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INTRODUCTION

Tuberculous meningitis (TBM) can be considered the most destructive form of tuberculosis (TB), especially among HIV-infected
individuals and young children (1, 2). Not only is it difficult to diagnose and treat, but it is also associated with significant morbidity
and mortality even with an appropriate and prolonged (at least
12 months) multidrug treatment (3). The central nervous system
(CNS) has multiple compartments [e.g., brain parenchyma and cerebrospinal fluid (CSF)], which are separated from the systemic circulation by the blood-brain barrier (BBB) and blood-CSF barrier
(BCSFB) that limit penetration of many antimicrobials. Despite the
knowledge that key antimicrobials, including rifampin, do not penetrate into the brain adequately, current TBM treatments are not
optimized and are generally based on those used for pulmonary TB
(2). The lack of animal models and the difficulties and dangers of
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sampling brain tissues or performing serial lumbar punctures in patients with TBM have been significant barriers for obtaining reliable
data on intralesional concentrations and temporal changes in drug
biodistribution. Therefore, knowledge about antimicrobial concentrations in the infected brain tissue is needed to support pharmacokinetic (PK) modeling and optimize TBM treatment.
Rifampin is an essential first-line TB drug, with potent sterilizing
activity against Mycobacterium tuberculosis. Studies have demonstrated that rifamycins have dose-dependent activity, with the area
under the curve (AUC) being a critical pharmacodynamic (PD) parameter required for bacterial killing (4). Moreover, while 10 mg/kg
per day of rifampin for adults is currently recommended, daily doses
of up to 35 mg/kg of rifampin are well tolerated in adults with pulmonary TB (5) and 50 mg/kg of rifampin was demonstrated to have
greater early bactericidal activity in a recent clinical trial simulation
(6). Unfortunately, rifampin has limited penetration into the CNS.
However, dose optimization could potentially overcome this barrier,
as demonstrated by Ruslami et al. (7), where intensified treatment
in patients with TBM with high-dose intravenous rifampin during
the first 2 weeks of treatment substantially decreased mortality.
We have previously reported the use of 11C-rifampin, a radiolabeled analog of rifampin, for positron emission tomography (PET)
in live M. tuberculosis–infected mice to noninvasively assess rifampin
biodistribution in the lung (8) using specially designed sealed biocontainment devices (9). In the current study, we developed a multidrug TB treatment model in rabbits with experimentally induced
TBM (10) and performed dynamic 11C-rifampin bioimaging before
and during treatment. Imaging data were correlated with postmortem
analysis including rifampin concentration by mass spectrometry (MS),
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Tuberculous meningitis (TBM) is a devastating form of tuberculosis (TB), and key TB antimicrobials, including rif
ampin, have restricted brain penetration. A lack of reliable data on intralesional drug biodistribution in infected
tissues has limited pharmacokinetic (PK) modeling efforts to optimize TBM treatments. Current methods to mea
sure intralesional drug distribution rely on tissue resection, which is difficult in humans and generally limited to a
single time point even in animals. In this study, we developed a multidrug treatment model in rabbits with experi
mentally induced TBM and performed serial noninvasive dynamic 11C-rifampin positron emission tomography
(PET) over 6 weeks. Area under the curve brain/plasma ratios were calculated using PET and correlated with post
mortem mass spectrometry. We demonstrate that rifampin penetration into infected brain lesions is limited, spa
tially heterogeneous, and decreases rapidly as early as 2 weeks into treatment. Moreover, rifampin concentrations
in the cerebrospinal fluid did not correlate well with those in the brain lesions. First-in-human 11C-rifampin PET
performed in a patient with TBM confirmed these findings. PK modeling predicted that rifampin doses (≥30 mg/kg)
were required to achieve adequate intralesional concentrations in young children with TBM. These data demon
strate the proof of concept of PET as a clinically translatable tool to noninvasively measure intralesional antimicro
bial distribution in infected tissues.
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and an integrated PK–brain biodistribution model was used to predict brain biodistribution and the changes during treatment. In addition, we performed first-in-human 11C-rifampin bioimaging in a
24-year-old patient with TBM and demonstrated proof of concept
and feasibility of PET to noninvasively assess the spatial biodistribution of a key antimicrobial in privileged compartments.
RESULTS

A

B

Fig. 1. Experimental timeline and schematic. (A) Timeline of infection, antimicrobial treatment, and study procedures in rabbits. (B) 11C-rifampin for PET analysis (top) with
three-dimensional (3D) volumes of interest (VOIs) drawn to measure the PET signal to generate time-activity curves (TACs) used to calculate AUC over 30 min (AUC0–30), or
intravenous rifampin (bottom) for MS analysis. These results were used to develop a PK model to predict rifampin exposures in brain tissues. m/z, mass/charge ratio.
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Multidrug treatment
A multidrug treatment model in rabbits with TBM using direct
inoculation of M. tuberculosis via the subarachnoid route (10)
was developed. Oral treatment with rifampin (30 mg/kg; equipotent to 10 mg/kg in humans) and isoniazid (50 mg/kg; equipotent to ~16 mg/kg in humans) (11) was initiated 3 weeks after
infection (Fig. 1A). Cohorts of similarly infected rabbits were
either imaged using dynamic PET for 30 min immediately after
an intravenous dose of 11C-rifampin or necropsied 30 min after
an intravenous dose of unlabeled rifampin (30 mg/kg) for postmortem MS. Together, the PET and MS data were used for PK
modeling (Fig. 1B).
2-[18F]-fluorodeoxyglucose (18F-FDG) PET, which is a nonspecific but sensitive marker of inflammation, was used in conjunction
with computed tomography (CT) to visualize brain lesions (BLs)
(Fig. 2A), demonstrating higher uptake in BLs compared with the
contralateral unaffected brain (UB) (P < 0.008; Fig. 2B). BLs, shown
on postmortem examination (Fig. 2, C to E), were heterogeneous
and located in several regions of the brain, including along the meninges and deep within the parenchyma. Histopathologic examination of these lesions demonstrated areas of dense cellularity and few
bacteria in the lesions (Fig. 2F). Multidrug treatment led to a progressive decrease in the bacterial burden [colony-forming units
(CFU)] (Fig. 2G and fig. S1) and improvement in CSF protein and
glucose (Fig. 2, H and I) over several weeks of treatment.

Spatial heterogeneity of rifampin penetration into the brain
and temporal changes during treatment
Dynamic 11C-rifampin PET was performed over 30 min after an intravenous injection, and rifampin rapidly localized to the liver. The
paucity of 11C-rifampin signal in the brain suggested limited penetration (Fig. 3A). The 3D VOIs were drawn around TB lesions, and
PET activity was measured at many time points over 30 min to generate TACs. Compared with pretreatment (week 0), there was a decrease in the 11C-rifampin exposures to the infected BL after the
initiation of TB treatment (Fig. 3B) with a similar decrease in the
contralateral UB (fig. S2). A 3D reconstruction of the 11C-rifampin
PET in the infected rabbit is shown (movie S1).
11
C-rifampin TACs were used to calculate the AUC over 30 min
(AUC0–30) for each VOI and brain/plasma AUC0–30 ratios calculated
for all imaged rabbits to measure the penetration of 11C-rifampin
over the duration of treatment (Fig. 3C). Penetration of 11C-rifampin
into BLs significantly decreased (from 32 to 11%; P = 0.009) at 2 weeks
after initiation of treatment and remained low with similar decreases
also noted for the contralateral UB (from 29 to 9%; P = 0.009; fig. S3).
To validate the PET data, we also measured rifampin and 25-desacetyl
rifampin (active metabolite of rifampin) concentrations using postmortem analyses. Since 11C-rifampin (mass administered <100 ng)
was undetectable by standard MS, tissues were obtained after an
intravenous dose of rifampin (30 mg/kg; equipotent to 10 mg/kg
in humans). 25-Desacetyl rifampin levels were undetectable in CSF
and brain tissue and less than 0.22% in the plasma (table S1). To mirror
the PK profile of 11C-rifampin injected for PET, blood (plasma) was
sampled 10, 20, and 30 min after the dose, although brain tissue and
CSF (intracisternal) were only sampled at the time of necropsy
(30 min). Unexpectedly, rifampin concentration in the CSF remained
significantly lower than those in the BLs (P < 0.05) and did not correlate well with the changes in brain concentration over the duration
of treatment (Fig. 3, D and E). Absolute rifampin concentrations
from the contralateral UB tissues are shown (fig. S4).
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Fig. 2. Multidrug treatment in rabbits with experimentally induced TBM. (A) Transverse, coronal, and sagittal images from a representative infected rabbit pretreatment (week 0). BL seen on CT (left panels, yellow arrow) and 18F-FDG PET signal (right panels). (B) Standardized uptake values (SUVs) for 18F-FDG PET during treatment
(data represent three to nine VOIs from two to six animals at each time point except week 6, where one VOI from a single animal is shown). (C to E) Gross pathology
demonstrating BLs (yellow dotted outline) from animals 7 to 9 weeks after infection. (F) Hematoxylin and eosin (magnification, ×1; top, ×20) and acid-fast (bottom inset, ×100)
staining of brain tissues [from (E)]. (G) CFU in the brain tissues are shown on a logarithmic scale. At least five animals were used for each group and time point except
at weeks 4 (n = 4; treated group) and 6 (n = 1; untreated group). (H) CSF total protein and (I) glucose concentration over the treatment duration are shown. Controls refer
to uninfected animals. At least three animals were used for each group and time point except at week 0 for protein and glucose assays in the control group (n = 2)
and plasma glucose assays (n = 1 per group). CFU and CSF data are presented as means ± SD with statistical comparisons performed using two-tailed Student’s t test.
Imaging data are presented as median ± IQR with statistical comparisons performed using two-tailed Mann-Whitney U test. Statistical significance is represented by
*P < 0.05 or **P < 0.01.
11

C-rifampin PET exposures were spatially heterogeneous with intersubject and intrasubject variations in 11C-rifampin brain/plasma
AUC0–30 ratios in infected rabbits (Fig. 3F and table S2). Rifampin concentrations measured postmortem by MS in plasma, BL, and UB were
26.19 g/ml [interquartile range (IQR), 23.07 to 30.36], 1.39 g/ml (IQR,
1.07 to 1.79), and 0.86 g/ml (IQR, 0.81 to 1.40), respectively, at 30 min
after the intravenous (therapeutic) dose of rifampin (Fig. 3G). Median
rifampin concentration was not higher in the BL compared with the UB
(P = 0.39). The CSF concentrations (0.74 g/ml; IQR, 0.46 to 0.88) in the
same animals were significantly lower than those in the BLs (P = 0.014).
In the uninfected control (sham) animals, the CSF concentration was
also lower than the uninfected brain (fig. S5). The 11C-rifampin brain/
plasma AUC0–30 ratios in the uninfected control animals were significantly lower (P = 0.002) than those in the infected rabbits (fig. S6).
Dynamic 11C-rifampin PET in a patient with TBM
First-in-human 11C-rifampin PET was performed in a 24-year-old
female with TBM 2 weeks into TBM treatment (Fig. 4). Brain magnetic
resonance imaging (MRI) demonstrated focal areas of white matter
Tucker et al., Sci. Transl. Med. 10, eaau0965 (2018)
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and cortical region abnormalities (Fig. 4A, left). Post-gadolinium sequence showed multifocal nodular and meningeal enhancement consistent with active neuroinflammation (Fig. 4A, right). 11C-rifampin
PET was safe and well tolerated, and, similar to what was observed
in rabbits, limited penetration of rifampin was noted into the brain
(Fig. 4, B and C). After completion of imaging, the patient also received an intravenous dose of rifampin (600 mg over a 30-min infusion in lieu of the daily morning oral dose), and blood samples were
collected to determine rifampin and 25-desacetyl rifampin concentrations (Fig. 4D). Concentrations of 25-desacetyl rifampin remained
low (<6%) over this 30-min period.
PK modeling
A previously published PK model for rifampin after oral administration in patients with pulmonary TB (12), where the PK parameters were allometrically scaled down using body weight, was able to
predict both rifampin and 11C-rifampin plasma concentrations in
rabbits across the 6 weeks of treatment. The model schematics are
shown (Fig. 5A), with the parameter estimates listed in table S3.
3 of 11
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This model successfully predicted the mean rif
ampin plasma concentrations in experimentally
infected rabbits and the patient with TBM. External validation using literature-based PK data
(table S4) demonstrated that the mean prediction
of plasma rifampin of this chosen model captures
the magnitude and slope of the published data
(Fig. 5B). Furthermore, the allometrically scaled
PK model successfully fit 11C-rifampin plasma
activity in rabbits with TBM during TB treatment
(Fig. 5C). Although the observed profiles differ
in magnitude due to different 11C-rifampin doses
and body weights of representative rabbits, the
model captured the slopes. Last, comparison of
rifampin measured by MS and dose-normalized
11
C-rifampin PET signal in the plasma of a cohort
of 10 patients with TB [9 with pulmonary TB and
1 with TBM (shown in Fig. 4)] also demonstrated
similar PK characteristics manifested by their
slopes (fig. S7).
The observed 11C-rifampin concentrations were
used to develop the PK–brain biodistribution
model (Fig. 6 and table S5) and describe the distribution of 11C-rifampin into BLs (Fig. 6B) and
UB in rabbits (fig. S8). The PK–brain biodistribution model was then used to project rifampin
exposures [AUC0–24h and peak concentration
(Cmax)] in children. Because of the lower rifampin exposures reported in children, oral administration was simulated using 50% bioavailability
(13, 14). The probability of target attainment in
children aged 2 to 11 years for different rifampin
doses is shown in Fig. 7. Although the rifampin
tissue PD parameters required for optimal bacterial killing in TBM are not well defined, CSF
Cmax has often been quoted as such (7). Of the
4 of 11
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Fig. 3. Dynamic 11C-rifampin PET and rifampin MS.
(A) 3D reconstruction (left) and CT (top), 18F-FDG PET/CT
(middle), and 11C-rifampin PET/CT (bottom) images of the
sagittal, coronal, and transverse sections of the brain of a
representative infected rabbit at 4 weeks of treatment. Outline of the brain compartment (dotted yellow line), BL (yellow
arrow), and site of injection (white arrow) are shown. (B) TACs
demonstrating 11C-rifampin exposures (Bq/ml) over 30 min
in a BL from one animal imaged pretreatment (week 0) and
at 4 and 6 weeks into treatment (corrected for weight and
tracer dose). (C) 11C-rifampin brain/plasma AUC0–30 ratios in
BLs [data represent three to nine VOIs from two to six animals at each time point except week 6, where one VOI from
a single animal is shown]. (D) Rifampin concentration (g/ml)
and (E) tissue/plasma ratios (tissue30min ratio) from MS in
postmortem samples at 30 min after rifampin intravenous
dose at weeks 0 (n = 3 rabbits), 2 (n = 2), 3 (n = 1), and 4
(n = 3). (F) 11C-rifampin TAC from the same representative
rabbit [from (A)]. (G) Rifampin concentration from all infected
rabbits sampled (n = 9). Median and IQR are shown. *P < 0.05,
**P < 0.01, and ***P < 0.001 by Wilcoxon signed rank test
and two-tailed Mann-Whitney U test.
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is planned for clinical reasons. Advanced
techniques such as matrix-assisted laser
desorption ionization (MALDI) MS can
provide detailed spatial distribution of
TB drugs but rely on invasive resection of tissue (21). However, molecular imaging techniques such as PET
can quantify the distribution of radiolabeled compounds with high sensitivity (nano-to picomolar) throughout
the body (22). Moreover, dynamic PET
B
r
D
can yield continuous data at multiple
time points to simultaneously determine AUC in multiple compartments
I
I
of interest (brain, plasma, infected site,
etc.). Furthermore, noninvasive imaging permits longitudinal assessments in
the same individual over the course of
the disease (e.g., duration of treatment),
which is a fundamental advantage over
Fig. 4. Dynamic 11C-rifampin PET in a patient with TBM. (A) Brain MRI fluid-attenuated inversion recovery (FLAIR) and
current tools that are often limited to
post-gadolinium sequences. (B) Dynamic 11C-rifampin PET/CT fusion images and (C) TACs demonstrating 11C-rifampin
one time point (23). Although PET may
exposures (Bq/ml) over 40 min in the plasma and brain (lesion and unaffected). (D) Mass spectrometry results for
not be widely available in the developplasma rifampin and 25-desacetyl rifampin in this patient.
ing world, it can still be performed at
most major referral centers and thus
1000 simulated subjects, only oral doses of ≥30 mg/kg provided ≥90% enable small phase 0 studies (24), which could provide detailed huprobability of target attainment. Thresholds to obtain probability of man data of new or repurposed antimicrobials into diseased tissues
attainment were defined as Cmax >4 g/ml (bactericidal concentra- without the need of invasive procedures.
tion (15), assuming M. tuberculosis minimum inhibitory concentraIn the current study, dynamic PET allowed us to determine the
tion of 1 g/ml) in the BLs at the initiation of treatment and sustained spatial biodistribution and temporal changes in drug exposures over
Cmax >1 g/ml during the intensive phase of TBM treatment. The the duration of TBM treatment. Consistent with previous data
projected mean rifampin AUC0–24h and Cmax in BLs in a 2-year-old (8, 25), rifampin penetration into the brain was substantially rechild (weighing 15 kg) at different rifampin doses are presented in stricted. However, we also demonstrate that rifampin penetration
table S6. The rifampin concentrations were also predicted in the pa- into the brain decreased substantially by 2 weeks of TB treatment.
tient with TBM imaged in this study (table S7), which demonstrated This finding is important because it suggests that increasing the rif
that by 2 weeks of treatment, both daily oral 600 and 900 mg had ampin dose during the initial phase of treatment could be effective
similarly low BL Cmax (<1 g/ml).
in achieving higher intralesional concentrations in infected BL. In
addition, since rifampin is a potent sterilizing agent that is administered for the full 12-month duration of TBM treatment, it is possible
DISCUSSION
that only subtherapeutic intralesional concentrations are achieved
Historically, dosing recommendations for TB drugs have been based after the initial 8-week intensive treatment. The decreased rifampin
on blood concentrations and traditional measures of efficacy such as penetration in the brain with TB treatment is most likely due to probactericidal activity and relapse free cure. However, data on drug gressive repair of the leaky BBB (26), but induction of P-glycoprotein
concentrations achieved at the target infection sites are still limited, efflux pumps (27) could also have contributed to this effect.
restricting efforts toward optimizing antimicrobial treatments (16).
In addition to the intersubject variability, rifampin exposures
Serious consequences of inadequate drug concentration in target tissues were also spatially heterogeneous and variable in the BLs within the
include treatment failure and selection pressure for antimicrobial- same host. This is consistent with the concept that different pathoresistant organisms (17). Similarly, higher than necessary concen- logical states occur simultaneously in the same host (28), and gettrations of some drugs can be associated with serious toxicities (18). ting sufficient drug to these different lesions would be essential for
Therefore, a growing number of studies and the U.S. Food and Drug optimizing TBM treatment. Rifampin concentrations in BLs were
Administration (FDA) support the importance of monitoring drug significantly higher than those in the CSF and did not correlate well
concentrations in infected tissues (19). Preclinical studies have been with the changes in brain concentration over the duration of treatuseful to model antimicrobial PK in pulmonary TB (20) but may be ment. While CSF can be sampled more easily (versus brain biopsy)
fundamental for devastating diseases like TBM (3), where infection and, therefore, is generally the current standard for assessing antisites are separated from the systemic circulation.
microbial penetration into the brain, the finding that the CSF does
For deep-seated and localized infections, clinical samples such as not necessarily correlate with the concentrations in the infected BLs
blood or CSF often fail to correlate with the pathological changes at the is an important one. Rohlwink et al. (29) have demonstrated that bioinfection sites. Moreover, direct measurement cannot be achieved in chemical characteristics of the CSF obtained via lumbar puncture were
humans except in extreme circumstances when tissue biopsy/resection different from that obtained from the ventricles in children with TBM,
A

I
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possibly because of barriers that affect the uniform circulation of
CSF, reinforcing the need for measuring drug concentrations at the
infection site. Using MALDI MS, Prideaux et al. (21) have demonstrated that after administration of multidoses, rifampin accumulates in the necrotic lung tissues of M. tuberculosis–infected rabbits
and patients with pulmonary TB. However, MS results from our
TBM study did not demonstrate rifampin accumulation in the
brain or CSF. Last, we also performed 11C-rifampin in a patient
with TBM who had received 2 weeks of TB treatment, including
corticosteroids. Consistent with the data from the rabbit model,
penetration of rifampin into BLs was significantly restricted.
Imaging data were used to develop an integrated PK–brain biodistribution model scaled to project BL exposures in children at varying doses. External validation was performed on available rifampin
PK data in adult and pediatric populations with pulmonary TB receiving varying doses, which demonstrated that this chosen PK model captured the magnitude and slope of the data. Current guidelines
for TBM in children suggest an oral dose of 10 to 20 mg/kg (30);
however, our model-based Monte Carlo simulations suggest that
only oral doses (≥30 mg/kg) would provide ≥90% probability of target attainment. These results are similar to pediatric dosing recommendations from a population PK/PD model using plasma and CSF
data from adults and children (31). Similarly, projected BL exposures
in the patient with TBM demonstrated that by 2 weeks of treatment,
the BL Cmax was well below target. However, our data did not incorporate the concomitant use of corticosteroids, which, by reducing the
Tucker et al., Sci. Transl. Med. 10, eaau0965 (2018)
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permeability of the BBB (32), could potentially limit even further
the penetration of rifampin into the BLs, thereby reducing Cmax.
Although Ruslami et al. demonstrated that high-dose intravenous
rifampin (13 mg/kg) during the first 2 weeks of treatment in adult
patients with TBM substantially decreased mortality (7), a subsequent
larger trial reported by Heemskerk et al. (33) using oral rifampin
(15 mg/kg) for the first 8 weeks of treatment did not show this benefit. Although differences in the study populations (more patients
with advanced TBM in the Ruslami et al. trial) and different rifampin drug exposures due to oral versus intravenous dosing may have
contributed to the different results, Heemskerk et al. have also postulated that clinical outcomes may be more closely associated with
intracerebral inflammatory response rather than rapid bacterial
killing. These questions will also need to be addressed in preclinical
studies and subsequent clinical trials.
Our study has some limitations. The rabbit model in this study
uses direct inoculation, which does not recapitulate the natural
aerosol route of infection, but it reliably produces the desired TBM
infection with key neuropathological features of human disease.
Given high protein binding (34, 35), rifampin concentrations measured by MS (representing bound and unbound rifampin) may
overrepresent the active proportion of rifampin in plasma. Total
and unbound rifampin should be in equilibrium, but only the unbound drug is active and diffuses into tissues, and this was therefore
accounted for in the modeling. Because of the high specific activity
of 11C-rifampin, only nanogram quantities of rifampin are typically
6 of 11
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Fig. 5. Plasma 11C-rifampin
and rifampin have similar PK c h aracteristics.
(A) Schematic representation of the PK model of oral
rifampin from (12). Mean
transit time (MTT), clearance (CL), volume of distribution (V), maximal increase
in the enzyme production
rate (Smax), rifampin concentration at which half the
Smax is reached (SC50), and
rate constant for first-order
degradation of the enzyme
pool (kenz). (B) Observed
(purple dots) and model-
predicted (black lines) rifampin plasma concentrations
using digitized data from
literature (table S4). (C) Observed (purple dots) and
individual model predicted
(black line) 11C-rifampin activity in plasma in represent
ative TBM rabbits during
treatment.
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B

administered to each subject in PET studies with no significant
therapeutic effects. Although it has been hypothesized that extra
polation of data derived from microdosing studies may poorly predict
drug disposition when given at therapeutic doses, current evidence
suggests that microdosing is a reliable predictor of the biodistribution of therapeutic doses in humans (36). Furthermore, our analyses
demonstrated that biodistribution of 11C-rifampin in plasma was
similar to that of rifampin administered at therapeutic doses in both
rabbits and humans. Moreover, while we noted an initial decrease in
rifampin plasma concentrations, no decrease was noted beyond 7 days
of treatment, signifying that autoinduction of hepatic metabolism
had peaked by this time into treatment. To avoid affecting drug distribution or binding, carbon-11 (or 11C), a radioisotope with a halflife of 20.38 min, was chosen so that it could replace an endogenous
carbon atom in rifampin without altering its chemical structure.
Rifampin is known to rapidly equilibrate into tissues [equilibration
t1/2 ~1 min (37)], and we therefore fully captured it within the 30- to
40-min dynamic imaging window. However, the ability to image for
longer periods would indeed be advantageous and could be achieved
by introducing longer half-life isotopes such as fluorine-18 in other
promising TB drugs that already have fluorine atoms (e.g., oxazol
idinone, pretomanid, and delamanid). For 11C-rifampin, the position of the radiolabel was chosen to ensure that it would be retained on
the molecule even after being metabolized in the liver (38). Although
PET cannot distinguish the drug from the metabolite, the proportion of 25-desacetyl rifampin was low (undetectable in brain tissue
and CSF and <0.22% in plasma) in rabbits and patient with TBM
(<6%) and thus did not contribute significantly to the PET signal.
While critical for TB treatment, rifampin is also widely used to
treat serious infections such as infective endocarditis and infected
Tucker et al., Sci. Transl. Med. 10, eaau0965 (2018)

5 December 2018

I

Downloaded from http://stm.sciencemag.org/ by guest on December 3, 2020

Fig. 6. PK–brain biodistribution rifampin
model schematic and its goodness of fit in
BLs. (A) Schematic of the developed PK–brain
biodistribution model describing the distribution
of rifampin into UB and BLs. Parameters include
clearance (CL) from the central compartment,
volume of distribution (VC) of the central compartment, clearance of unbound rifampin from
plasma to UB or from plasma to BLs (Q), volume of
distribution of UB (VUB), volume of distribution
of BLs (VBL), partition/penetration coefficient (PC),
partition/penetration coefficient at the start of
treatment [week 0 (PC0)], partition/penetration
coefficient beyond 2 weeks of treatment (PC≥2),
MTT, maximal increase in the enzyme production rate (Smax), rifampin concentration at which
half the Smax is reached (SC50), and rate constant
for first-order degradation of the enzyme pool
(kenz). (B) Observed (purple dots) and average PK
model predicted (black lines) 11C-rifampin exposures in BLs in representative rabbits.

I

Fig. 7. Probability of target attainment for different rifampin doses in children.
A population of 1000 children (2 to 11 years) between the World Health Organization
(WHO) 25th and 75th percentile weight distribution was used to perform Monte Carlo
simulations based on the developed PK–brain biodistribution model. Rifampin exposures in the lesions (Cmax) were then used to calculate the probability of target
attainment, defined as the percentage that achieved rifampin Cmax values in the
lesions above 4 g/ml at the start of treatment or above 1 g/ml subsequently.

prostheses, especially due to Staphylococcus aureus (and methicillin-
resistant S. aureus), which are similarly plagued with inadequately
optimized dosing (39). Therefore, PET could also be used to optimize rifampin dosing in serious nonmycobacterial diseases, which
are a cause of significant morbidity and mortality in the United States.
Last, while we have focused on rifampin, this technology is broadly
applicable and, combined with PK/PD modeling, could be used
to study other antimicrobials and enable precision medicine in
resource-rich settings.
7 of 11
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MATERIALS AND METHODS

Animal infection
M. tuberculosis H37Rv titrated frozen stocks were obtained from
the laboratory of S.K.J. Male and female New Zealand White rabbits
(Robinson Services Inc.) at postnatal days 4 to 8 were inoculated in
their subarachnoid space (10). A 28-gauge insulin syringe was used
to inject 20 l of freshly prepared M. tuberculosis suspension delivering 1.42 ± 0.21 log10 CFU into the brain of each animal. Uninfected
control (sham) rabbits were injected with phosphate-buffered saline in the same manner as done in infected animals. In infected
rabbits that received treatment, antimicrobials were administered
starting 3 weeks after infection. Daily oral doses (5 days per week)
of rifampin (30 mg/kg; equipotent to 10 mg/kg in humans; Sigma-
Aldrich) and isoniazid (50 mg/kg; equipotent to ~16 mg/kg in humans;
Sigma-Aldrich) were administered (11). Animals were euthanized
with pentobarbital sodium (120 mg/kg), and organs were aseptically
harvested. To enumerate the bacterial burden, organs from infected
rabbits were homogenized and plated onto Middlebrook 7H11 selective plates (Becton Dickinson) (10). CSF samples were centrifuged,
and the supernatant was used to measure protein (BCA protein test,
Pierce) and glucose (glucose assay kit, BioVision).
Imaging
11
C-rifampin was synthesized as a sterile, pyrogen-free solution of
high specific activity (826 ± 198 GBq/mol) and high radiochemical
purity at the Johns Hopkins PET Radiotracer Center using Current
Good Manufacturing Practices.
Rabbits
Live M. tuberculosis–infected and uninfected control rabbits were
imaged using sealed biocontainment devices compliant with biosafety
level 3 (10). Because of the short half-life of 11C-rifampin, “on-table”
injections via the ear vein (62.83 ± 8.66 MBq of 11C-rifampin) were
administered (8), and dynamic PET was performed over 30 min
(except one animal at week 4 that was imaged for 15 min) using the
Tucker et al., Sci. Transl. Med. 10, eaau0965 (2018)
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nanoScan PET/CT (Mediso) small animal imager. On the day of
imaging, the oral rifampin dose was administered only after the
completion of the 11C-rifampin PET. All animals also underwent
18
F-FDG PET ~45 min after intravenous injection of 16.41 ± 8.36 MBq
of 18F-FDG (Sofie Co.) (40) and ~100 min after 11C-rifampin imaging, when 11C would have decayed.
Humans
Ten patients with confirmed TB (using microbiology or molecular
testing) receiving daily rifampin-based treatment were recruited
under an ongoing study investigating the biodistribution and PK of
rifampin. A patient with TBM treated with oral dexamethasone and
2 weeks into treatment was among those recruited. 11C-rifampin
was used per the FDA Radioactive Drug Research Committee program guidelines (41). The study team had no role in the diagnosis or
clinical management of the patients. The morning dose of rifampin
was not administered before imaging. The subject received an intravenous bolus of 370 MBq of 11C-rifampin followed immediately by
dynamic PET/CT (Biograph mCT, Siemens) for 40 min using a
multi-bed dynamic protocol. After completion of imaging, 600 mg
of rifampin was administered intravenously and blood samples
were collected from the contralateral arm. Plasma was separated on
the same day and stored for analysis.
Image analysis
Images were reconstructed and coregistered using VivoQuant 3.5
(InviCRO). 3D spherical VOIs were drawn to measure 11C-rifampin
PET signal in whole blood (carotid in rabbits; left ventricle in humans), BLs [visualized on MRI (human) or CT and/or with 18F-FDG
PET (rabbits)], and contralateral UB regions in the infected brain
(human and rabbits) and presented as mean Bq/ml. Multiple VOIs
were drawn if multiple lesions were visualized in the same subject.
Whole-blood VOIs were corrected to plasma using the average hematocrit (50%) in young rabbits (42) and the patient’s measured
hematocrit (37.9%). The brain VOIs were corrected for cerebral
blood volume (3%) (43).
Mass spectrometry
Blood samples were drawn and collected in tubes with EDTA [BD
Vacutainer (human) and BD Microtainer (rabbit), Fisher Scientific
Co. LLC] to separate into the plasma sent for measurement by
validated ultra performance liquid chromatography/tandem MS
(LC-MS/MS) assays of rifampin and 25-desacetyl rifampin at the
University of Florida. The standard curves for each compound
ranged from 50.00 to 0.05 g/ml. CSF and brain tissues from rabbits were also analyzed. The assay measured total (free and protein
bound) concentrations.
Plasma PK model
A published PK model for rifampin after oral administration was
used to describe the PK of both rifampin and 11C-rifampin in plasma across different species and body weights (12). This model was
scaled up, and its ability to predict rifampin concentrations in humans was evaluated using both internal and external data digitized
from the literature (six adult and eight pediatric populations) (full
list in table S4) (13, 44).
PK–brain biodistribution model
11
C-rifampin PET data (Bq/ml) were converted to mass (ng/ml) using
the molecular weight of 11C-rifampin, specific activity, and injected
8 of 11
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Study design
The objective of this study was to use a noninvasive technology in
M. tuberculosis–infected subjects to understand the spatial distribution of rifampin at infection sites and how this distribution may
change during treatment. CT and 18F-FDG were performed in rabbits
to assist with noninvasive visualization of BLs. Dynamic 11C-rifampin
PET/CT imaging and MS analysis were performed to follow changes
to rifampin exposures with treatment. TACs were used to calculate
AUCs in the brain and plasma to determine tissue/plasma AUC0–30
ratios. PET results were corroborated by MS assays for rifampin
and 25-desacteyl rifampin analysis in plasma (human and rabbit),
CSF (rabbit only), and brain tissue (rabbit only). First-in-human
11
C-rifampin PET studies were performed in a cohort of 10 patients
with TB to demonstrate the proof of concept and feasibility of PET as
a clinically translatable tool. An integrated PK–brain biodistribution
model was developed that captured the rifampin plasma and brain
distribution and was used to predict brain PK in children. Sample
size, selection, and replicates are provided in the figure legends. Although the study was not blinded, a unique identification number
was provided to each subject, and VOIs and MS were performed without knowledge of group assignment. All protocols were approved
by the Johns Hopkins University Biosafety, Radiation Safety, Animal
Care and Use and Institutional Review Board Committees. Primary
data are reported in table S8.

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
dose. To capture the observed decrease in rifampin penetration BLs
and UB over time, two different penetration/partition coefficients
(PCs) were estimated: PC0, at the start of treatment (week 0), and
PC≥2, at 2 weeks after treatment initiation and onward. Only the
unbound rifampin fraction in plasma (0.25) (35) was assumed to be
available to penetrate the brain tissue.
Pediatric dosing simulations
Monte Carlo simulations were performed using the developed PK–
brain biodistribution model to predict rifampin exposures in BLs
(AUC0–24h and Cmax), assuming that the distribution kinetics of plasma
to brain in rabbits is similar and scalable to children. A simulated
population of 1000 children (2 to 11 years) with a weight distribution between the 25th and 75th percentiles of the WHO weight-for-age
standards (45) was used. Rifampin exposures in the lesions (Cmax)
were then used to calculate the probability of target attainment.
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TB on the brain
Children and immunodeficient individuals are especially prone to tuberculosis infections in the brain,
causing tuberculous meningitis. Tucker et al. used a rabbit model of tuberculous meningitis and PET imaging to
better understand drug distribution. They found that despite sufficient drug concentration in the plasma, rifampin
was not penetrating the TB lesions in the brain. These findings were reflected in the imaging of a human patient
with tuberculous meningitis. Pharmacokinetic modeling revealed that dosing in pediatric patients would likely need
to be adjusted to allow for sufficient rifampin penetration into affected brain areas.

