-​2013.

	24.	 Dean AS, Zignol M, Cabibbe AM, et  al. Preva-
lence and genetic profiles of isoniazid resist-
ance in tuberculosis patients: a multicoun-
try analysis of cross-sectional data. PLoS Med. 
2020;17(1):e1003008.

	25.	 Phuapradit P, Supmonchai K, Kaojarern S, Mok-
khavesa C. The blood/cerebrospinal fluid parti-
tioning of pyrazinamide: a study during the course 

https://doi.org/10.1128/aac.00487-20
https://doi.org/10.1128/aac.00487-20
https://doi.org/10.1128/aac.01014-18
https://doi.org/10.1128/microbiolspec.MGM2-0023-2013
https://doi.org/10.1128/microbiolspec.MGM2-0023-2013


Infect Dis Ther	

of treatment of tuberculous meningitis. J Neurol 
Neurosurg Psychiatry. 1990;53(1):81–2.

	26.	 Zhang N, Savic RM, Boeree MJ, et al. Optimising 
pyrazinamide for the treatment of tuberculosis. 
Eur Respir J. 2021;58(1):2002013.

	27.	 Sturkenboom MG, Märtson A-G, Svensson EM, 
et al. Population pharmacokinetics and Bayesian 
dose adjustment to advance TDM of anti-TB drugs. 
Clin Pharmacokinet. 2021;60:685–710.

	28.	 Whitfield MG, Soeters HM, Warren RM, et al. A 
global perspective on pyrazinamide resistance: 
systematic review and meta-analysis. PLoS ONE. 
2015;10(7):e0133869.

	29.	 Juma SP, Maro A, Pholwat S, et al. Underestimated 
pyrazinamide resistance may compromise out-
comes of pyrazinamide containing regimens for 
treatment of drug susceptible and multi-drug-
resistant tuberculosis in Tanzania. BMC Infect Dis. 
2019;19:1–6.

	30.	 Chen RH, Michael T, Kuhlin J, Schön T, Stocker 
S, Alffenaar J-WC. Is there a need to optimise 
pyrazinamide doses in patients with tuberculo-
sis? A systematic review. Int J Antimicrob Agents. 
2023;62:106914.

	31.	 Pauranik A, Behari M, Maheshwari MC. Pyrazina-
mide in treatment of tuberculous meningitis. Arch 
Neurol. 1986;43(10):982.

	32.	 Chang KC, Leung CC, Yew WW, Lau TY, Tam 
CM. Hepatotoxicity of pyrazinamide: cohort and 
case-control analyses. Am J Respir Crit Care Med. 
2008;177(12):1391–6.

	33.	 Ben Salem C, Slim R, Fathallah N, Hmouda H. 
Drug-induced hyperuricaemia and gout. Rheuma-
tology. 2017;56(5):679–88.

	34.	 Emorinken A, Ugheoke AJ. Pyrazinamide-induced 
acute gouty arthritis: a case report. Int J Res Med 
Sci. 2022;10(2):526.

	35.	 Shih TY, Pai CY, Yang P, Chang WL, Wang NC, Hu 
OY. A novel mechanism underlies the hepatotox-
icity of pyrazinamide. Antimicrob Agents Chem-
other. 2013;57(4):1685–90.

	36.	 Inayat N, Shah RH, Lakhair MA, Sahito R. Hyper-
uricemia & arthralgia during pyrazinamide ther-
apy in patients with pulmonary tuberculosis. Pak 
J Chest Med. 2016;22(4):154–8.

	37.	 Varma JR, Kumar TS, Prasanthi B, Ratna JV. For-
mulation and characterization of pyrazinamide 
polymeric nanoparticles for pulmonary tubercu-
losis: efficiency for alveolar macrophage targeting. 
Indian J Pharm Sci. 2015;77(3):258.

	38.	 van Toorn R, Schaaf HS, Laubscher JA, van Els-
land SL, Donald PR, Schoeman JF. Short intensi-
fied treatment in children with drug-susceptible 
tuberculous meningitis. Pediatr Infect Dis J. 
2014;33(3):248–52.

	39.	 Sulis G, Tavaziva G, Gore G, et al. Comparative 
effectiveness of regimens for drug-susceptible 
tuberculous meningitis in children and adoles-
cents: a systematic review and aggregate-level data 
meta-analysis. Open Forum Infect Dis. https://​doi.​
org/​10.​1093/​ofid/​ofac1​08.

	40.	 World Health Organization. WHO consolidated 
guidelines on tuberculosis. In: Module 5: manage-
ment of tuberculosis in children and adolescents. 
Geneva: World Health Organization; 2022.

	41.	 Jullien S, Ryan H, Modi M, Bhatia R. Six months 
therapy for tuberculous meningitis. Cochrane 
Database Syst Rev. 2016;9(9):CD012091.

	42.	 Inbaraj LR, Manesh A, Ponnuraja C, Bhaskar A, 
Srinivasalu VA, Daniel BD. Comparative evalua-
tion of intensified short course regimen and stand-
ard regimen for adults TB meningitis: a protocol 
for an open label, multi-center, parallel arms, ran-
domized controlled superiority trial (INSHORT 
trial). Trials. 2024;25(1):294.

Publisher’s Note  Springer Nature remains neutral with 
regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1093/ofid/ofac108
https://doi.org/10.1093/ofid/ofac108

	Optimizing Pyrazinamide Use: A Low-Hanging Fruit in Improving Outcomes with Tuberculous Meningitis? Narrative Review
	Abstract
	Plain Language Summary
	Introduction
	Search Methodology
	Epidemiology of TBM
	Current TBM Drug Regimen: Is This Adequate?
	Rifampicin
	Isoniazid
	Ethambutol
	Pyrazinamide

	Pharmacokinetics (PK)Pharmacodynamics (PD) of Pyrazinamide in TBM
	Pyrazinamide Resistance
	Pyrazinamide Side Effects
	Intensified Shorter Regimens
	Ongoing Trials for TBM with Longer Duration of Pyrazinamide
	Programmatic Implications
	Way Forward
	References


