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Low antituberculosis (TB) drug levels are common, but their clinical significance remains unclear, and
methods of measurement are resource intensive. Subjects initiating treatment for sputum smear-positive
pulmonary TB were enrolled from Kibong’oto National TB Hospital, Tanzania, and levels of isoniazid,
rifampin, ethambutol, and pyrazinamide were measured at the time of typical peak plasma concentration
(C, ). To evaluate the significance of the effect of observed drug levels on Mycobacterium tuberculosis growth,
a plasma TB drug activity (TDA) assay was developed using the Bactec MGIT system. Time to detection of
plasma-cocultured M. tuberculosis versus time to detection of control growth was defined as a TDA ratio. TDA
assays were later performed using the subject’s own M. fuberculosis isolate and C, ,, plasma from the Tanzanian
cohort and compared to drug levels and clinical outcomes. Sixteen subjects with a mean age of 37.8 years =
10.7 were enrolled. Fourteen (88%) had C, ,, rifampin levels and 11 (69%) had isoniazid levels below 90% of the
lower limit of the expected range. Plasma spiked with various concentrations of antituberculosis medications
found TDA assay results to be unaffected by ethambutol or pyrazinamide. Yet with a range of isoniazid and
rifampin concentrations, TDA exhibited a statistically significant correlation with drug level and drug MIC,
and a TDA of ~1.0 indicated the presence of multidrug-resistant TB. In Tanzania, low (=2.0) TDA was
significantly associated with both lower isoniazid and rifampin C, , levels, and very low (=1.5) TDA corre-
sponded to a trend toward lack of cure. Study of TDA compared to additional clinical outcomes and as a

therapeutic management tool is warranted.

Tuberculosis (TB) is the leading cause of death from a
curable infectious disease worldwide, and resource-limited set-
tings bear a disproportionate burden of TB prevalence and
poor treatment outcomes (30). Even in TB patients receiving
appropriate multidrug therapy, treatment outcomes can be
poor due to immunosuppressive comorbidities, delayed pre-
sentation to medical care, and impaired adherence to treat-
ment requirements but can also be secondary to inadequate
pharmacotherapy. Peak plasma levels (estimated C,,,,) of an-
tituberculosis drugs below the expected range occur commonly
in patients, and yet the exact role of low drug levels in treat-
ment outcome is not fully understood (2, 3, 11, 13-15). Given
that the majority of patients with TB reside in resource-limited
settings, widespread application of drug level monitoring is
impractical and too costly (2, 14). Thus, alternative means of
identification of patients possibly at risk of poor treatment
outcome due to low drug levels, and strategies to optimize
existing drug regimens, are of critical research importance
(6, 21, 22).

We therefore developed an assay that could potentially de-
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termine the impact of low drug levels and serve as an accessible
clinical tool. The assay uses a patient’s plasma or serum col-
lected during TB treatment and the patient’s own Mycobacte-
rium tuberculosis isolate and measures time to detection in
liquid culture. The principles of the assay are derived from
prior study of serum bactericidal dilutions for the management
of endocarditis (19). Results are reported as a ratio of the time
to detection of plasma-cocultured M. fuberculosis to the time to
detection of M. tuberculosis alone. We modeled the assay on
the work by Wallis et al. in whole-blood culture studies (25-27)
in which time to detection in the Bactec MGIT system (Becton
Dickinson, Sparks, MD) is used in replacement of conven-
tional colony counting. Others have found a 1-log decrement in
levels of bacilli to be approximately equivalent to a 1.2- to
1.3-fold increase in time to detection (4, 18). We additionally
chose the MGIT system for its ease of reproducibility and
current WHO-endorsed suitability for scaling up for use in
intermediate-volume laboratories in resource-limited areas.
Furthermore, we utilized plasma or serum without leukocytes
to constrain analysis to drug effects.

MATERIALS AND METHODS

Tanzania. We first sought to describe the extent of low drug levels in a
population of patients starting treatment in a setting of high TB prevalence and
at relatively low risk of malabsorption. Subjects initiating TB treatment at
Kibong’oto National TB Hospital (KNTH) in Kilimanjaro, Tanzania, were re-
cruited for enrollment. Inclusion criteria specified subjects = 18 years of age who
had no prior TB treatment history, were HIV negative, and had newly diagnosed
sputum smear-positive pulmonary TB. Per the KNTH protocol, all subjects
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received fixed-dose combination tablets that included isoniazid (INH) (75 mg),
rifampin (RMP) (150 mg), ethambutol (EMB) (275 mg), and pyrazinamide
(PZA) (400 mg) based on weight: for patients who weighed <50 kg, 3 tablets
were administered; and for patients who weighed =50 kg, 4 tablets were admin-
istered. Subjects who had any recent history of nausea, vomiting, or diarrhea
were excluded. Specimen processing and analysis were performed at Kilimanjaro
Christian Medical College (KCMC) in Moshi, Tanzania. Written consent was
obtained from all subjects, and protocols were approved by the Institutional
Review Boards of Tumaini University at KCMC and the University of Virginia.

Prior to the initiation of TB treatment, sputum was collected for culture in the
automated Bactec MGIT 960 system. Standard analyses of drug susceptibilities
to INH, RMP, EMB, and streptomycin were performed with a Bactec SIRE kit
to detect critical concentrations of INH (0.4 pg/ml), RMP (1.0), EMB (5.0), and
streptomycin (1.0). Blood was collected at 14 days following TB treatment ini-
tiation and at 2 h after the observed administration of all antituberculosis med-
ications. Subjects were served a meal of porridge approximately 1 h before
medication administration per hospital routine. Blood was transported on ice to
KCMC, where plasma was separated from the blood draw within 2 h and stored
at —80°C for shipment to the Radboud University Nijmegen Medical Centre in
the Netherlands, where high-performance liquid chromatography (HPLC) mea-
surements for INH, RMP, EMB, and PZA were performed by validated meth-
ods. For INH, measurement of the acetyl-INH level was also performed to
determine the acetylator phenotype. A plasma acetyl-INH/INH ratio > 1.0 was
categorized as representing a “fast” metabolizer of INH and a ratio = 1.0 as
representing a “slow” metabolizer (22). An intermediate INH acetylator pheno-
type was not determined, as, when the assay had been performed previously, it
had required blood draws at additional time points following dose administra-
tion. Drug levels were compared to established C, ,, reference ranges and cate-
gorized as “low” if below 90% of the expected lower limit (12, 15). Subjects were
reevaluated at 2 months and 6 months for sputum smear conversion, change in
weight, subjective improvement based on assessment by a local TB clinician
blinded to study results, and mortality. TB drug activity (TDA) testing was later
performed at KCMC with the patient’s own M. tuberculosis isolate and plasma.

TDA assay development. Concentrations within and below the expected C, 4,
range for INH and RMP (Sigma-Aldrich, St. Louis, MO) were spiked into
plasma of a healthy, tuberculin skin test-negative volunteer. Expected C, ;, con-
centrations of EMB (MP Biomedicals, Solon, OH) and PZA (BD Diagnostic
System, Sparks, MD) were also added for further comparisons. INH, EMB, and
PZA were dissolved in sterile distilled water and RMP in dimethyl sulfoxide.

The M. tuberculosis isolates used in the study were H37Rv (ATCC 27294), two
recent clinical isolates susceptible to INH, RMP, EMB and PZA, and two recent
clinical isolates resistant to INH and RMP (referred to here as multidrug-
resistant TB [MDR-TB] isolates). For susceptibility testing, a 1.0 McFarland
suspension was made, and 10~2 and 10~ * dilutions were inoculated onto Middle-
brook 7H10 agar with and without drug and incubated at 35°C. Conventional
testing was carried out according to the 1% proportions method using estab-
lished critical concentrations for INH, RMP, and EMB (31). Serial dilutions of
INH, RMP, and EMB were used to establish the MIC, defined as the lowest
concentration of drug that inhibited more than 99% of the bacterial population
after 21 days from inoculation. PZA susceptibility testing was performed in
PZA-specific Bactec MGIT media.

TDA assays were performed by adding a 500-w.1 suspension of a 10! dilution
of 0.5 McFarland for each M. tuberculosis isolate to a 2-ml screw-top tube; the
suspension was centrifuged at 12,000 rpm for 10 min at room temperature, the
supernatant was removed, and 300 wl of PBS was added and followed by 300 pl
of plasma. Tubes were incubated for 72 h at 37°C and then centrifuged at 12,000
rpm for 5 min, and the supernatant was removed. A 1-ml volume of sterile
distilled water was then added with repeat vortexing, prior to a final centrifuga-
tion at 12,000 rpm for 10 min. The supernatant was discarded, 500 wl of Middle-
brook 7H9-10% oleic acid-albumin-dextrose-catalase (OADC) was added, and
the mixture was subjected to vortexing, transferred to a prefilled 7-ml MGIT
tube, and incubated in the MGIT 320 machine until time to detection. For
control tubes, identical 500-pl inocula were added for each of the isolates and
incubated until the time to detection was determined. TDA was reported as the
ratio of the time to detection of plasma-cocultured TB in hours to the time to
detection of control. All experiments were approved by the Institutional Bio-
safety Committee of the University of Virginia.

Statistics. For all analyses, means were compared using a ¢ test or medians by
a Mann-Whitney test for nonparametric data. All M. tuberculosis TDA cultures
experiments were performed in duplicate or triplicate, except in Tanzania, where
they were performed once. The correlation between TDA ratios and C,,,/MIC
ratios for INH or RMP was calculated using the Pearson coefficient. TDA ratios
were compared to clinical characteristics and outcomes in the Tanzanian cohort
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by x? or Fisher’s exact testing when appropriate. All P values were from two-
tailed tests.

RESULTS

Tanzania: plasma drug levels. A total of 16 subjects with
newly diagnosed smear-positive pulmonary TB were evaluated.
All were inpatients and received directly observed medication
administration. The mean patient age was 37.8 years = 10.7,
and 13 (81%) of the patients were male. The mean weight at
the time of diagnosis was 48.8 kg = 7.9. Eight (50%) of subjects
were below 50 kg in weight and hence were prescribed 3 fixed-
dose combination tablets. Drug susceptibility testing revealed
15 of the isolates from the subjects to be susceptible to INH,
RMP, EMB, and streptomycin. One subject’s isolate was re-
sistant to EMB only.

HPLC testing demonstrated the majority of patient plasma
samples to have very low levels of INH, RMP, and EMB
(Table 1). Fourteen (88%) had low C, ,, levels of RMP (ex-
pected C, ,, range, 8 to 24 pg/ml), with a mean of 2.5 * 2.9
pg/ml. Two patients had trace RMP levels below the limit of
quantification. Eleven (69%) patients had low C, , levels of
INH (expected C, ,, range, 3 to 5 pg/ml), with a mean of 1.85
pg/ml = 1.3. Acetyl-INH testing revealed a fast acetylator
phenotype in 6 (38%) patients. Of the patients with low C,
levels of INH, 3 (27%) were fast acetylators compared to 1
(20%) of those with levels in the expected range (P = not
significant [NS]). An additional 12 (75%) patients had low C, ,,
levels of EMB (expected C, ,, range, 2 to 6 pg/ml), with a mean
of 1.25 = 0.8 pg/ml. Drug levels were not explained by the
concentrations of medication administered. For instance, of
the 8 patients with the highest-concentration RMP dose
(=11.0 mg/kg), 5 (63%) had RMP C, , levels < 1 pg/ml.

Development of the TDA assay. We postulated that the TDA
measurements would predominantly reflect the activity of INH
and RMP, since pyrazinamide (PZA) is inactive at the pH of
standard MGIT media and EMB is largely bacteriostatic (23).
To examine this supposition, we compared the mean TDA for
plasma without drug to the mean TDA for plasma spiked with
EMB at 5 pg/ml (expected C, ,, range, 2 to 6 pg/ml) and
plasma spiked with PZA at 30 pg/ml (expected C, ,, range, 20
to 50 wg/ml) (see Fig. S1 in the supplemental material). For the
drug-susceptible clinical isolates (isolates 1 and 2) and H37Rv,
the EMB MICs were 2.5 pg/ml for each. The mean TDA
values were 0.99 = 0.05 for plasma across all isolates, 1.16 =
0.1 with the addition of EMB, and 0.9 = 0.16 with the addition
of PZA (P = NS).

Given the finding of minimal to no activity of EMB and
PZA, we sought to examine the effects of INH and RMP.
Concentrations of INH (0 to 5 pg/ml) and RMP (0 to 16
wg/ml) starting from below the expected C, ,, range to the
highest concentration in the expected range were studied in
checkerboard format (Fig. 1). A dose-response relationship
was observed in which higher plasma concentrations of drug
resulted in a measurable increase in TDA. Keeping a single
drug concentration constant at the lower range of normal but
increasing the level of the alternative drug produced a signif-
icantly increased TDA. However, the response attributable to
INH or RMP was more pronounced in the isolates for which
the MICs of those agents were lower (Fig. 1). For example, the
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TABLE 1. C, ,, levels of antituberculosis drugs and doses administered to Tanzanian subjects as fixed-dose tablet combinations at 14 days of
treatment for pulmonary TB*

. INH
Subject INH concn RMP concn EMB concn PZA concn

no. Wt (kg) (mg/ke) C, , INH aé:;tgéztr(}),r (mg/ke) C, , RMP (mg/ke) C, , EMB (mg/ke) C,, PZA
1 52 5.8 2.5 Slow 11.5 7.9 21.1 2.9 30.7 33

2 41 55 1.3 Slow 11.0 0.19 20.1 0.70 29.3 17
3 45 5.0 2.8 Fast 10.0 7.8 18.3 2.5 26.7 38
4 66 4.5 0.45 Fast 9.1 0.17 16.6 0.53 242 17
5 49 4.6 3.6 Slow 9.2 6.1 16.8 2.1 24.5 32
6 41 55 1.2 Slow 11.0 0.17 20.1 0.66 29.3 20
7 40 5.6 0.5 Fast 11.3 0.48 20.6 0.76 30.0 20
8 51 5.8 0.25 Slow 11.8 tr 21.6 0.36 31.3 7.7
9 60 5.0 1.6 Slow 10.0 0.97 18.3 1.6 26.7 24
10 51 5.8 1.2 Slow 11.8 0.79 21.6 0.99 31.3 26
11 52 5.7 3.6 Slow 11.5 3.8 21.2 1.2 30.8 30
12 51 5.8 4.2 Slow 11.8 4.0 21.6 1.0 31.3 34
13 58 5.2 0.23 Fast 10.3 tr 19.0 0.55 27.6 8
14 42 5.4 1.9 Slow 10.7 0.75 19.6 1.0 28.6 19
15 37 6.1 3.2 Slow 12.1 6.2 22.3 2.5 324 36
16 45 5.0 1.1 Slow 10.0 0.23 18.3 0.71 26.7 17

“ The fixed-dose tablets administered included isoniazid (INH) (75 mg), rifampin (RMP) (150 mg), ethambutol (EMB) (275 mg), and pyrazinamide (PZA) (400 mg);
for patients weighing <50 kg, 3 tablets were given, and for those weighing =50 kg, 4 tablets were given. Values shown in bold are within 90% of the expected C, ,, range
(reported in micrograms per milliliter). Expected C, |, range for INH, 3 to 5 pg/ml; for RMP, 8 to 24 pg/ml; for EMB, 2 to 6 pg/ml; for PZA, 20 to 50 pg/ml. INH
acetylator phenotype values represent ratios of plasma levels of acetyl-isoniazid to those of isoniazid. Values greater than 1.0 were categorized as representing fast
acetylation; values less than or equal to 1.0 were categorized as representing slow acetylation.

mean change in TDA upon increasing the INH concentration
from 0 to 5.0 wg/ml across fixed RMP concentrations was
1.48 + 0.36 for isolate 1 (INH MIC, <0.03 png/ml; RMP MIC,
0.25 pg/ml) but was only 0.95 = 0.1 for isolate 2, which had a
higher INH MIC (INH MIC, 0.06 pg/ml, RMP MIC, 0.5 pg/
ml) (P = 0.03). The effect of altering the RMP concentration
was more pronounced; the mean change in TDA resulting
from increasing the RMP concentration from 0 to 16.0 pg/ml
across fixed INH concentrations was 1.95 = 0.35 for isolate 1
but was only 0.53 = 0.15 for isolate 2, for which the RMP MIC
was higher (P < 0.001). Indeed, combinations that included
RMP at 8.0 pg/ml or greater were completely sterilizing for the
H37Rv laboratory isolate that had the lowest RMP MIC (Fig.
1c). As predicted, there was no significant change in TDA for
isolates 1 and 2 when EMB at 5 pg/ml was added to combi-
nations of INH at 3 pg/ml plus RMP at 8 pg/ml or INH at 5
pg/ml plus RMP at 16 pg/ml (data not shown).

We then examined the extent to which TDA correlated with
INH or RMP drug levels. Since both INH and RMP affect
TDA, for this analysis we examined these drugs in isolation.
While a statistically significant correlation between TDA and
drug level was observed for both INH and RMP (Fig. 2a and
¢), the correlation was improved when TDA was analyzed
against INH level/MIC and RMP level/MIC, respectively, and
was highest for the latter (Fig. 2b and d). Thus, the TDA assay
yielded a metric of both drug level and MIC, particularly for
RMP level/MIC.

Tanzania: TDA assay and clinical outcomes. We then
sought to examine TDA for the 16 subjects from Tanzania on
4-drug therapy. TDA assays were performed onsite in Tanza-
nia where MIC testing was not available. The mean time to
detection for control tubes among all isolates was 146.4 *+
40.8 h, and the mean TDA ratio for all isolates was 1.9 * 0.5
(range, 1.1 to 3.2). No patient’s plasma was completely steril-

izing, and low values were common. For instance, 5 (31%)
subjects had a TDA of =1.5, which was clearly at the lowest
end of our in vitro results.

In subjects with low (=2.0) TDA, statistically lower mean
concentrations of INH, RMP, and EMB were found compared
to those with TDA > 2.0 (Table 2). Furthermore, in analyzing
subjects with the lowest (=1.5) TDA, 3 (60%) exhibited smear-
negative results at 2 months compared with 10 (91%) subjects
with TDA > 1.5 (P = 0.17); 2 (40%) were cured (sputum
smear negative at 5 months and 6 months of medication com-
pleted), and 10 (91%) were cured (P = 0.06). Mean weight
gain at 6 months was 5.6 = 4.4 kgs versus 7.4 * 4.5 in the two
groups, respectively (P = 0.1), and mortality was 0% for the
members of the cohort.

TDA performance in subjects with MDR-TB. Given that the
TDA assay yielded information on drug concentration/MIC,
we predicted it would indicate MDR-TB, for which MICs are
extremely high. In testing a range concentrations of INH and
RMP in plasma with two MDR-TB isolates, TDA values were
near 1.0 and were never observed above 1.19, even when EMB
was added to EMB-susceptible MDR-TB isolate 1 (Fig. 3). In
Tanzania, two locally identified strains of MDR-TB were used
for testing plasma from four of the previously enrolled patients
on a drug-susceptible regimen (Fig. 4). Each strain was sus-
ceptible to EMB. Plasma from two patients (patients 10 and
11) was tested using MDR-TB isolate A, and plasma from two
other patients (patients 1 and 2) was tested using MDR-TB
isolate B. These plasma samples exhibited a mean TDA of
0.92 * 0.03 with the MDR-TB isolates versus 2.0 = 0.38 with
their own susceptible isolates (P < 0.001). The individual who
produced MDR-TB isolate B was able to be subsequently
enrolled while receiving ethambutol, pyrazinamide, amikacin,
levofloxacin, and cycloserine, and his TDA on this regimen was
2.2 (Fig. 4).
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FIG. 1. Comparison of anti-TB drug activities (TDA) of isoniazid
and rifampin concentrations tested with the M. tuberculosis clinical
isolates and laboratory strain H37Rv presented in checkerboard for-
mat. TDA assays were performed using M. tuberculosis isolates and
volunteer plasma alone or plasma spiked with various concentrations
of isoniazid (INH) or rifampin (RMP), including concentrations below
the expected C, |, range (INH, 1 pg/ml; RMP, 4 pg/ml), in the low-
normal range (INH, 3 pg/ml; RMP, 8 pg/ml), and in the high-normal
range (INH, 5 pg/ml; RMP, 16 pg/ml). The expected C,,,,, range for
INH was 3 to 5 pg/ml and for RMP was 8 to 24 pg/ml. TDA was
reported as a ratio of time to positivity of plasma-cocultured M. tuber-
culosis versus time to detection of M. tuberculosis alone, where a TDA
ratio of 1.0 indicates stasis, a TDA ratio of >1.0 indicates killing, and

RMP 16
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DISCUSSION

The major result of this work was the development of an
assay that can provide individualized measurements of INH
and RMP activity in TB patients during treatment. Impor-
tantly, low circulating drug levels of INH and RMP confer a
cost of less killing that is quantifiable in vitro, particularly for
isolates with higher MIC:s still considered susceptible by con-
ventional testing. Therefore, TDA may provide an adjunctive
tool to optimize TB therapy for certain patients.

The fact that TDA represents a metric whose determina-
tions are largely constrained to INH and RMP activities in
patients on a typical 4-drug regimen is in our view fortunate,
since these are the medications most important in therapeutic
outcome, most often continued throughout the entirety of the
treatment course, and most likely to be dose adjusted. Indeed,
in our experience, INH and RMP doses can be increased for
low levels without toxicity and to within the expected range
with a single adjustment, which may be of clinical benefit in
patients with slow response to TB therapy (11). A growing
body of evidence suggests that RMP in particular may be at the
lower end of the dose-response curve, and reports are emerg-
ing that higher doses of RMP may be able to inhibit strains
with low-level resistance (RMP MIC, ~1.0 to 2.0 wg/ml) (5, 9,
20, 24). Determinations of TDA provide some substantiation
for dose adjustment through enhanced killing and increases in
Cax/MIC, especially for strains that are highly INH or RMP
susceptible.

Interestingly, TDA was integrally dependent upon the INH
and RMP MICs for the M. tuberculosis isolate. While not
surprising for conventionally “resistant” isolates, this result was
not altogether obvious for isolates deemed “susceptible,” as
low drug levels remain above the MIC. Thus, this work sug-
gests a possible role for MIC testing of susceptible isolates,
particularly when dose adjustment is being considered. As reg-
imens based on higher dosess of RMP are being studied in
clinical trials (24), MIC testing may aid interpretations of re-
sults.

Opverall, the TDA values observed in this Tanzanian cohort
were surprisingly low. Values reached as low as 1.1, which in
vitro was akin to a subject having MDR-TB. The low TDA was
presumably due to subjects having very low C, , INH and RMP
levels and is particularly worrisome, considering that potential
subjects who had HIV or gastrointestinal symptoms that would
have predisposed the patient to malabsorption were excluded
(15, 28, 29). Few studies have examined drug levels in similar
African settings, but in a cohort from Botswana that included
HIV-infected patients, a similar proportion (88%) had low
C..x levels of RMP (3). Unfortunately, determining which
subjects have low INH or RMP levels is not readily accom-
plished: in our study, a fast acetylator phenotype did not ac-

a TDA ratio of <1.0 indicates growth. All isolates were susceptible to
INH and RMP according to results determined by the 1% proportions
method. For the combination of INH at 1 wg/ml with RMP at 8 pg/ml
and INH at 5 pg/ml with RMP at 8 pg/ml, the mean TDA levels were
2.55 £ 0.06 and 4.11 = 0.18 for isolate 1 (P = 0.008) (panel a) and
1.86 = 0.02 and 2.12 *= 0.06 for isolate 2 (P = 0.03) (panel b). For
H37Rv, RMP concentrations of = 8.0 wg/ml were sterilizing.



VoL. 55, 2011

a 5
4.5
R?=0.38
4
p=0.03
3.5

3

TDA
2.5

\
*

2 — ,,_,,,,,,,,A/A/. st
15 -

1
0.5

0 1. 2 3 4 S 6
Isoniazid (INH) concentration

4.5
R?=0.36

p=0.04
3.5 *

TDA
2.5

1.5,

L. e

0.5

0 2 4 6 8 10 12 14 16 18
Rifampin (RMP) concentration

PLASMA TB DRUG ACTIVITY ASSAY 5823

4.5
R?=0.52

p=0.008
3.5

TDA
2.5

| ee

1.5 _—

0.5

0 50 100 150 200
Isoniazid {INH) concentration/MIC

4.5
R?=0.88

p<0.001
3.5 *

TDA
2.5 =

15 — s
0.5

0 10 20 30 40 50 60 70
Rifampin (RMP) concentration/MIC

FIG. 2. Comparison of TB drug activity (TDA) to isoniazid and rifampin drug concentrations and drug concentrations/MIC. TDA assays were
performed using plasma spiked with isoniazid (INH) or rifampin (RMP) in isolation for clinical isolates. TDA was compared to INH concentration (a),
INH concentration/MIC (b), RMP concentration (c), and RMP concentration/MIC (d). Correlation determinations were performed using the Pearson

coefficient.

count for the majority of those with low INH levels, and there
was no association with initial dosing concentrations for other
medications based on standard fixed-dose combinations. These
findings reinforce the need for implementation of individual-
ized patient management tools such as TDA.

Additionally, we envision a role for TDA in the manage-
ment of MDR-TB that necessitates further study. As there

TABLE 2. TB drug activity (TDA) values and C, ,, drug levels at 14
days of TB treatment for Tanzanian patients”

Mean drug C, ,, = SD (ng/ml)

Drug TDA = 2.0 TDA > 2.0 P value
n=29) n=7
Isoniazid 131 1.2 256 £ 1.2 0.05
Rifampin 0.77 +1.3 4.65 +32 0.005
Ethambutol 0.83 +0.37 1.68 = 0.93 0.03
Pyrazinamide 203 +73 28.0 = 10.7 0.11

“ The plasma samples used for C, }, drug level and TDA measurements were
from same blood draw. Comparisons of C, ,, levels for isoniazid and rifampin
were performed by # test.

have been no randomized trials to guide the treatment of
MDR-TB with currently available drugs (7) and as the op-
timal treatment duration is unknown (8), whether patients
with favorable clinical improvement can be treated with a
shorter course of drug administration has yet to be deter-
mined (1, 17). For a patient with known MDR-TB and
limited therapeutic options, TDA may offer an indication of
therapeutic activity. For instance, since MDR patient B had
a respectable TDA level of 2.2 on the 5-drug regimen and
we understand EMB and PZA to have little effect, TDA may
represent the activity of other second-line drugs, such as the
fluoroquinolones and aminoglycosides, with extracellular
and concentration-dependent killing.

There were several limitations to this work. The Tanzanian
cohort was not designed to discern a relationship between
TDA and later clinical outcomes such as relapse and acquired
drug resistance. While a trend toward a lack of cure at 6
months was found in subjects with the lowest TDA values, we
speculate that repeated measurements might be more infor-
mative than a single measurement. Despite recent in vitro
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FIG. 3. TB drug activity (TDA) with plasma alone compared to concentrations of isoniazid, rifampin, and ethambutol for multidrug-resistant
(MDR) M. tuberculosis isolates. TB drug activity (TDA) ratios were determined for volunteer plasma without drug versus plasma spiked with a
various concentrations of isoniazid (INH), rifampin (RMP), and ethambutol (EMB) within the expected C, |, range. The drug MICs for MDR
isolate 1 were as follows: INH, 32 wg/ml (100% resistant as determined by the proportions method); RMP, 32 pg/ml (100% resistant); EMB, 5
pg/ml (<1% susceptible). The drug MICs for MDR isolate 2 were as follows: INH, 16 wg/ml (63% resistant); RMP, 16 png/ml (77% resistant);

EMB, 10 png/ml (27% resistant).

models and animal studies that suggest that the area under the
concentration-time curve over 24 h in the steady state divided
by the MIC (AUC/MIC) ratio may be the best pharmacody-
namic index to explain RMP and INH activity, C,,,,, and AUC
do correlate well (10). We also acknowledge that the use of
C, 1, plasma may not identify patients with delayed absorption

— |
T ! Subject B
plasma
(MDR

regimen)

"Subject's drug susceptible isolate ® MDRisolate A ®*MDRisolate B

FIG. 4. Use of TB drug activity (TDA) determinations in MDR-TB
treatment. Plasma from subjects 1, 2, 10, and 11 under treatment for
drug-susceptible TB with a regimen of isoniazid, rifampin, ethambutol,
and pyrazinamide administration was tested using the TDA assay and
recent MDR-TB isolates from Kibong’'oto National TB Hospital in
Tanzania. In addition to the initial 16 subjects with drug-susceptible
TB, subject B produced MDR-TB isolate B and had a TDA assay
performed while on an MDR-TB regimen of ethambutol, pyrazin-
amide, amikacin, levofloxacin, and cycloserine.
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and therefore that drug activity in some subjects may have
been underestimated (15, 16). Food intake may have further
delayed the C,,,, for RMP and may explain why some subjects
with very low C, , drug levels were still able to give sputum
smear-negative results at 2 months and improve symptomati-
cally.

Furthermore, since TDA is particularly affected by certain
drugs (INH and RMP), TDA determinations may underesti-
mate the overall activity resulting from a treatment regimen
and accordingly may not reveal intracellular killing levels as
effectively as whole-blood culture (26). That said, we feel that
erring on the side of underestimation is safer than the alter-
native. Additionally, TDA levels are dependent upon circulat-
ing drug levels, which may not represent the concentrations
achieved at the predominant site of infection (32). In the
absence of data on MIC values, it may be difficult to deter-
mine the predominant effect of either INH or RMP within the
assay for any given patient. Yet among the members of the
current cohort, no subject with a TDA value of <2.0 had an
RMP level within the expected range, posing the clinical
issue of whether all of the members of this at-risk subset
should have their RMP doses increased. Finally, as in any
study of M. tuberculosis culture, the populations of bacilli
isolated may not have been representative of the entirety of
the populations within the host, and thus TDA may select
for the measurement of killing of subpopulations only in the
rapid-growth phase.

Despite these caveats, there are precious few therapeutic
management tools to bring to bear on treatment issues for
individual TB patients; this is particularly so for those with
poor treatment response. In this context, TDA assays are ac-
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cessible to laboratories capable of liquid culture experiments
and may offer a useful adjunct to standard testing.
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