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Background: Reports of therapeutic drug monitoring (TDM) for second-line medications to treat multidrug-resistant 
tuberculosis (MDR-TB) remain limited.
Methods: A retrospective cohort from the Virginia state tuberculosis (TB) registry, 2009–2014, was analyzed for TDM 
usage in MDR-TB. Drug concentrations, measured at time of estimated peak (Cmax), were compared to expected ranges.
Results: Of 10 patients with MDR-TB, 8 (80%) had TDM for at least one drug (maximum 6 drugs). Second-line drugs 
tested were cycloserine in seven patients (mean C2hr, 16.6±10.2 µg/mL; 4 [57%] below expected range); moxifloxacin in 
five (mean C2hr, 3.2±1.5 µg/mL; 1 [20%] below); capreomycin in five (mean C2hr, 21.5±14.0 µg/mL; 3 [60%] below); para-
aminosalicylic acid in five (mean C6hr, 65.0±29.1 µg/mL; all within or above); linezolid in three (mean C2hr, 11.4±4.1 µg/mL, 
1 [33%] below); amikacin in two (mean C2hr, 35.3±3.7 µg/mL; 1 [50%] below); ethionamide in one (C2hr, 1.49 µg/mL, within 
expected). Two patients died: a 38-year-old woman with human immunodeficiency virus/acquired immune deficiency 
syndrome and TB meningitis without TDM, and a 76-year-old man with fluoroquinolone-resistant (pre-extensively drug-
resistant) pulmonary TB and low linezolid and capreomycin concentrations.
Conclusion: Individual pharmacokinetic variability was common. A more standardized approach to TDM for MDR-TB 
may limit over-testing and maximize therapeutic gain.
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Introduction
Multidrug-resistant tuberculosis (MDR-TB) is by definition 

resistant to isoniazid and rifampin and consequently requires 
complex therapy of five or more medications of considerable 
toxicity but less potency and administered, in most cases, for 
more than 2 years1. Globally, MDR-TB treatment outcomes re-
main poor, largely due to lack of diagnosis, delay in treatment 
initiation, access to an expanded formulary of active drugs 
and the considerable public health infrastructure necessary to 
assist a patient to treatment completion2. While treatment out-
comes for MDR-TB in the United States have been reported 
as equivalent to drug-susceptible tuberculosis (TB) in some 
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settings, the total cost of treating a MDR-TB patient has been 
estimated at $134,000, and as high as $430,000 for extensively 
drug-resistant (XDR)-TB, with the majority of patients requir-
ing medication changes during therapy3-5.

In Virginia, MDR-TB cases usually comprise less than 1% of 
total TB annually and patients are managed with expert guid-
ance from state TB consultants. Increasingly state TB consul-
tants have practiced therapeutic drug monitoring (TDM) for 
medications in the MDR-TB regimen to assure adequate peak 
concentrations and minimize toxicity. Given the association of 
suboptimal drug concentrations with poor outcome for drug-
susceptible TB6,7, Virginia has operationalized the use of TDM 
for slow responders to drug-susceptible TB treatment and for 
all TB patients with diabetes8. Similar state guidelines have not 
been applied to TDM for MDR-TB. While some centers regu-
larly employ TDM for MDR-TB management9, actual reports 
of TDM usage for second-line medications remain limited. 
Therefore, we sought to describe TDM usage patterns and 
pharmacokinetics for patients treated for MDR-TB in Virginia 
from 2009–2014, and relate these findings to emerging trends 
in management.

Materials and Methods
The state TB registry was searched for all patients with My-

cobacterium tuberculosis  and microbiologically confirmed 
resistance to isoniazid and rifampin from 2009–2014. Surveil-
lance data were retrieved and included demographics (age, 
sex, and country of origin), comorbidities including human 
immunodeficiency virus and diabetes, prior TB history, and 
the anatomic focus of the current TB episode. Additional 
drug resistance results by conventional phenotypic drug-
susceptibility testing was performed per routine at the state 
TB laboratory for isoniazid, rifampin, streptomycin, pyrazin-
amide, and ethambutol, but second-line drug susceptibility 
was performed at one or more referral laboratories. Outcomes 
reported were completion of treatment, time to sputum cul-
ture conversion to negative (in months for subjects with pul-
monary MDR-TB), relapse following treatment completion, 
acquisition of new drug resistance in a TB strain previously 
susceptible to a given drug, and death from any cause during 
treatment. Information about medication-related adverse 
events was obtained from the state TB medical consultants. 

All TDM required authorization by the state TB control 
office and laboratory report forms were thus reflective of ac-
tual usage patterns for each patient. The standard procedure 
for TDM was for patients to be given their daily dose of TB 
medications in the morning while fasting and then observed 
for 2 hours, during which they were restricted from eating or 
drinking. At 2 hours after medication administration (C2hr), 
venous blood was collected and serum was separated be-
fore transport on dry ice to the referral laboratory. All TDM 

was performed at the Infectious Diseases Pharmacokinetics 
Laboratory at the University of Florida with validated high-
performance liquid chromatography, gas chromatography-
mass spectrometry or colorimetric assays. The drug concen-
trations were compared to the expected C2hr ranges as an 
estimate of peak concentration10. For patients in whom TDM 
was performed for para-aminosalicylic acid, the concentration 
was checked at 6 hours given the known delayed peak. Some 
clinicians elected to check C6hr TDM as a marker of delayed 
absorption for other medications in the regimen and when 
available these results were compared to the C2hr result from 
the same day to calculate the Cmax.

Data analyses were largely descriptive with simple pro-
portions reported and for continuous variables, means with 
standard deviation or medians with minimum and maximum 
values when appropriate. For the medications most frequently 
utilized for TDM, exploration of a demographic variable’s as-
sociation with a C2hr value below the expected range was cal-
culated by univariable regression. The study was approved by 
the Institutional Review Boards at the Virginia Department of 
Health and the University of Virginia.

Results
During the study period, 10 patients with MDR-TB were 

initiated on treatment. The mean age was 36.4±16.4 years, 6 
(60%) were male, and all were foreign born (Table 1). Three 
patients had pre-XDR-TB including a 76-year-old man with 
cavitary pulmonary disease and a M. tuberculosis isolate with 
additional ofloxacin resistance (patient 7), a 32-year-old wom-
an with non-cavitary pulmonary disease and an isolate with 
additional resistance to all injectable agents (patient 2), and a 
42-year-old man with non-cavitary disease and kanamycin re-
sistance but retained susceptibility to other injectable agents 
(patient 8). All patients were ultimately treated with regimens 
of ≥4 active drugs based on drug-susceptibility testing (Table 
1). Of the five patients identified in 2012, four were genotypi-
cally linked to two separate clusters.

1. TDM usage

Eight patients (80%) had TDM for at least one drug per-
formed (maximum 6 drugs). Patients without TDM either 
died early (patient 2) or were transferred out of care (patient 
6). Initial TDM was performed at a median of 6.5 weeks 
(minimum 2, maximum 14 weeks) after MDR-TB treatment 
initiation. Of the eight subjects with initial TDM, six (75%) had 
at least one follow-up concentration performed, though for 
some medications repeat testing was performed without dose 
adjustment (Figure 1). All dose increase or decrease led to C2hr 
increase or decrease respectively in subjects with follow-up 
samples, while follow-up C2hr concentrations were not signifi-



SK Heysell et al.

80 Tuberc Respir Dis 2015;78:78-84 www.e-trd.org

cantly different if the dose was unchanged (Figure 1). Limited 
6-hour concentrations for delayed absorption generally sup-
ported the 2-hour result (Table 2). For the medications most 
frequently checked (cycloserine, capreomycin, and moxifloxa-
cin), no demographic characteristic was associated with a C2hr 
value below the expected range.

2. Low dose cycloserine

Cycloserine was the most common medication for which 
TDM was performed, tested in seven (88%) of patients with 
TDM. Cycloserine C2hr values were below the expected range 
in 4 (57%) of initial concentrations (mean, 16.6±10.2 µg/mL) 
(Table 2). Five patients were treated with a 250 mg daily dose 
despite some recommendations of initial bid dosing or total 
daily doses up to 750 mg11. All C2hr concentrations below the 
expected range were in patients on daily dosing, yet only two 
patients had doses subsequently changed (to 250 mg twice a 
day). No patient on cycloserine was reported to have experi-

Table 1. Demographics and treatment outcomes for patients with multidrug-resistant TB in Virginia, 2009–2013

ID Year
Age 
(yr)

Sex
Co-

morbidities
Prior TB 

treatment
Site CXR

Other drug 
resistance*

Sputum culture 
conversion (mo)

Outcome

1 2009 38 F HIV/AIDS No Pulmonary, 
meningitis

Infiltrate STR
ETO

No Death

2 2009 32 F None No Pulmonary Infiltrate STR
KAN†

AMK
CAP

1 Cure

3 2011 25 M None No Pulmonary Cavitary - 5 Cure

4 2011 44 F Diabetes No Pulmonary Cavitary - 1 Cure

5 2012 21 M None No Pulmonary Cavitary PZA
STR

3 Cure

6 2012 37 M None Yes GU Normal PZA
STR

Unknown Transfer

7 2012 76 M None No Pulmonary Cavitary EMB
STR
OFX

1 Death

8 2012 42 M None No Pulmonary Infiltrate PZA
ETO
KAN‡

4 Cure

9 2012 20 F None Yes Pulmonary Cavitary PZA
STR

3 Cure

10 2013 29 M None No Pulmonary, 
pleural

Cavitary EMB n/a§ On therapy

*All patients’ Mycobacterium tuberculosis  isolate with resistance to isoniazid and rifampin by conventional susceptibility testing. †Isolate 
with rrs  mutation. ‡Isolate with eis  mutation, retained conventional susceptibility to amikacin and capreomycin. §Patient positive culture for M. 
tuberculosis  from bronchoalveolar lavage sample, sputum negative.
TB: tuberculosis; Year: treatment initiation; CXR: chest X-ray; HIV: human immunodeficiency virus; AIDS: acquired immune deficiency 
syndrome; STR: streptomycin; ETO: ethionamide; KAN: kanamycin; AMK: amikacin; CAP: capreomycin; PZA: pyrazinamide; GU: 
genitourinary; EMB: ethambutol; OFX: ofloxacin; n/a: not applicable.

Figure 1. Mean change in 2-hour concentration in repeated sam-
ples with or without dose adjustment in second-line medications. 
CYC: cycloserine; AMK: amikacin; CAP: capreomycin; MXF: moxi-
floxacin; LNZ: linezolid. ↑: C2hr concentration after dose increase; ↓: 
dose decrease; or ↔: no change in dose. No repeat samples from 
patients with initial therapeutic drug monitoring for para-aminosal-
icylic acid or ethionamide.
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enced psychosis.

3. Later generation fluoroquinolone use

Moxifloxacin was used in patients with fluoroquinolone-
susceptible MDR-TB at 400 mg daily, and in only one patient 
(20% with TDM performed for moxifloxacin) was the initial 
C2hr value below the expected range (mean, 3.2±1.5 µg/mL) 
(Table 2). For the patient with the low initial C2hr (0.68 µg/mL, 
patient 5), following dose increase to 600 mg daily, the C2hr in-
creased to within the expected range (4.7 µg/mL). Additional-
ly, quantitative susceptibility by minimum inhibitory concen-
tration (MIC) and pharmacodynamic testing (plasma TB drug 
activity [TDA]) were performed for two patients managed at 
the University of Virginia12. While each patient was treated 
with a moxifloxacin based regimen, the ratios of moxifloxacin 
C2hr/MIC were 35.3 and 17.4, while the corresponding TDA for 
each patient (higher value is more killing from patient’s own 
plasma against their M. tuberculosis isolate) was 3.0±0.18 and 
2.47±0.05, respectively. These values were both in excess of a 
2-log killing within the TDA assay, suggestive of good pharma-
codynamics12.

4. Pharmacokinetic variability of the injectable agent

Capreomycin was the most commonly used injectable 
agent, given at a standard 15 mg/kg dose (maximum 1 g), and 
found to be below the expected peak range in three (60%) 
of those tested with a wide distribution of values (mean, 
21.5±14.0 µg/mL) (Table 2). However, the time to peak con-

centration of capreomycin is expected 1 hour after intramus-
cular injection or at the end of intravenous infusion, thus C2hr 
values may underestimate true peak. The second C6hr sample, 
which can more accurately be used by the reference laborato-
ry to estimate clearance and half-life, was collected in only two 
patients but was supportive of a peak concentration below 
the expected range (calculated Cmax of 25.12 µg/mL in patient 
2 and 31.84 µg/mL in patient 5, with calculated trace trough 
values for each).

5. Linezolid as an emerging second-line option

Linezolid was used in the patients with pre-XDR-TB (pa-
tients 2, 7, and 8). Initial C2hr values were within the expected 
range for both patients on 600 mg daily dosing, and low in the 
patient receiving 400 mg daily dosing (patient 7). A linezolid 
trough value was checked in only one patient (immediately 
before daily drug administration) and found to be undetect-
able. There were no reports of linezolid toxicity. Patient 7 died 
while on linezolid but this was deemed possibly related to TB 
and not a medication side effect.

6. Treatment outcomes

One patient elected transfer back to their home coun-
try within the first month of treatment and outcome was 
unknown (patient 6). Of the remaining nine, seven (78%) 
were either cured or are clinically improved and complet-
ing therapy (patient 10). The median time to sputum culture 
conversion among subjects with pulmonary TB was 3 months 

Table 2. Drug concentrations and therapeutic drug monitoring usage patterns

TDM 
parameter

CAP
(n=5)

AMK
(n=2)

MXF
(n=5)

CYC
(n=7)

PAS
(n=5)

LNZ
(n=3)

EMB
(n=3)

PZA
(n=2)

ETO
(n=1)

Expected Cmax 
range, µg/mL

35–45* 35–45* 3–5 20–35 20–60* 12–26 2–6 20–60 1–5 

C2hr (mean±SD), 
µg/mL

21.5±14.0 35.3±3.7 3.2±1.5 16.6±10.2 65.0±29.1 
(C6hr)

11.4±4.1 1.8±1.85 39.9±1.8 1.5

Initial C2hr below 
range, n (%)

3 (60) 1 (50) 1 (20) 4 (57) 0 1 (33) 1 (33)† 0 0

C6hr (mean±SD), 
µg/mL

8.34±2.4 
(n=2), both 
supportive of 
low C2hr result

n/c‡ n/c 12.8±0.14 
(n=2), both 
supportive of 
low C2hr result

n/a n/c‡ 2.9 (n=1), 
supportive 
of delayed 
absorption

n/c n/c

Patients with 
dose adjusted

2 (40%)  
dose  
change

0 1 (20%) 
dose 
increase

2 (29%)  
dose  
increase

0 1 (33%) 
dose 
increase

1 (33%)  
dose 
increase

1 (50%) 
dose 
decrease

0

*Expected time of peak (Cmax) is at C2hrs for all drugs except CAP and AMK (post-intravenous dose, but here measured at C2hr), and PAS (6 
hours, and here measured at C6hr). †As C6hr for one patient suggested delayed absorption. ‡Pre-dose trough values for both amikacin and 
linezolid checked in one patient and found to be trace.
TDM: therapeutic drug monitoring; CAP: capreomycin; AMK: amikacin; MXF: moxifloxacin; CYC: cycloserine; PAS: para-aminosalicylic acid; 
LNZ: linezolid; EMB: ethambutol; PZA: pyrazinamide; ETO: ethionamide; SD: standard deviation; n/c: not checked; n/a: not applicable.
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(maximum 5). There were no documented cases of relapse or 
acquired drug resistance to date. In the subject with diabetes, 
anti-diabetic medications were not documented as given, 
and all medications checked for TDM were within the normal 
range. Of the two deaths, patient 2 had advanced acquired 
immune deficiency syndrome (CD4 count of 44 cells/mm3) 
and was not on antiretroviral therapy at the time of presenta-
tion, was obtunded with severe MDR-TB meningitis, and died 
within 1 month of presentation. In the other, patient 7, capreo-
mycin and linezolid concentrations were below the expected 
range near the time of death and while the cause was uncer-
tain, it was thought possibly TB related. The small sample size 
and lack of uniformity in TDM precluded any other associa-
tion of pharmacokinetics with treatment outcome. 

Discussion
Nearly all patients treated for MDR-TB in Virginia during 

2009–2014 had TDM performed for at least one medication. 
Dosages were frequently modified based on estimated peak 
serum concentrations leading to predicted concentration 
change in follow-up testing. Overall, treatment outcomes re-
mained compatible with national norms3, yet a more refined 
approach to TDM may limit over-testing and further maxi-
mize therapeutic gain.

For certain drugs, such as the injectable agent capreomy-
cin, individual pharmacokinetic variability was common and 
TDM was used to balance adequate peak concentrations with 
toxicity. While prudent, we found opportunity for standard-
ization of timing of TDM and recommend paired C2hr and 
C6hr samples to best inform estimates of true peak concentra-
tions13. However, follow-up testing without dose change did 
not reveal any major differences with the initial testing and 
could reasonably be eliminated. Of note, initial use of capreo-
mycin was felt advantageous in part because of the possible 
higher barrier to resistance compared to the other injectables 
for M. tuberculosis  isolates with the rrs  mutation (amikacin 
and kanamycin resistance) or the eis  mutation (kanamycin 
resistance). The eis mutation in particular, observed in at least 
one patient in this cohort, has recently been proposed to en-
hance virulence14,15.

In contrast to the injectable agents, moxifloxacin concen-
trations often were within the expected range. Nevertheless, 
we would advocate for the continued use of routine TDM for 
moxifloxacin in concert with quantitative susceptibility testing 
given the drug’s predictable concentration dependent bacte-
ricidal action and possibility of fluoroquinolone MIC values 
near the borderline of susceptibility16-20. As done for two cases 
in this cohort, evaluation of C2hr/MIC for moxifloxacin, or an-
other later generation fluoroquinolone, is a clinically action-
able strategy for optimization of a critical medication class in 
the treatment of MDR-TB.

Cycloserine was predominately employed at a low dose 
(250 mg daily) and TDM used to mitigate toxicity. This ap-
proach contrasts to a more commonly reported twice daily 
dosing with targets of 15 mg/kg or 750 mg total daily dose, 
such as recent report from Taiwan which confirmed a total 
daily dose correlation with peak concentration, as well as an 
event of psychosis in a patient with concentrations >35 µg/
mL21. The low-dose approach did not appear to compromise 
treatment efficacy in our setting and minimized toxicity. One 
may consider reserving TDM only for patients with poor renal 
function, or if cycloserine is dosed twice daily such as in the 
setting of extensive drug resistance where other second-line 
oral options are unavailable.

Linezolid was employed in pre-XDR-TB patients with lim-
ited second-line drug options and despite the small number 
of patients appeared to be tolerated at a 600 mg daily dose 
(in no patient was linezolid stopped due to toxicity). We ac-
knowledge the considerable side effect profile of linezolid and 
need for routine laboratory monitoring and clinical evalua-
tion. Nevertheless, we harbor concerns about the use of lower 
dose linezolid given the report of acquired drug resistance in 
those receiving 300 mg daily for XDR-TB patients in salvage 
therapy and the documented poor circulating drug exposure, 
and supported by the lower C2hr values observed in the one 
patient receiving 400 mg daily dose in our cohort22. Thus, we 
would endorse TDM in any patient receiving linezolid for a 
prolonged period of MDR-TB treatment.

In contrast, pyrazinamide and para-aminosalicylic acid 
given at standard weight-based doses, were well absorbed 
and infrequently below expected peak ranges in our setting. 
Therefore we would defer pyrazinamide or para-aminosalicyl-
ic acid testing unless significant gastrointestinal disturbance is 
noted. We have observed minimal gastrointestinal side effects 
of para-aminosalicylic acid with the enteric coated granule 
form compared to ethionamide and the sustained release 
may offer a pharmacokinetic advantage23. Furthermore, para-
aminosalicyclic acid has consistently been found to be more 
susceptible than ethionamide among MDR-TB isolates both 
in studies from the United States and internationally3,16,18.

Our analyses are limited by the small sample size and the 
observational nature of this report. Larger prospective studies 
of second-line drug pharmacokinetics, measured at multiple 
points within the dosing interval to provide actual area un-
der the time concentration curve, may ultimately determine 
pharmacokinetic thresholds associated with outcome to be 
established for key drugs in the MDR-TB regimen (e.g., the 
fluoroquinolones). Yet in settings such as ours where TDM is 
already used for dose adjustment, such comparative studies 
could not adequately be performed. 

Thus, we recommend a more formalized approach to TDM 
in the management of MDR-TB including routine use as early 
as possible after a tolerable and active regimen is established 
(we regularly employ the Molecular Detection of Drug Re-
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sistance [MDDR] service through the US Centers for Disease 
Control and Prevention [CDC] for rapid molecular drug-sus-
ceptibility)24,25. Such an approach would include C2hr and C6hr 
testing for the injectable agent, fluoroquinolone and linezolid 
(if needed), and for cycloserine only when a standard dose 
approach is used. Meanwhile, follow-up TDM without dose 
adjustment appears largely unnecessary and may only add 
expense.

Conflicts of Interest
No potential conflict of interest relevant to this article was 

reported.

Acknowledgements
This work was supported by National Institutes of Health 

in Bethesda, MD (K23AI099019 to SKH) and the Virginia De-
partment of Health in Richmond, VA, USA (to ERH).

References
1.	 Shenoi S, Heysell S, Moll A, Friedland G. Multidrug-resistant 

and extensively drug-resistant tuberculosis: consequences for 
the global HIV community. Curr Opin Infect Dis 2009;22:11-
7.

2.	 Gandhi NR, Nunn P, Dheda K, Schaaf HS, Zignol M, van 
Soolingen D, et al. Multidrug-resistant and extensively drug-
resistant tuberculosis: a threat to global control of tuberculo-
sis. Lancet 2010;375:1830-43.

3.	 Marks SM, Flood J, Seaworth B, Hirsch-Moverman Y, Arm-
strong L, Mase S, et al. Treatment practices, outcomes, and 
costs of multidrug-resistant and extensively drug-resistant 
tuberculosis, United States, 2005-2007. Emerg Infect Dis 
2014;20:812-21.

4.	 Rajbhandary SS, Marks SM, Bock NN. Costs of patients hospi-
talized for multidrug-resistant tuberculosis. Int J Tuberc Lung 
Dis 2004;8:1012-6.

5.	 Althomsons SP, Cegielski JP. Impact of second-line drug re-
sistance on tuberculosis treatment outcomes in the United 
States: MDR-TB is bad enough. Int J Tuberc Lung Dis 2012;16: 
1331-4.

6.	 Pasipanodya JG, McIlleron H, Burger A, Wash PA, Smith P, 
Gumbo T. Serum drug concentrations predictive of pulmo-
nary tuberculosis outcomes. J Infect Dis 2013;208:1464-73.

7.	 Heysell SK, Moore JL, Keller SJ, Houpt ER. Therapeutic drug 
monitoring for slow response to tuberculosis treatment in a 
state control program, Virginia, USA. Emerg Infect Dis 2010; 
16:1546-53.

8.	 Heysell SK, Moore JL, Staley D, Dodge D, Houpt ER. Early 

Therapeutic drug monitoring for isoniazid and rifampin 
among diabetics with newly diagnosed tuberculosis in Vir-
ginia, USA. Tuberc Res Treat 2013;2013:129723.

9.	 Chan ED, Laurel V, Strand MJ, Chan JF, Huynh ML, Goble M, 
et al. Treatment and outcome analysis of 205 patients with 
multidrug-resistant tuberculosis. Am J Respir Crit Care Med 
2004;169:1103-9.

10.	 Peloquin CA. Therapeutic drug monitoring in the treatment 
of tuberculosis. Drugs 2002;62:2169-83.

11.	 California Department of Public Health, Curry International 
TB Center. Drug-resistant tuberculosis: a survival guide for 
clinicians, 2nd edition. Oakland: Curry International TB Cen-
ter; 2008. p. 66-7.

12.	 Mpagama SG, Ndusilo N, Stroup S, Kumburu H, Peloquin CA, 
Gratz J, et al. Plasma drug activity in patients on treatment 
for multidrug-resistant tuberculosis. Antimicrob Agents Che-
mother 2014;58:782-8.

13.	 Alsultan A, Peloquin CA. Therapeutic drug monitoring in the 
treatment of tuberculosis: an update. Drugs 2014;74:839-54.

14.	 Casali N, Nikolayevskyy V, Balabanova Y, Ignatyeva O, Kont-
sevaya I, Harris SR, et al. Microevolution of extensively drug-
resistant tuberculosis in Russia. Genome Res 2012;22:735-45.

15.	 Zaunbrecher MA, Sikes RD Jr, Metchock B, Shinnick TM, 
Posey JE. Overexpression of the chromosomally encoded 
aminoglycoside acetyltransferase eis confers kanamycin re-
sistance in Mycobacterium tuberculosis . Proc Natl Acad Sci 
U S A 2009;106:20004-9.

16.	 Mpagama SG, Houpt ER, Stroup S, Kumburu H, Gratz J, Kibiki 
GS, et al. Application of quantitative second-line drug suscep-
tibility testing at a multidrug-resistant tuberculosis hospital in 
Tanzania. BMC Infect Dis 2013;13:432.

17.	 Rowlinson MC. MICs in TB susceptibility testing: challenges 
and solutions for implementation. In: Eighth National Confer-
ence on Laboratory Aspects of Tuberculosis, Association of 
Public Health Laboratories; 2013 Aug 19-21; San Diego, CA, 
USA.

18.	 Banu S, Rahman SM, Khan MS, Ferdous SS, Ahmed S, Gratz 
J, et al. Discordance across several methods for drug suscep-
tibility testing of drug-resistant Mycobacterium tuberculosis  
isolates in a single laboratory. J Clin Microbiol 2014;52:156-
63.

19.	 Lee J, Armstrong DT, Ssengooba W, Park JA, Yu Y, Mumbowa F, 
et al. Sensititre MYCOTB MIC plate for testing Mycobacteri-
um tuberculosis susceptibility to first- and second-line drugs. 
Antimicrob Agents Chemother 2014;58:11-8.

20.	 Chigutsa E, Meredith S, Wiesner L, Padayatchi N, Harding J, 
Moodley P, et al. Population pharmacokinetics and pharma-
codynamics of ofloxacin in South African patients with mul-
tidrug-resistant tuberculosis. Antimicrob Agents Chemother 
2012;56:3857-63.

21.	 Hung WY, Yu MC, Chiang YC, Chang JH, Chiang CY, Chang 
CC, et al. Serum concentrations of cycloserine and outcome 
of multidrug-resistant tuberculosis in Northern Taiwan. Int J 



SK Heysell et al.

84 Tuberc Respir Dis 2015;78:78-84 www.e-trd.org

Tuberc Lung Dis 2014;18:601-6.
22.	 Lee M, Lee J, Carroll MW, Choi H, Min S, Song T, et al. Line-

zolid for treatment of chronic extensively drug-resistant tu-
berculosis. N Engl J Med 2012;367:1508-18.

23.	 Peloquin CA, Berning SE, Huitt GA, Childs JM, Singleton MD, 
James GT. Once-daily and twice-daily dosing of p-aminosali-
cylic acid granules. Am J Respir Crit Care Med 1999;159:932-
4.

24.	 Heysell SK, Houpt ER. Optimizing second-line therapy for 

drug-resistant tuberculosis: the additive value of sequencing 
for multiple resistance loci. Antimicrob Agents Chemother 
2011;55:3968-9.

25.	 Campbell PJ, Morlock GP, Sikes RD, Dalton TL, Metchock B, 
Starks AM, et al. Molecular detection of mutations associated 
with first- and second-line drug resistance compared with 
conventional drug susceptibility testing of Mycobacterium 
tuberculosis . Antimicrob Agents Chemother 2011;55:2032-
41.


