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Background. We evaluated Nix-TB trial data (NCT02333799, N = 109) to provide dosing recommendations to potentially min-
imize linezolid toxicity in patients with extensively drug-resistant tuberculosis. .

Methods. A pharmacokinetic model and toxicodynamic models for peripheral neuropathy, hemoglobin, and platelets were
developed. Simulations compared safety outcomes for daily linezolid of 1200 and 600 mg, with and without dose adjustments for
toxicity. Severe neuropathy was based on symptom scores from the Brief Peripheral Neuropathy Screen. Severe anemia and throm-
bocytopenia were defined as > grade 3 adverse events according to the NIAID Division of Microbiology and Infectious Disease
Adult Toxicity table.

Results.  Predicted concentration-time profiles were a major predictor in all toxicodynamic models. Simulations showed higher
percentages of patients with severe neuropathy (median, 19%; 90% confidence interval [CI], 17%-22% vs 5%, 4%-7%) and severe
anemia (15%, 12%-17% vs 1%, 0%-2%) between 1200 and 600 mg daily linezolid. No differences in severe thrombocytopenia were
observed (median, <1% for both daily doses). Generally, neuropathy occurred after 3 to 6 months of treatment and, with protocol-
specified management, reversed within 15 months after onset. Simulations indicated that a >10% decrease in hemoglobin level after
4 weeks of treatment would have maximum sensitivity (82%) and specificity (84%) for predicting severe anemia. Reducing the dose

from 1200 to 600 mg triggered by this marker may prevent 60% (90% CI, 45%-72%) of severe anemia.

Conclusions.
spective testing is needed to confirm the benefit-to-risk ratio.
Keywords.

Simple neuropathy symptom and hemoglobin monitoring may guide linezolid dosing to avoid toxicities, but pro-

adverse events; drug-resistant tuberculosis; linezolid; PK-PD modeling; tuberculosis therapeutics.

Treatment success in patients with extensively drug-resistant
tuberculosis (XDR-TB) is low (38%), and new drugs and re-
gimens are needed to improve cure rates [1]. Here, XDR-TB
is defined as resistance to isoniazid and rifampin (multidrug-
resistant tuberculosis [MDR-TB]), plus at least 1 fluoroquino-
lone and 1 of 3 injectable drugs (definition prior to the World
Health Organization’s update of January 2021 [2]). Linezolid, a
potent antimicrobial agent, is being repurposed against DR-TB
and has been found effective when added to failing regimens [3,
4]. It was prioritized in 2018 for use against MDR-TB [5].

The phase 3 Nix-TB trial (NCT02333799) evaluated combi-
nation therapy with bedaquiline (400 mg once daily for 2 weeks,
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then 200 mg 3 times per week), pretomanid (200 mg once daily)
and high-dose linezolid (starting dose of 1200 mg daily) (BPaL)
for 6 months (option to extend to 9 months) against XDR-TB
and treatment-intolerant or nonresponsive (TI/NR) MDR-TB.
Patients with > grade 3 peripheral neuropathy or > grade 2
anemia or thrombocytopenia at pretreatment were excluded.
Ninety-eight of 109 participants (90%) had negative mycobac-
terial cultures at 6 months after completion of treatment [6].

The US Food and Drug Administration and the European
Medicines Agency approved BPaL for XDR-TB and TI/NR
MDR-TB [6-9]. However, the dose of linezolid is controver-
sial because of safety concerns. Linezolid binds to bacterial
ribosomes that inhibit bacterial protein synthesis. Because
bacterial ribosomes resemble mitochondrial ribosomes,
linezolid also appears to inhibit mitochondrial protein syn-
thesis, leading to mitochondrial toxicity-related adverse
events, including myelosuppression and peripheral neurop-
athy [10]. In Nix-TB, adverse events (> grade 1) including
peripheral neuropathy (81% of participants), anemia (37%),
and thrombocytopenia (6%) led to linezolid discontinu-
ations (28% of participants), interruptions (46%), and dose
reductions (39%).
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Nonetheless, linezolid is among the most effective drugs
for MDR-TB and XDR-TB [3, 6, 11]. Although linezolid
trough levels >2 mg/L have been associated with linezolid-
related adverse events in patients with XDR-TB, many pa-
tients (42%) with trough levels <2 mg/L still develop adverse
events [12]. Moreover, trough levels are difficult to collect and
measure in practice. Information is limited about optimal
dosages, treatment durations, and best practices for linezolid
in TB to maintain efficacy while minimizing adverse events.
Here, using data from Nix-TB, we evaluated relationships
between linezolid dosing, plasma concentrations, and time
course of major toxicities. We provide practical, data-driven
recommendations about linezolid dosing.

METHODS

Study Design

This study was based on data from Nix-TB [6]. Per discre-
tion of the Nix-TB investigator, the linezolid dose could be
reduced, interrupted, or discontinued after the first month
of therapy for suspected linezolid-related toxicities. All
dosage adjustments were recorded and used in our anal-
ysis. Participants in Nix-TB provided predose pharmaco-
kinetic (PK) samples (trough levels) after treatment for 2,
8, and 16 weeks and, for a subset of participants, PK pro-
files after 16 weeks (Figure 1). Using the Brief Neuropathy
Screen, peripheral neuropathy symptoms were assessed be-
fore, during, and up to 24 months after treatment. Blood
counts were scheduled before and during treatment. Details
on study design and data collection are available in Figure 1
and the Supplementary Methods.

Model Development

Model development began in April 2018 with data that became
available in January 2018 and model testing was performed
with data that became available in October 2020. Previously
described PK models were tested to fit the PK data, including
1- and 2-compartment distribution models with linear and/
or nonlinear kinetics [13-19] (Supplementary Tables 1 and 2;
Supplementary Figure 1).

Assessments from the Brief Neuropathy Screen were cat-
egorized according to the maximum of 4 symptom scores
as maximum score = 0, normal; 1-3, minimal; 4-7, modest;
and 8-10, severe neuropathy. Proportions of participants
in these categories over time were modeled by proportional
odds (Supplementary Methods, Supplementary Table 3,
Supplementary Figure 2).

For hemoglobin levels and platelet counts, linezolid’s con-
centration effect was modeled as inhibiting the proliferation
of progenitor cells or, more empirically, the synthesis of re-
sponse in delayed-response PK-pharmacodynamic (PD)
models (Supplementary Methods, Supplementary Tables 4-7,
Supplementary Figure 1). An empirical model for rising hemo-
globin levels in some participants (also seen in other data sources
[20, 21]) was adjoined to the PK-PD model (Supplementary
Methods, Supplementary Tables 4 and 5, Supplementary Figure
1). Similarly, normalization under treatment of elevated platelet
counts in TB patients [21] was incorporated into our model
(Supplementary Tables 6 and 7).

Model-based Simulations

The final models were used to perform simulations for 6 months
after treatment initiation for myelosuppression and 24 months
for neuropathy. Simulations assessed steady-state PK parameters
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Figure 1. Nix-TB dataset and trial design diagram. Data from participants in Nix-TB with pulmonary extensively drug-resistant tuberculosis (TB) or treatment-intolerant
or nonresponsive multidrug-resistant TB treated for 6 months (option to extend to 9 months) were used in this study. All participants were planned to provide predosing
PK samples (trough levels) after treatment for 2, 8, and 16 weeks. In a subset of 25 participants, intensive PK sampling was planned at week 16 with samples collected at
predose, 0.5, 1, 2, 4,8, 12,125,113, 14, 16, 20, and 24 hours after dosing. Complete blood counts were scheduled at screening (up to 9 days prior to treatment initiation),
at pretreatment (day 1 prior to dosing), weekly up to 16 weeks of treatment, and at 20 and 26 weeks of treatment. Brief Peripheral Neuropathy Screen was scheduled at
screening; weeks 4, 8, 12, 16, 20, and 26 during treatment; and months 3, 6, 12, and 24 post-treatment. Diagram not drawn to scale. *Two participants had their treatment
extended to 9 months. Additional complete blood counts and peripheral neuropathy screening were scheduled at weeks 30, 34, and 39 for these 2 participants (not shown in
diagram). Abbreviations: BPaL, bedaquiline, pretomanid, and linezolid; PK, pharmacokinetic.
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(area under the concentration-time curve over 24 hours, AUC;
maximum concentrations, C__; and minimum concentrations,
C_,) evaluated 2 weeks after treatment initiation or dose ad-
justment; percentage of > grade 3 myelosuppression according
to the Division of Microbiology and Infectious Disease (DMID)
Adult Toxicity table (severe anemia, hemoglobin level <8 g/dL;
severe thrombocytopenia, platelet count <50 X 10°/L) [22]; per-
centages of neuropathy scores; and management and reversi-
bility of toxicities (Supplementary Methods). We considered
linezolid dosages of 600 or 1200 mg total daily (twice- or
once-daily) for 6 months. Linezolid dosage reductions to 600
or 300 mg daily or discontinuations to manage toxicities were
evaluated.

Although efficacy outcomes are not evaluated here, 2
PK-based efficacy metrics were assessed via simulations, based
on the minimum concentration of linezolid at which 90% of
clinical isolates are inhibited (MIC, ): (1) percentage of patients
with ratio of free area under the concentration-time curve to
MIC,, (FAUC/MIC,)) >119 and (2) percentage of time free con-
centrations are above MIC,, (%fT > MIC,) [19, 23-25]. The
most commonly reported in vitro MIC,, of 0.5 mg/L against
Mycobacterium tuberculosis was used [24, 26-29].

Statistical Analyses

Two approaches were used to evaluate associations of adverse
events with linezolid exposure and other covariates. First,
PK-toxicodynamic models (described above) were simulated
to assess relationships between linezolid concentrations and
toxicities. In this study, the terms “severe anemia” and “se-
vere thrombocytopenia” are reserved to describe events de-
fined using the PK-toxicodynamic models and DMID table
(described above). Alternatively, investigator-reported ad-
verse events, defined as > grade 1 adverse events that were re-
ported in Nix-TB, were also evaluated. Cox regression analysis
was performed to identify predictors of investigator-reported
peripheral neuropathy, anemia, and thrombocytopenia
(Supplementary Methods). The area under the receiver oper-
ating characteristic curve (AUROC) was determined to assess

model discrimination.

RESULTS

Eighty-eight of 109 participants (81%) were included in model
development, 16 participants (15%) were used to test the
models, and 5 participants (5%) were excluded because of un-
verifiable dosing histories. Participants who had different initial
linezolid dosages (600 mg twice daily or 1200 mg once daily)
had similar characteristics and pretreatment safety variables
(P> .05; Table 1). From pretreatment to end of treatment, he-
moglobin level increased (median, 12.1 vs 13.5 g/dL, P < .001),
while platelet count decreased (median, 354 vs 262 x 10°/L,
P <.001). An interaction between initial dosage and time was

observed for peripheral neuropathy scores (P < .001, gener-
alized estimating equations [30]), suggesting higher scores in
the twice-daily vs once-daily group during treatment. This in-
teraction did not exist for hemoglobin levels or platelet counts
(Figure 2B-D, left).

Investigator-reported peripheral neuropathy, anemia, and
thrombocytopenia adverse events (> grade 1) were reported in
80 (77%), 38 (37%), and 6 (6%) of 104 participants, respectively.
Investigator-reported hematologic adverse events occurred
earlier (median, 8 weeks; 90% confidence interval [CI], 7-9)
than neurological adverse events (14 weeks; 13-15). No rela-
tionship between investigator-reported peripheral neuropathy
and anemia was observed (P = .1; Supplementary Table 8).

The frequency of severe neuropathy (scores, 8-10) peaked 3
to 6 months after beginning treatment (56 of 84, 67%, of se-
vere neuropathy scores during this period) and declined by
24 months post-treatment (Figure 3). Three participants (3%)
had severe neuropathy at 12 months post-treatment that was
no longer severe 12 months later (Supplementary Figures 3 and
4). Four participants (4%) who did not have severe neuropathy
at 12 months post-treatment had severe neuropathy 12 months
later (Supplementary Figures 3 and 5).

The PK model included 2-compartment disposition with
Michaelis-Menten elimination (Supplementary Table 1).
Predicted individual concentration-time profiles that accounted
for dosing histories better predicted neuropathy scores, hemo-
globin levels, and platelet counts than observed trough levels
in the PK-toxicodynamic models (Table 2). The exposure-re-
sponse relationships were not affected by patients’ age, sex,
body weight, body mass index, or human immunodeficiency
virus (HIV) status. Each model described its respective data
reasonably well (Figure 2).

Simulated PK metrics of exposure are summarized in
Table 3. At least 99% of patients simulated with 1200 mg
total daily satistied fAUC/MIC, >119, but only 64% with
600 mg once-daily and 56% with 300 mg twice-daily dosing
(Table 3). Simulated toxicity profiles were similar between
once- and twice-daily dosing at the same total daily doses
(Table 3, Figure 4). However, simulations showed that more
patients with severe neuropathy (median, 19%; 90% CI,
17-22) vs 5% (4-7) and severe anemia (15%, 12-17 vs 1%,
0-2) between 1200 and 600 mg daily linezolid. No differ-
ences in severe thrombocytopenia were observed (median,
<1% for all doses tested).

Observed data and simulations showed that modest to severe
neuropathy reversed to minimal or normal scores in most par-
ticipants (78% in observed data; 92%-98% in simulated data)
within 15 months after onset (Figure 5). Simulations showed
linezolid discontinuation did not provide a substantial advan-
tage over dosage reductions. For example, with an initial dosage
of 1200 mg once daily, 95%, 95%, and 92% of simulated pa-
tients reversed neuropathy within 15 months after linezolid was

1738 « CID 2022:74 (15 May) o Imperial et al


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data

Table 1. Patient Characteristics and Summary of Data Available for Linezolid Model Development and Model Testing

Characteristic

Initial Linezolid Dosage

Model Development

600 mg Twice Daily

1200 mg Once Daily

Model Testing

1200 mg Once Daily

Participant characteristics, N/N (%)/median (minimum-maximum)

Total number of participants
Men
Age, years
Body weight, kg
Body mass index, kg/m?
Living with human immunodeficiency virus
Creatinine clearance, mL/min?
Pharmacokinetic,® N/N (%)
Number of participants in intensive sampling substudy®
Total evaluable samples
Hemoglobin samples, N/N (%)/median (minimum-maximum)
Hb samples per participants
Total evaluable samples
Pretreatment Hb level, g/dL
End of treatment Hb level, g/dL
Platelet samples, N/N (%)/median (minimum-maximum)
Platelet samples per participants
Total evaluable samples
Pretreatment platelet count, x10%/L
End-of-treatment platelet count, x10%/L

Peripheral neuropathy,® N/N (%)/median (minimum-maximum)

Neuropathy scores per participants
Total evaluable neuropathy scores
Pretreatment neuropathy scores, number of participants®
None
Minimal
Modest
Severe
End-of-treatment neuropathy scores, number of participants®
Normal
Minimal
Modest
Severe
Missing

42 46 16
23 (65) 23 (50) 7 (43)

31 (18-55) 36 (21-60) 36 (17-48)
59 (29-112) 54 (33-89) 54 (32-106)
19.8 (12.4-41.1) 19.7 (13.6-36.1) 18.9 (16.1-38.9)
18 (42) 25 (54) 7 (43)

102 (46-167) 104 (42-180) 107 (43-179)
16 (38) 4 (8) 5(31)
243 1564 100
19 (6-24) 19 (10-24) 20 (17-24)
773 835 319
12.4 (8.5-16.1) 11.8 (8.7-15.6) 12.1 (74-13.9)
13.6 (9.8-19.4) 13.7 (9.5-17.0) 12.8 (11.2-16.8)
19 (56-24) 19 (9-24) 19 (16-24)
761 816 315
354 (137-1045) 348 (188-1083) 436 (139-730)
254 (116-840) 262 (175-478) 312 (167-409)
10 (2-14) 8 (3-11) 10 (10-13)
418 382 170
32 (76) 31 (67) 16 (100)
5(12) 5 (11) 0(0)

4 (10) 10 (22) 0(0)

1(2) 0(0) 0(0)

10 (24) 16 (35) 6 (38)
9(22) 8(17) 3(19)

8 (19) 12 (26) 7 (44)

10 (24) 7 (15) 0(0)
5(12) 3(7) 0 (0)

N = 88 participants (model development) and 16 participants (model testing).

Abbreviation: Hb, hemoglobin.

“Calculated with the Cockeroft-Gault equation using serum creatinine levels and ideal body weight.

PAll participants provided predosing pharmacokinetic (PK) samples (trough levels) after treatment for 2, 8, and 16 weeks, and a subset of 25 participants provided intensive PK samples after
treatment for 16 weeks, with samples collected at predose and 0.5, 1, 2, 4, 8, 12, 12.5, 13, 14, 16, 20, and 24 hours after dosing.

°Levels based on maximum of 4 participant-elicited symptom question.

discontinued or reduced to 600 mg or 300 mg once daily, re-
spectively (Figure 5B-D).

Based on observed data, hemoglobin level after 4 weeks
of linezolid treatment had higher AUROC for predicting
investigator-reported anemia adverse events (median, 0.71-
0.73), which occurred at a median of 8 weeks (90% CI, 7-9)
after treatment initiation, than hemoglobin level at earlier
time points (0.50-0.63), observed linezolid trough levels
(0.52), or participant characteristics (0.50-0.58; Figure 6A;
Supplementary Table 11).

Similarly, in simulations with the hemoglobin model, the
median time to onset of severe anemia was 10 weeks (90% CI,

9-11) and the AUROC was higher for hemoglobin level at 4
weeks than linezolid trough levels to predict severe anemia
(.88,90% CI, .85-.91, vs .64, .60-.69; Figure 6B). The threshold
of 10% decrease in hemoglobin level at 4 weeks vs pretreat-
ment had the highest sensitivity and specificity in predicting
subsequent severe anemia (both >0.80). With this threshold as
a trigger for dose reduction from 1200 to 600 mg once daily,
simulations showed that the frequency of severe anemia events
could potentially be decreased by a median of 60% (90% CI,
45-72), from 15% (12-17) to 6% (4-8; Table 3, Figure 7). When
the threshold is met and dose is reduced, the median recovery
is predicted to be 12 weeks (90% CI, 11-14) to pretreatment
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Figure 2. Linezolid pharmacokinetic-toxicodynamic models: observed data and visual predictive checks. A, Pharmacokinetic model for linezolid. Initial linezolid dosage: red,
600 mg twice daily; blue, 1200 mg once daily. B, Pharmacokinetic-toxicodynamic model for hemoglobin levels. C, Pharmacokinetic-toxicodynamic model for platelet counts.
D, Pharmacokinetic-toxicodynamic model for severe peripheral neuropathy scores. Left, observed data. A, Observed linezolid concentrations (points) and median (thick solid
line) stratified by initial linezolid dosage and sampling occasion. Band C, Observed hemoglobin levels and platelet counts (thin solid lines) and median (thick solid line) strat-
ified by initial linezolid dosage. D, Observed percentage of severe peripheral neuropathy scores (thick solid line) stratified by initial linezolid dosage. Middle, VPC for model
development data; right, VPC for model testing data. A, B, and C, Median (solid line) and 5th and 95th percentiles (dashed lines) of observed data, and 95% confidence
intervals of the median and 5th and 95th percentiles of model predicted simulations (shaded areas). VPCs are prediction-corrected. The model testing data only included 5
patients with intensive pharmacokinetic (PK) sampling at week 16, so confidence intervals of the median and 5th and 95th percentiles substantially overlapped. Therefore,
only linezolid trough levels are shown (collected from all patients) in the right column of (4), rather than the full 24-hour profile. [, Observed percentage of severe peripheral
neuropathy scores (solid line) and 95% prediction interval of model predicted simulations (shaded area). Additional predictive checks for the PK model and peripheral neurop-
athy model available in Supplementary Table 9 and Supplementary Figures 6-8. Abbreviations: LLOQ, lower limit of quantification; Rx, treatment; VPC, visual predictive checks
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Figure 3. Distribution of peripheral neuropathy scores in Nix-TB. Distribution of peripheral neuropathy scores vs time in 104 participants (model development, 88 partici-

pants; model testing, 16 participants).

hemoglobin level and 7 weeks (6-8) to normal level (>10.6 g/
dL). Decreasing the linezolid dosage from 1200 to 600 mg in
some patients for anemia did not substantially affect the overall
rates of peripheral neuropathy (19% of patients with severe
neuropathy when all patients administer 1200 mg once daily
for 6 months vs 16% of patients after toxicity management
strategy) or efficacy target attainment (100% of patients with
fAUC/MIC >119 vs 89% of patients; Table 3). Dose adjustments
to 300 mg once daily or discontinuation yielded similar results
(data not shown).

DISCUSSION

In this study, we identified simple dosing strategies that may be
considered for follow-up research on reducing linezolid toxicity.
Model simulations showed that, as part of the 6-month BPaL
regimen in patients with XDR-TB and TI/NR MDR-TB, fre-
quencies of toxicity were comparable between once- and twice-
daily dosing of linezolid at the same total daily dose but higher
with higher total daily doses. Peripheral neuropathy typically
improved after linezolid dosage reduction and should be moni-
tored closely throughout treatment. Additionally, hemoglobin
levels before treatment and after 4 weeks of treatment are hy-
pothesized to guide early dosage adjustments to prevent severe
anemia. Management strategies for severe thrombocytopenia
were not investigated because it was infrequent (1 of 104 study
participants). This work could be useful in designing future clin-
ical trials to confirm the utility of the recommended strategies

for improving patient safety while simultaneously assessing their
impact on efficacy and, consequently, the benefit-to-risk ratio.

Peripheral neuropathy is the most frequent linezolid-
related adverse event [6, 11, 31]. In Nix-TB, of 75 participants
with modest or severe neuropathy scores, 71 had their first
such score by 6 months and 46 had their first such score be-
tween 3 and 6 months, consistent with results elsewhere [32].
Peripheral neuropathy was typically reversible with linezolid
dosage adjustments at the discretion of the Nix-TB investiga-
tors. Our simulations showed that linezolid discontinuation
does not provide a substantial advantage over dosage reduc-
tions. Although these results are generally consistent with re-
sults from various studies, some have reported irreversible
peripheral neuropathy [33, 34]. Therefore, close monitoring of
peripheral neuropathy symptoms, at least monthly, is critical
for early detection.

Severe anemia (> grade 3) emerged after 9 to 11 weeks of
daily linezolid, consistent with results elsewhere [6, 11, 35].
Therefore, treatment changes for hemoglobin toxicity should
begin within 2 months after initiation of linezolid therapy.
Although linezolid concentration-time profiles affected tox-
icity, use of linezolid trough levels, as suggested elsewhere [12,
36], had low AUROC for predicting severe anemia (0.64; 90%
CI, 0.60-0.69). Changes in hemoglobin level at 4 weeks vs pre-
treatment had higher AUROC (0.88; 0.85-0.91). The relation
between linezolid concentration and hemoglobin level may
be modulated by high interindividual variability in the expo-
sure-response relationship (69% coefficient of variation for

Table 2. Change in Objective Function Value for Inclusion of Linezolid Drug Exposure as a Predictor of Linezolid-related Toxicities

Investigator-Reported Adverse Events?

Toxicodynamic Modeling®

Linezolid Exposure Variable

Peripheral Neuropathy ~Anemia

Thrombocytopenia Neuropathy Score Hemoglobin Level Platelet Count

Observed linezolid trough levels at 2 weeks 0 -2 -1 -1 -23 -190
P=.9 P=.2 P=23 P=.9 P=.4 P << .001

Linezolid concentration-time profiles Not tested Not tested Not tested -125° -414 -588
P <<.001 P << .001 P <<.001

“Change in objective value with Pvalues for inclusion of covariates as predictors of time to investigator-reported adverse event (> grade 1) in Cox regression analysis. The reported P values

account for degrees of freedom when including covariate in model.

®Change in objective value with P values for inclusion of covariates as predictors of longitudinal hemoglobin level, platelet count, and neuropathy score in the toxicodynamic models. The

reported P values account for degrees of freedom when including covariate in model.

“Concentrations in effect compartment were used in this model. Full details in the Supplementary Methods.
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half-maximal inhibitory concentration, ICs,,; Supplementary
Tables 4 and 5). Therefore, close monitoring of hemoglobin
levels is likely needed for early identification of linezolid-related
anemia, with weekly monitoring to at least 2 or 3 months after
starting linezolid therapy when severe anemia is typically ob-
served. The threshold of >10% decrease in hemoglobin level
at 4 weeks vs pretreatment may optimize the sensitivity and

specificity of the hemoglobin level in predicting anemia and
may prevent 60% of occurrences of severe anemia, with a false-
positive rate of only 14% of patients who would undergo unnec-
essary linezolid dosage adjustments from 1200 mg to 600 mg
once daily.

Linezolid-related adverse events are thought to be asso-
ciated with mitochondrial toxicity [10]. In a previous study,
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Figure 4. Simulated pharmacokinetic and toxicity profiles after total linezolid daily doses of 600 mg or 1200 mg. A, Simulated steady-state pharmacokinetic profiles evalu-
ated 2 weeks after treatment initiation. Solid blue lines, typical participant (median of simulations); shaded areas, 90% prediction intervals; solid red ling, MIC,; of 0.5 mg/L.
B, Simulated hemoglobin level profiles for 6 months of treatment with linezolid. Solid blue lines, typical participant; shaded areas, 90% prediction intervals; solid red line,
DMID definition of grade 3 toxicity (hemoglobin level <8 g/dL). C, Simulated platelet count profiles for 6 months of treatment with linezolid. Solid blue lines, typical partic-
ipant; shaded areas, 90% prediction intervals; solid red line, DMID definition of grade 3 toxicity (platelet count <50 x 10%/L). D, Simulated expected percentages of severe
peripheral neuropathy scores for 6 months of treatment with linezolid and 18 months of follow-up. Simulated percentages of normal, minimal, and modest score available
in Supplementary Figure 9. First column, linezolid dosage 300 mg twice daily for 6 months; second column, linezolid dosage 600 mg once daily for 6 months; third column,
linezolid dosage 600 mg twice daily for 6 months; fourth column, linezolid dosage 1200 mg twice daily for 6 months. Abbreviations: DMID, Division of Microbiology and
Infectious Diseases; MIC,,, minimum concentration of antibiotic at which 90% of the isolates are inhibited.
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linezolid trough levels were associated with decreased mean
mitochondrial function demonstrated by declining cyto-
chrome c oxidase activity (measure of extent of mitochondrial
protein synthesis) per unit citrate synthase activity (marker
of mitochondrial mass) [12]. In that study, a clinically de-
fined adverse event developed in all patients with trough level
>2 mg/L but in less than half of patients with trough level

<2 mg/L [12]. Generally, for bacterial infections, a higher
threshold of trough levels >9 mg/L is accepted to be associated
with increased risk of linezolid-related adverse events [14,
36-38]. However, 2 studies in patients with MDR-TB showed
insignificant differences of linezolid trough levels (and AUC)
between patients who experienced or did not experience ad-
verse events [32, 34]. In our analysis, linezolid trough levels
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Figure 6. Predictors of anemia associated with linezolid treatment. A, Receiver operating characteristic curves for univariate models that predict investigator-reported
anemia adverse events, defined in the Nix-TB trial. Additional models available in Supplementary Table 11. B, Receiver operating characteristic curves for simulated predic-
tion of severe anemia using the hemoglobin level pharmacokinetic-toxicodynamic model, defined by Division of Microbiology and Infectious Diseases > grade 3 toxicity (he-
moglobin level <8 g/dL). Use of a 10% decrease in hemoglobin levels after 4 weeks of linezolid treatment to predict severe anemia maximizes sensitivity (0.82) and specificity
(0.84; black circle). Abbreviations: AUROC, area under the receiver operating characteristic curve; t, time after treatment initiation; rel. to, relative to.
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state pharmacokinetic profiles evaluated 2 weeks after implementing anemia toxicity management strategy (ie, 6 weeks after treatment initiation) for initial linezolid dosage
1200 mg once daily. Solid blue lines, typical participant (median of simulations); shaded areas, 90% prediction interval; solid red line, MIC,; of 0.5 mg/L. C, Simulated
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imum concentration of antibiotic at which 90% of the isolates are inhibited.

crobiology and Infectious Diseases definition of grade 3 toxicity (hemoglobin level
here decision is made for toxicity management strategy. Abbreviation: MIC,,, min-

predicted toxicity to platelets but not hemoglobin or neu-
ropathy. Indeed, use of more informative concentration-time
profiles that account for dosage adjustments better predicted
all 3 toxicities at the individual level (Table 2). Regardless, we
found that monitoring simple toxicity markers throughout
treatment accurately informed and predicted toxicities, which
is more practical than therapeutic drug monitoring in clinical
settings. However, linezolid trough levels may still be valuable
for the assessment of toxicity at the population level (eg, BPaL

in a different population or linezolid as part of a different reg-
imen) and should be collected, if possible, and compared with
data from this study, among others.

Our simulations showed that linezolid at lower dosages
reduced the occurrence of adverse events, but PK-based ef-
ficacy metrics (eg, fAUC/ MIC,, >119) suggest treatment ef-
ficacy may be compromised (Table 3). However, a clear link
between PK-based metrics and clinical outcomes has yet to be
established. The ZeNix trial (NCT03086486), a successor of
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Nix-TB, that evaluated varied linezolid starting daily doses and
durations may provide more reliable evidence on clinical out-
comes. Our model predicts the following rates of severe neu-
ropathy and anemia for regimens tested in ZeNix: 42% and 15%
in 1200 mg linezolid for 6 months, 22% and 8% in 1200 mg for
2 months, 18% and 1% in 600 mg for 6 months, and 12% and
<1% in 600 mg for 2 months (Supplementary Table 12), con-
sistent with recently presented results from ZeNix [39]. Our
study will be further validated as ZeNix data become available.

Strengths of our study include the enrollment of participants
from sites in South Africa, which has among the highest na-
tional TB burden globally and a high percentage (48%, 50 of
104) of participants with HIV coinfection [40]. Additionally,
the data were voluminous, including 497 linezolid plasma
concentrations, 1927 hemoglobin levels, 1892 platelet counts,
and 970 neuropathy scores. Therefore, our models described
the longitudinal changes in linezolid PK and linezolid-related
toxicity that occur among patients treated for TB and enabled
unique evidence-based recommendations about treatment to
predict and minimize linezolid-related toxicity.

Limitations of our study include the evaluation of linezolid
as a component of BPaL combination therapy in XDR-TB and
TI/NR MDR at sites only in South Africa, which may limit gen-
eralizability to other therapies or TB populations. Second, we
did not consider treatments for toxicities other than linezolid
dosage reduction or discontinuation. Third, we did not model
the effects of dose adjustments on efficacy, although this limita-
tion may be mitigated, in part, by the results of our simulations
that evaluated PK-based efficacy targets.

In conclusion, we provide simple, data-driven recom-
mendations for linezolid dosage adjustments that use prac-
tical toxicity markers for decision-making. We recommend
that patients who start with a 1200-mg total daily dose be
evaluated at pretreatment and monitored at least monthly
during treatment for peripheral neuropathy symptoms to en-
able early detection. Dose adjustments for peripheral neu-
ropathy should be made at the discretion of the clinicians and
researchers. Further, hemoglobin levels should be evaluated
at pretreatment and monitored at least weekly after linezolid
initiation. Dose reductions to 600 mg total daily should be
made at 4 weeks for patients with >10% decrease in hemo-
globin level relative to pretreatment level. In Nix-TB, severe
thrombocytopenia was infrequent, so more data are required
to derive recommendations. Last, although linezolid trough
levels were inferior for predicting toxicity compared with
simple toxicity markers, we still recommend that they be
collected and used to further assess their ability to predict
toxicity at the population level. Our recommendations may
help clinicians and researchers predict and minimize toxicity
from linezolid treatment for XDR-TB and TI/NR MDR TB.
Nonetheless, prospective studies are needed to test the pro-
posed dosing strategies.
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Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.

Notes

Author contributions. M. Z.1.,]. R.N., and R. M. S. contributed to study
conception, study design, and data verification. M. Z. L. performed the data
analysis, modeling, and simulation and prepared figures and tables, with
support from J. R. N. and R. M. S. The first draft was written by M. Z. L,
J.R.N,and R.M.S,and M. Z. I, ]. R. N, E C,, and R. M. S. discussed the
results and implications, critically revised the article, and approved the final
version for publication.

Acknowledgments. The authors are grateful to all study participants and
volunteers, the staff at the clinical sites, and the investigators for the Nix-TB
trial. The authors thank the TB Alliance for sharing standardized data and
Eugene Sun and Daniel Everitt for their guidance throughout the analysis
and review of the final manuscript. The authors also thank Elly Trepman,
MD, for editorial support.

Disclaimer. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Financial support. This work was done in kind for the TB Alliance.
Partial support for M. Z. I. was received from 2 internal University of
California-San Francisco fellowships (UCSF Fletcher Jones Fellowship
and Institutional T32 Kirschstein-NRSA Fellowship, 5T32HL007185-43).
The Nix-TB study was conducted by the TB Alliance with funding from
Australia’s Department of Foreign Affairs and Trade; Bill & Melinda Gates
Foundation; Germany’s Federal Ministry of Education and Research
through KfW; Irish Aid; National Institute of Allergy and Infectious
Disease; Netherlands Ministry of Foreign Affairs; United Kingdom’s
Foreign, Commonwealth and Development Office; and the US Agency
for International Development (Bill and Melinda Gates Foundation grant
OPP1129600).

Potential conflicts of interest. M. Z. 1. reports grants for a postdoctoral
fellowship from UCSF Fletcher Jones Fellowship and Institutional T32
Kirschtein-NRSA Fellowship (5T32HL007185-43). J. R. N. reports grants
from the Bill and Melinda Gates Foundation (grant OPP1129600 to the
TB Alliance) and other payments or services from Australia’s Department
of Foreign Affairs and Trade; Germany’s Federal Ministry of Education
and Research through KfW; Irish Aid; National Institute of Allergy and
Infectious Disease; Netherlands Ministry of Foreign Affairs; United
Kingdom’s Foreign, Commonwealth and Development Office; and US
Agency for International Development during the conduct of the study.
All other authors report no potential conflicts. All authors have submitted
the ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts
that the editors consider relevant to the content of the manuscript have
been disclosed.

References

1. World Health Organization. Global tuberculosis report 2019. Licence: CC
BY-NC-SA 3.0 IGO. Geneva, Switzerland: World Health Organization, 2019.

2. World Health Organization. Meeting report of the WHO expert consultation on
the definition of extensively drug-resistant tuberculosis. Licence: CC BY-NC-SA
3.0 IGO. Geneva, Switzerland: World Health Organization, 2021.

3. Wasserman S, Meintjes G, Maartens G. Linezolid in the treatment of drug-
resistant tuberculosis: the challenge of its narrow therapeutic index. Expert Rev
Anti Infect Ther 2016; 14:901-15.

4. Ahmad N, Ahuja SD, Akkerman OW, et al. Treatment correlates of successful out-
comes in pulmonary multidrug-resistant tuberculosis: an individual patient data
meta-analysis. Lancet 2018; 392:821-34.

5. World Health Organization. Rapid communication: key changes to treatment of
multidrug- and rifampicin-resistant tuberculosis (MDR/RR-TB). Licence: CC
BY-NC-SA 3.0 IGO. Geneva, Switzerland: World Health Organization, 2018.

6. Conradie F, Diacon AH, Ngubane N, et al; Nix-TB Trial Team. Treatment
of highly drug-resistant pulmonary tuberculosis. N Engl ] Med 2020;
382:893-902.

1746 « CID 2022:74 (15 May) o Imperial et al


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab699#supplementary-data

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. US Food Drug Administration (FDA). FDA approves new drug for treatment-

resistant forms of tuberculosis that affects the lungs | FDA. Available at: https://
www.fda.gov/news-events/press-announcements/fda-approves-new-drug-
treatment-resistant-forms-tuberculosis-affects-lungs. Accessed 20 February
2020.

. World Health Organization. Rapid communication: key changes to treat-

ment of drug-resistant tuberculosis. Licence: CC BY-NC-SA 3.0 IGO. Geneva,
Switzerland: World Health Organization, 2019.

. European Medicine Agency: EMEA/H/C/005167- Dovprela (previously

Pretomanid FGK). Available at: https://www.ema.europa.eu/en/medicines/
human/EPAR/dovprela-previously-pretomanid-fgk. Accessed 24 August
2019.

McKee EE, Ferguson M, Bentley AT, Marks TA. Inhibition of mammalian mi-
tochondrial protein synthesis by oxazolidinones. Antimicrob Agents Chemother
2006; 50:2042-9.

Zhang X, Falagas ME, Vardakas KZ, et al. Systematic review and meta-analysis of
the efficacy and safety of therapy with linezolid containing regimens in the treat-
ment of multidrug-resistant and extensively drug-resistant tuberculosis. ] Thorac
Dis 2015; 7:603-15.

Song T, Lee M, Jeon HS, et al. Linezolid trough concentrations correlate with mi-
tochondrial toxicity-related adverse events in the treatment of chronic extensively
drug-resistant tuberculosis. EBioMedicine 2015; 2:1627-33.

McGee B, Dietze R, Hadad DJ, et al. Population pharmacokinetics of linezolid
in adults with pulmonary tuberculosis. Antimicrob Agents Chemother 2009;
53:3981-4.

Boak LM, Rayner CR, Grayson ML, et al. Clinical population pharmacoki-
netics and toxicodynamics of linezolid. Antimicrob Agents Chemother 2014;
58:2334-43.

Sasaki T, Takane H, Ogawa K, et al. Population pharmacokinetic and pharmaco-
dynamic analysis of linezolid and a hematologic side effect, thrombocytopenia, in
Japanese patients. Antimicrob Agents Chemother 2011; 55:1867-73.

Meagher AK, Forrest A, Rayner CR, Birmingham MC, Schentag JJ. Population
pharmacokinetics of linezolid in patients treated in a compassionate-use pro-
gram. Antimicrob Agents Chemother 2003; 47:548-53.

Plock N, Buerger C, Joukhadar C, Kljucar S, Kloft C. Does linezolid inhibit its
own metabolism? Population pharmacokinetics as a tool to explain the observed
nonlinearity in both healthy volunteers and septic patients. Drug Metab Dispos
2007; 35:1816-23.

Keel RA, Schaeftlein A, Kloft C, et al. Pharmacokinetics of intravenous and oral
linezolid in adults with cystic fibrosis. Antimicrob Agents Chemother 2011;
55:3393-8.

Alghamdi WA, Al-Shaer MH, An G, et al. Population pharmacokinetics of
linezolid in tuberculosis patients: dosing regimen simulation and target attain-
ment analysis. Antimicrob Agents Chemother 2020; 64:e01174-20.

Minchella PA, Donkor S, Owolabi O, Sutherland JS, McDermid JM. Complex
anemia in tuberculosis: the need to consider causes and timing when designing
interventions. Clin Infect Dis 2015; 60:764-72.

Lee SW, Kang YA, Yoon YS, et al. The prevalence and evolution of anemia associ-
ated with tuberculosis. ] Korean Med Sci 2006; 21:1028-32.

NIAID Division of Microbiology and Infectious Diseases (DMID) Adult Toxicity
Table November 2007 Draft. Available at: https://www.niaid.nih.gov/sites/default/
files/dmidadulttox.pdf. Accessed 9 January 2019.

Bolhuis MS, Akkerman OW, Sturkenboom MGG, et al. Linezolid-based regi-
mens for multidrug-resistant tuberculosis (TB): a systematic review to establish

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

or revise the current recommended dose for TB treatment. Clin Infect Dis 2018;
67:327-35.

Diacon AH, De Jager VR, Dawson R, et al. Fourteen-day bactericidal activity,
safety, and pharmacokinetics of linezolid in adults with drug-sensitive pulmonary
tuberculosis. Antimicrob Agents Chemother 2020; 64:¢02012-19.

Srivastava S, Magombedze G, Koeuth T, et al. Linezolid dose that maximizes ster-
ilizing effect while minimizing toxicity and resistance emergence for tuberculosis.
Antimicrob Agents Chemother 2017; 61:¢00751-17.

Tato M, de la Pedrosa EG, Canton R, et al. In vitro activity of linezolid
against Mycobacterium tuberculosis complex, including multidrug-resistant
Mycobacterium bovis isolates. Int ] Antimicrob Agents 2006; 28:75-8.

Yang C, Lei H, Wang D, et al. In vitro activity of linezolid against clinical
isolates of Mycobacterium tuberculosis, including multidrug-resistant and ex-
tensively drug-resistant strains from Beijing, China. Jpn J Infect Dis 2012;
65:240-2.

Zong Z, Jing W, Shi ], et al. Comparison of in vitro activity and MIC distributions
between the novel oxazolidinone delpazolid and linezolid against multidrug-
resistant and extensively drug-resistant Mycobacterium tuberculosis in China.
Antimicrob Agents Chemother 2018; 62:e00165-18.

Lopez B, Siqueira de Oliveira R, Pinhata JMW, et al. Bedaquiline and linezolid
MIC distributions and epidemiological cut-off values for Mycobacterium tubercu-
losis in the Latin American region. ] Antimicrob Chemother 2019; 74:373-9.
Hardin J, Hilbe J. Generalized estimating equations. Boca Raton, Florida:
Chapman and Hall/CRC Press, 2003.

Sotgiu G, Centis R, D’Ambrosio L, et al. Efficacy, safety and tolerability of linezolid
containing regimens in treating MDR-TB and XDR-TB: systematic review and
meta-analysis. Eur Respir ] 2012; 40:1430-42.

Bolhuis MS, Tiberi S, Sotgiu G, et al. Linezolid tolerability in multidrug-resistant
tuberculosis: a retrospective study. Eur Respir ] 2015; 46:1205-7.

Agyeman A, Ofori-Asenso R. Efficacy and safety profile of linezolid in the treat-
ment of multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuber-
culosis: a systematic review and meta-analysis. Ann Clin Microbiol Antimicrob
2016; 15:41.

Jaspard M, Butel N, El Helali N, et al. Linezolid-associated neurologic adverse
events in patients with multidrug-resistant tuberculosis, France. Emerg Infect Dis
20205 26:1792-800.

Lee M, Cho SN, Barry CE 3rd, Song T, Kim Y, Jeong L. Linezolid for XDR-TB—
final study outcomes. N Engl ] Med 2015; 373:290-1.

Dai, Jiang S, Chen X, et al. Analysis of the risk factors of linezolid-related haem-
atological toxicity in Chinese patients. ] Clin Pharm Ther 2021; 46:807-13.
Cattaneo D, Alffenaar JW, Neely M. Drug monitoring and individual dose optimi-
zation of antimicrobial drugs: oxazolidinones. Expert Opin Drug Metab Toxicol
2016; 12:533-44.

Luque S, Munioz-Bermudez R, Echeverria-Esnal D, et al. Linezolid dosing in pa-
tients with liver cirrhosis: standard dosing risk toxicity. Ther Drug Monit 2019;
41:732-9.

Conradie E, Everitt D, Olugbosi M, et al. High rate of successful outcomes treating
highly resistant TB in the ZeNix study of pretomanid, bedaquiline and alternative
doses and durations of linezolid. In: International AIDS Society Conferences 2021
Abstract Book. Berlin, Germany, 2021: 406.

Murray CJL, GBD 2015 Mortality and Causes of Death Collaborators. Global,
regional, and national age-sex specific all-cause and cause-specific mortality for
240 causes of death, 1990-2013: a systematic analysis for the global burden of di-
sease study 2013. Lancet 2015; 385:117-71.

Linezolid Dosing Strategies for TB « CID 2022:74 (15 May) « 1747


https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treatment-resistant-forms-tuberculosis-affects-lungs
https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treatment-resistant-forms-tuberculosis-affects-lungs
https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treatment-resistant-forms-tuberculosis-affects-lungs
https://www.ema.europa.eu/en/medicines/human/EPAR/dovprela-previously-pretomanid-fgk
https://www.ema.europa.eu/en/medicines/human/EPAR/dovprela-previously-pretomanid-fgk
https://www.niaid.nih.gov/sites/default/files/dmidadulttox.pdf
https://www.niaid.nih.gov/sites/default/files/dmidadulttox.pdf

