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Multidrug-resistant tuberculosis (MDR-TB) treatment is complicated by pill burden and 

drug toxicities, and is associated with high mortality in resource-limited settings. 

Tremendous financial and scientific resources are directed toward the investigation of new 

drugs for MDR-TB,1,2 but efforts to optimize and shorten treatment have been significantly 

hindered by a poor understanding of the individual contribution of each drug to a multidrug 

regimen, the exposure-response relationship for each drug, and how best to monitor 

treatment response. In addition, given that MDR-TB treatment is increasingly provided in 

community settings where directly observed therapy may be implemented on a case-by-case 

basis,3 better tools are needed to assess adherence to improve individual outcomes and 

reduce transmission.

We developed a multi-analyte quantitative assay for measuring second-line anti-tuberculosis 

drugs (levofloxacin [LFX], moxifloxacin [MFX], linezolid [LZD], and pyrazinamide [PZA]) 

in small hair samples using a liquid chromatography-tandem mass spectrometry (LC-

MS/MS) system (Agilent LC 1260-AB Sciex API 5500, Agilent Technologies, Santa Clara, 

CA, USA). Sample preparation consisted of hair pulverization using an Omni Bead Ruptor 

homogenizer (OMNI International, NW Kennesaw, GA, USA), extraction with methanol, 

evaporation, and reconstitution to 20% (v/v) methanol with 1% formic acid. After injection 

of the sample extract (10 μl) into the LC-MS/MS, the analytes were separated by gradient 

elution on a Phenomenex Synergi Polar RP column (2.1 × 100 mm, 2.5 μm particle size, 

Phenomenex, Torrance, CA, USA) using water with 1% formic acid as mobile phase A 

(MPA) and methanol with 0.4% formic acid as mobile phase B (MPB). The gradient used 

for analyte separation consisted of 20% MPB at 0–0.5 min, gradient to 100% MPB from 0.5 

to 4 min, 100% MPB at 4–5 min, and 20% MPB at 5.1–10 min. Mass spectrometric 

detection of each drug was achieved with electrospray ionization (ESI) in positive polarity, 

and mass scanning was performed via multiple reaction monitoring (MRM). Each analyte 

was monitored using the peak area ratio between two transitions and its retention time. 
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Quantitation of each drug was performed by isotope dilution using deuterium- or 13C-

labeled standard.

Using the LC-MS/MS method we developed, we extracted and quantified LFX (15.1 ng/

mg), MFX (16.9 ng/mg), LZD (7.2 and 12.8 ng/mg), and PZA (15.1 ng/mg) from hair 

specimens in two patients on directly observed MDR-TB treatment (Figure, Panel A). Each 

participant provided written informed consent, and ethical approval was obtained from the 

University of California, San Francisco Human Research Protection Program.

Using a 6-point calibration curve, each assay showed high sensitivity (LLQ 0.1–1 ng/mg) 

and a wide linear dynamic range (0.1–40 ng/mg) using 10–25 strands of hair (~2 mg). The 

within-run precision (5 intra-subject iterations) of our method was within 15% coefficient of 

variation (CV%) (PZA 13.2%; LZD 6.6–12.9%; LFX 7.8%; MFX 6.5%). We further 

incorporated bedaquiline (BDQ), delamanid (DLM), and kanamycin A (KAN) into this 

multi-analyte panel (Figure, Panel B), and patient hair extraction protocols for these drugs 

are in progress.

We developed assays to accurately and non-invasively determine long-term exposure to key 

second-line anti-tuberculosis drugs in hair within a single panel. Although various groups 

have published multi-TB drug panels in plasma,4–6 to our knowledge this is the first report 

demonstrating a similar panel for MDR-TB drugs in hair. Further analytic validation of these 

hair assays and testing their utility in clinical settings is underway.
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Figure. 
Chromatograms for drugs extracted from patient hair samples (Panel A) and MDR-TB drug 

panel (Panel B) showing multiple transitions monitored for each drug. PZA = pyrazinamide; 

LFX = levofloxacin; MFX = moxifloxacin; LZD = linezolid; KAN = kanamycin; DLM = 

delanamid; BDQ = bedaquiline; cps = counts per second; MDR-TB = multidrug-resistant 

tuberculosis.
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