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We evaluated treatment with linezolid, dosed at 800 mg once daily for 1 to 4 months as guided by sputum culture status and tol-
erance and then at 1,200 mg thrice weekly until >1 year after culture conversion, in addition to individually optimized regimens
among 10 consecutive patients with extensively drug-resistant tuberculosis or fluoroquinolone-resistant multidrug-resistant
tuberculosis. All achieved stable cure, with anemia corrected and neuropathy stabilized, ameliorated, or avoided after switching
to intermittent dosing. Serum linezolid profiles appeared better optimized.

Multidrug-resistant tuberculosis (MDR-TB) and extensively
drug-resistant tuberculosis (XDR-TB) have become a global

epidemic (1). Fluoroquinolone-resistant MDR-TB and XDR-TB
are particularly difficult to treat. Linezolid has been in off-label use
for difficult MDR-TB (2).

It is unlikely that short-term treatment with linezolid can
achieve a stable cure of difficult MDR-TB, but use of 600 mg
linezolid twice daily beyond 2 to 4 weeks is associated with revers-
ible hemopoietic suppression (3) and substantial peripheral neu-
ropathy (4). Although dosage reduction to 600 mg once daily and
300 mg once daily can reduce the risk of adverse events (2, 5, 6),
there may still be genuine concerns about neuropathy, treatment
inadequacy, and acquired drug resistance.

In a refractory XDR-TB patient with previously acquired ri-
fampin resistance (probably related to poor drug penetration into
a large, thick-walled cavity) and subsequent intolerance to 600 mg
linezolid twice daily, we attempted linezolid initially at 800 mg
once daily and then at 1,200 mg thrice weekly to balance adequate
drug penetration with side effects. This approach was based on the
usual dose ceiling (7, 8), with possibly better drug penetration due
to higher peak concentration and potentially improved tolerance
as a result of an exponential decline of serum linezolid level (9).
Thrice-weekly use of a higher dose instead of daily use of a lower
dose may also be supported by a murine model that suggests sim-
ilar linezolid activities between twice-daily dosing and once-daily
dosing of the same total dose (10). The initially encouraging out-
come in this difficult case prompted us to hypothesize that inter-
mittent dosing might safely enable prolonged use of linezolid for
effective treatment of difficult MDR-TB.

It has also been shown ex vivo that linezolid induces side effects
by inhibiting mammalian mitochondrial protein synthesis (MPS)
in a dose-dependent manner, with 50% inhibitory concentrations
(IC50) being 3.37 to 5.26 mg/liter (11). Thus, the risk of side ef-
fects, which will probably decrease with time of exposure to serum
linezolid levels below 3.37 mg/liter, can be evaluated by estimating
the corresponding proportion of interdosing time. Additionally, if
linezolid activity against Mycobacterium tuberculosis is time de-
pendent (12, 13), treatment efficacy can be evaluated by estimat-
ing the proportion of interdosing time above the MIC (14) and
that above four times the mutant prevention concentration (15),
which may reduce the risk of acquired resistance.

We conducted a prospective cohort study, approved by the
Ethics Committee of the Department of Health, to evaluate the
above-described hypothesis. Adult patients with pulmonary
XDR-TB or fluoroquinolone-resistant MDR-TB were consecu-
tively enrolled after written informed consent was obtained. In
addition to individually optimized levofloxacin-containing regi-
mens, linezolid was dosed at 800 mg once daily for 1 to 4 months
and then at 1,200 mg thrice weekly after culture conversion. The
switch from daily to intermittent dosing was determined by spu-
tum culture conversion, defined as consecutive negative cultures
collected at least 30 days apart (16), and hastened by side effects,
especially substantial hemopoietic suppression or neuropathy. If
side effects developed, deteriorated, or persisted during intermit-
tent linezolid dosing, consideration would be given to further re-
duce linezolid dosage to 600 mg thrice weekly or stopping lin-
ezolid after weighing treatment adequacy and drug toxicity.
Treatment outcomes were followed with an estimation of serum
linezolid profiles of patients dosed at 1,200 mg thrice weekly, 600
mg thrice weekly (including a few patients with brief exposure),
and 600 mg once daily (all after brief exposure). We estimated
proportions of interdosing time with levels of �3.37 mg/liter
(lower limit of MPS IC50), �1 mg/liter (resistance breakpoint),
and �4 mg/liter (four times the mutant prevention concentra-
tion) in a monoexponential model (9), which is represented by the
following formula: elimination rate constant � [Loge (concentra-
tion 1) � Loge (concentration 2)]/time interval. For intermittent
dosing, serum linezolid levels were measured 1, 2, 24, and 48 h
after dosing, with proportions of interdosing time estimated by
the 24- and 48-h levels or the highest attainable level at 1 or 2 h
when the 48-h level was below the detectable limit of 0.2 mg/liter.
For daily dosing, serum linezolid levels were measured at 2, 4, and
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24 h after dosing, with proportions of interdosing time estimated
by the 4- and 24-h levels.

To examine whether serum linezolid levels reflect drug levels at
lung lesions, we also assessed linezolid penetrability into sputum
by measuring 2-h linezolid levels in paired sputum and serum
samples using high-performance liquid chromatography (17),
which has been robustly used to assay linezolid levels in bone, fat,
muscle, hematoma, and peritoneal dialysis fluid (18, 19). To ho-
mogenize sputum before assaying sputum linezolid levels, we
added a known amount of Sputolysin that was approximately
equal to the amount of the collected sputum. We found no chro-
matographic interference with the linezolid peak from Sputolysin.

From 16 February 2009 to 4 January 2011, we consecutively
enrolled 7 patients with XDR-TB and 3 patients with fluoroquin-
olone-resistant MDR-TB and followed their progress through 15
February 2013. Of these 10 patients, seven (70%) had previous
treatment failure or relapse of fluoroquinolone-resistant
MDR-TB or XDR-TB, including four patients in whom linezolid
was prematurely stopped, owing to side effects. All harbored lin-
ezolid-susceptible isolates with MIC values of �1 mg/liter as de-
termined by the Bactec MGIT 960 system. Nine patients with low-
level bacillary resistance to isoniazid also received high-dose
isoniazid (16), which was 10 to 15 mg thrice weekly for one patient
and 15 to 20 mg thrice weekly for the others. All achieved cure
according to the WHO definition (16). Table 1 summarizes their
clinical profiles, treatment regimens, and major side effects.

Adverse events were more common during daily than inter-
mittent linezolid dosing. During daily dosing, hemoglobin
dropped below 10 g/dl in 4 (40%) patients, with normalization
during intermittent dosing, and peripheral neuropathy developed
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FIG 1 Serum pharmacokinetics of oral linezolid at 1,200 mg thrice weekly.

FIG 2 Serum pharmacokinetics of oral linezolid at 600 mg thrice weekly.
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in three (30%). Of the seven patients with no peripheral neurop-
athy during daily dosing, one (14%) experienced peripheral neu-
ropathy soon after switching to intermittent dosing. Thus, the risk
of peripheral neuropathy compared favorably with that of 300 mg
linezolid once daily, which ranged from 25% (20) to 50% (6). Two
(50%) of the four patients with peripheral neuropathy gradually
improved during intermittent dosing and further improved after
receiving 600 mg linezolid thrice weekly. Neuropathy remained
unchanged in the other two patients.

For eight patients dosed at 1,200 mg thrice weekly, the serum
linezolid profiles estimated were �3.37 mg/liter in 34 to 62% of
the interdosing time interval, �1 mg/liter in 60 to 100%, and �4
mg/liter in 34 to 61% (Fig. 1). For six of the eight patients dosed at
600 mg thrice weekly (including three after brief exposure), cor-
responding proportions were 54 to 75%, 40 to 87%, and 21 to
41%, respectively (Fig. 2). For three of the eight patients dosed at
600 mg once daily (all after brief exposure), corresponding pro-
portions were 27 to 33%, 100%, and 60 to 65%, respectively (Fig.
3). Longer exposure to serum linezolid levels below 3.37 mg/liter
could explain why neuropathy was stabilized, ameliorated, or
avoided after switching from daily to prolonged intermittent dos-
ing and why neuropathy further ameliorated in two patients given
600 mg linezolid thrice weekly. Substantial proportions of inter-
dosing time above the resistance breakpoint and four times the
mutant prevention concentration were consistent with stable
cure. Although it has been shown ex vivo that linezolid activity is
concentration independent at concentrations above twice the
MIC (12, 13), thereby favoring more frequent dosing of smaller
doses, our findings suggest that less frequent dosing of higher
doses is also efficacious by a time-dependent mechanism, with an
additional potential of reducing acquired resistance that remains
to be further evaluated.

In line with previous findings in healthy volunteers (9) and
patients with non-TB diseases (21), we found that linezolid pen-
etrated well into sputum, with a median sputum-to-serum lin-
ezolid ratio of 1.0 (range, 0.7 to 1.5).

Major limitations of our study included a small sample size,
incomplete sampling of all enrolled cases for estimating serum
linezolid profiles, possible selection bias, and the lack of a concur-
rent control group. However, seven patients with previous treat-
ment failure or relapse might serve as their own internal controls.
It was difficult to delineate the role of other second-line drugs,
notably newer-generation fluoroquinolones and high-dose isoni-
azid. We admit the need for caution in extrapolating ex vivo find-
ings of MPS IC50, and in vitro observations regarding the mutant
prevention concentration, to in vivo manifestations.

In summary, this case series suggests that intermittent dosing
after initial daily dosing may better optimize the serum linezolid
profile, thereby enabling safe, efficacious, and prolonged use of

linezolid to achieve better outcomes of fluoroquinolone-resistant
MDR-TB and XDR-TB. Further exploration of intermittent dos-
ing is warranted to validate our findings.
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