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Abstract

Introduction: Linezolid is widely used to treat multidrug-resistant Gram-positive infections, often at set doses indepen-
dent of renal impairment. However, a clear exposure-response association has been established for linezolid-induced
thrombocytopenia in patients with renal impairment. The purpose of this study is to assess the prevalence of thrombocy-
topenia and identify the risk factors for linezolid-induced thrombocytopenia in this population.

Methods: A retrospective study was conducted in who had taken standard-dose linezolid for at least 7 days. Patients
with apparent thrombocytopenia, abnormal baseline laboratory results, an intensive care unit stay, an estimated glo-
merular filtration rate (eGFR) variation of >50%, or who received blood or blood products were excluded. Thrombocy-
topenia was defined as a 25% reduction from the baseline value. To evaluate risk factors, time-to-event analysis with
Kaplan-Meier curves and Cox proportional hazards modeling were used.

Results: Of the 170 patients enrolled (median age of 69.5 years), 37.1% had an eGFR of <60 mL/min/1.73 m*. Throm-
bocytopenia developed in 35.3% of patients, occurring at a median of 14 days after linezolid initiation. The proportion
of thrombocytopenia was significantly higher in eGFR<60 mL/min/1.73 m” group compared to eGFR=60 mL/min/1.73
m’ group (47.6% vs. 28.0%, p<0.001). Cox modeling identified eGFR<60 mL/min/1.73 m* (adjusted hazard ratio
[aHR]=2.287, 95% confidence interval [CI] 1.328-3.907, p=0.0028) and linezolid duration (aHR=0.972, 95% CI 0.946—
0.999, p=0.040) as significant risk factors for thrombocytopenia.

Conclusions: Thrombocytopenia is more likely in patients with renal impairment who are taking long-term linezolid ther-
apy. Optimizing empirical dosing and adopting therapeutic drug monitoring should be addressed to ensure efficacy and
reduce this adverse event in high-risk patients.

Keywords: linezolid; thrombocytopenia; renal insufficiency; drug monitoring

Received: Aug 16, 2024 / Revised: Dec 2, 2024 / Accepted: Dec 4, 2024
*Corresponding author: Trang Nguyen Doan Dang. Department of Clinical Pharmacy, Faculty of Pharmacy, University of Medicine and Pharmacy at Ho Chi
Minh City, Ho Chi Minh City, Vietnam. E-mail: trang.dnd@ump.edu.vn

Copyright © 2025 MedPharmRes. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.medpharmres.com 207


https://crossmark.crossref.org/dialog/?domain=pdf&date_stamp=2025-6-30&doi=10.32895/UMP.MPR.9.2.19
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Risk factors for linezolid-induced thrombocytopenia in hospitalized patients

1.INTRODUCTION

Linezolid, an oxazolidinone antibiotic, works by inhibiting
bacterial peptide synthesis through binding to the peptidyl
transferase site of the 50S ribosome subunit. This mecha-
nism allows linezolid to be effective against a wide range
of multidrug-resistant Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus (MRSA), van-
comycin-resistant Enterococci, methicillin-resistant coagu-
lase-negative Staphylococci, and penicillin-insensitive Strep-
tococcus pneumoniae. Linezolid is licensed to treat a number
of illnesses including bacteremia, nosocomial pneumonia,
skin and soft tissue infections, and community-acquired
pneumonia [1-5]. Linezolid is now used to treat a variety of
difficult infections, including prosthetic infection, bone and
joint infections, and multi-drug resistant tuberculosis, which
require lengthy treatment durations [5—8]. However, this in-
creased use has generated safety concerns, as the maximum
recommended duration of treatment is limited to 28 days due
to the potential for drug-related side events [5].

Linezolid has good pharmacokinetic characteristics, with
a bioavailability of approximately 100%, allowing for in-
terchangeable administration via oral or intravenous routes
without dose adjustment. It mostly metabolized through the
oxidation of its morpholine ring into an inactive form via
non-enzymatic oxidative reactions, and the kidneys elim-
inate approximately 30% to 40% of the parent drug as an
unchanged form in the urine. Additionally, linezolid has been
labeled as a “one dose fits all’ treatment for patients with
varying degrees of renal function [1-5]. Due to its advan-
tages, linezolid has been widely used to treat Gram-positive
infections.

However, various linezolid-induced side effects have sur-
faced in post-marketing surveillance, although they were
documented with a low prevalence in controlled clinical
trials. Among these, thrombocytopenia has been identified
as one of the most severe adverse effects associated with
linezolid treatment, with a prevalence ranging from 13.9% to
60.5%, depending on the definition used [9,10]. The specific
mechanisms underlying linezolid-induced thrombocytopenia

are unknown, however they may include platelet forma-
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tion inhibition and increased elimination of platelets. Some
publications suggest that linezolid suppresses the release of
platelets from mature megakaryocytes by promoting myosin
light chain 2 phosphorylation [11]. Sasaki et al. using a pro-
liferation cell model, demonstrated that thrombocytopenia
was due to inhibiting the proliferation of progenitor cells.
Boak, using a stem cell model, discovered that a linezolid
concentration of 8.06 mg/L led to a 50% reduction in the
synthesis of platelet precursor cells [12,13]. Whereas, other
mechanisms have been identified, such as immune-mediated
platelet destruction [14,15] and nonimmune-mediated de-
struction, which resulted from reduced antioxidation capac-
ity and the generation of lipid peroxidation and free radicals
in patients who have been treated with linezolid for more
than 20 days [16]. In clinical practice, thrombocytopenia can
lead to the need for platelet transfusion and other support
therapy, and its early onset may result in premature linezolid
discontinuation, which could affect the selection of appropri-
ate treatment regimens because linezolid is one of the best
options for oral treatment for outpatients.

Even though the current Food and Drug Administration
(FDA)-approved labeling for linezolid indicates that no dose
adjustment is equired for patients with renal dysfunction,
post-approval observational studies have reported a higher
incidence of thrombocytopenia in this group, particularly
with prolonged linezolid treatment [9,17-27]. Furthermore,
an exposure-response relationship has been observed for
linezolid-induced thrombocytopenia, with the prevalence of
thrombocytopenia increasing proportionally to higher trough
concentrations of linezolid, particularly when these levels
exceed 7 to 10 mg/L [12,13,26,28-30]. Previous investiga-
tions have revealed additional risk factors for thrombocyto-
penia, including advanced age, low body weight, extended
treatment duration, low platelet count at initiation, and he-
patic dysfunction [20,31-37]. However, there have been no
consistent findings addressing the key factors contributing to
thrombocytopenia in linezolid patients. Furthermore, most
known toxicity studies have not employed time-to-event
analyses, which could provide insights regarding the impact
of long-duration treatment on the emergence of thrombocy-

topenia.
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As a result, identifying the risk factor and taking immedi-
ate action are critical for reducing the prevalence of linezol-
id-induced thrombocytopenia and its associated clinical and
economic cost. This would allow for more effective and safer
use of linezolid, ultimately prolonging its utility in the era of
emerging antimicrobial resistance.

Moreover, time-to-event analyses are critical for investi-
gating how treatment duration affects the occurrence of this
adverse event. This study aimed to determine the prevalence
of thrombocytopenia in patients with and without renal
impairment and to identify the risk factors associated with

linezolid-induced thrombocytopenia.

2. MATERIALS AND METHODS

2.1. Study design

This study followed the parameters indicated in the
STROBE checklist (provided in Supplementary Table S1)
[38]. We carried out a retrospective cohort analysis at Uni-
versity Medical Center Ho Chi Minh City, Viet Nam. Data
were collected from patient electronic medical records,
which included demographic information, type of infection,
microbiological isolates, previous glycopeptide use, linezolid
dosage, daily per kg dose of linezolid (mg/kg/12h), hemodi-
alysis (yes/no), duration of linezolid therapy, and hematolog-
ical (hemoglobin, platelet) and biochemical findings (total
protein, albumin, serum creatinine, aspartate transferase,
alanine transferase, total bilirubin), withdrawal linezolid (yes/
no), platelet recovery (yes/no/missing data), the time from
linezolid withdrawal to platelet recovery, co-medications.
Patients were tracked longitudinally from the start of linezol-
id therapy until the end of treatment, including any outpa-

tient visits.

2.2. Study subjects

We enrolled all patients who met the inclusion criteria,
which included being aged 18 years or older who have re-
ceived linezolid therapy for at least 7 days, including both
inpatient and outpatient treatment. Patients were disqualified
if they possessed any of the following: a diagnosis of dis-

seminated intravascular coagulation or other bleeding com-
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plications; clear alternative causes for thrombocytopenia;
abnormal baseline laboratory values, including an absolute
neutrophil count<500 cells/microL, total bilirubin>5 times
the upper limit of the normal, platelet count<75x10" cells/
pL, or hemoglobin<6.8 g/dL for males and <6 g/dL for fe-
males; absence of baseline height/weight or laboratory data;
and lack of a repeat platelet count after day 3; treatment in
the intensive care unit at any point during admission; a vari-
ation in estimated glomerular filtration rate (¢éGFR) using the
chronic kidney disease epidemiology collaboration (eGFR
CKD-EPI) equation exceeding 50% after linezolid adminis-
tration; or receipt of blood or other blood products.

The study size was estimated based on the difference in
the prevalence of thrombocytopenia between patients with

and without renal impairment, using the following equations:
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Based on findings from previous research and our pilot
study, we selected p1 and p2 as the prevalence of thrombocy-
topenia among patients with normal renal function (0.2) and
those with renal impairment patients (0.4), respectively. The
type 1 error and type 2 errors were set at ¢=0.05 and $=0.2,
respectively, yielding a sample size of 164 cases [20,22,27].
To meet the sample size requirement, patients admitted to
the hospital from January 2023 to December 2023 were

screened to select eligible participants.

2.3. Evaluation of thrombocytopenia

Hematological and biochemical parameters were mea-
sured at any time point following at least 4 days of linezolid
treatment. This timeframe was established based on pre-

viously reported onset times, the suggested mechanism of
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linezolid-induced thrombocytopenia, and the physician’s
experience with each patient. This approach aims to accu-
rately reflect the impact of linezolid on the development of
thrombocytopenia. Thrombocytopenia was defined as a 25%
reduction from the baseline level [21,26,39,40]. Patients
were categorized as having thrombocytopenia at the first
occasion when their measured platelet count dropped below
the predetermined threshold of a 25% reduction from the
baseline level, and they were censored thereafter. To assess
the effect of renal function on the development of thrombo-
cytopenia, patients were categorized into two groups based
on their eGFR (CKD-EPI), those with eGFR<60 mL/min per
1.73 m’ and those with eGFR>60 mL/min per 1.73 m’. The
eGFR threshold of 60 mL/min per 1.73 m isa frequent cut-
off modified medication dose. The baseline laboratory val-
ues, specifically platelet counts, are those that are normally
measured prior to starting linezolid therapy. This count can
be acquired on the day treatment begins; if this measurement
is unavailable, the value recorded within three days prior to
the commencement of treatment is utilized. The onset time
of thrombocytopenia was defined as the first day when the
criteria for diagnosing thrombocytopenia were satisfied. A
low baseline platelet count was defined as less than 150x 10°
cells/uL. Platelet recovery was defined as the restoration of
the platelet count to the normal range or the baseline value

from its nadir.

2.4. Data analysis

All analyses were performed using RStudio version 4.3.2.
Descriptive statistics were obtained using Student’s t-test
for continuous variables that followed a normal distribution,
while the Mann-Whitney U test was applied for those that
did not. The Shapiro-Wilk test was used to determine nor-
mality. Continuous variables with a normal distribution were
given as mean and standard deviation, while non-normally
distributed data were represented as the median and inter-
quartile range. Categorical variables were analyzed using
Chi-squared test or Fisher's exact test. The prevalence of
thrombocytopenia between the two renal groups was ana-
lyzed using the Chi-squared test. A p-value of less than 0.05

indicated a statistically significant difference. Kaplan-Meier
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were used to depict the time to beginning of thrombocyto-
penia, which was then statistically analyzed using the log-
rank test. Multivariable Cox regression analysis was then
conducted to control for potential confounding variables
affecting the association between renal impairment and
thrombocytopenia risk. The final model was chosen using
the Bayesian model averaging (BMA) method. Missing data
were resolved via the multiple imputation method, specifi-

cally employing the MICE function in RStudio.

2.5. Ethical considerations

This study was conducted in compliance with legal re-
quirements and the principles outlined in the Declaration of
Helsinki. The study protocol was reviewed and approved by
the Institute Ethics Committee of the University of Medicine
and Pharmacy at Ho Chi Minh City, under the assigned code
853/HbbDb-bHYD.

3. RESULTS

3.1. Baseline characteristics of patients

A total of 170 patients were participated in the study, with
60 (35.5%) experiencing thrombocytopenia. The baseline
characteristics of the overall study population are summa-
rized in Table 1. The median age was 69.5 years, and 61.2%
of the participants were male. The median (interquartile
range) weight, height, and body mass index were 57.0 (50.0,
65.8) kg, 160 (156, 165) cm, and 22.3 (19.5, 25.2) kg/mz,
respectively.

The median (interquartile range) eGFR for the entire pop-
ulation were 74.0 (45.3, 96.3) mL/min per 1.73 m'’. Patients
with thrombocytopenia had a significantly lower eGFR (me-
dian [interquartile range]) of 63.0 (40.5, 88.2) mL/min per
1.73 m?, compared to 78.0 (55.2, 99.8) mL/min per 1.73 m
in the non-thrombocytopenia group (p=0.022). The median
(interquartile range) serum creatinine levels were also higher
in the thrombocytopenia group at 0.98 (0.76, 1.52) mg/dL,
compared to 0.89 (0.68, 1.26) mg/dL in the non-thrombo-
cytopenia group (p=0.038). The thrombocytopenia group
had a substantially longer hospital stay (median [nterquartile
range]) at 19.8 (15.0, 29,2) days compared to 14.0 (10.0,
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Table 1. Patient characteristics and clinical conditions

Overall”

Characteristics Thrombocytopenia” p-value
(n=170, %) No (n=110, %) Yes (n=60, %)
Demographic
Age (year) 69.5 (59.0, 79.8) 68.0 (59.0, 75.8) 74.0 (59.5, 85.2) 0.061
Sex, male 104 (61.2) 66 (60.0) 38 (63.3) 0.794
Height (cm) 160 (156, 165) 160 (156, 165) 160 (157, 167) 0.801
Weight (kg) 57.0 (50.0, 65.8) 57.0 (50.0, 65.0) 57.8 (49.5,67.2) 0.962
Body mass index (kg/m’) 22.3(19.5,25.2) 22.2(19.4,25.3) 22.7(19.7,24.8) 0.990
Clinical conditions
Charlson comorbidity index 2.0(1.0,3.0) 2.0(1.0,3.0) 3.0(1.0,3.3) 0.075
eGFR (CKD-EPI)” (mL/min per 1.73 m’) 74.0 (45.3,96.3) 78.0 (55.2,99.8) 63.0 (40.5, 88.2) 0.022
eGFR (CKD-EPI)<60 mL/min per 1.73 m’ 63 (37.1) 33(30.0) 30 (50.0) 0.016
Length of stay (days) 15.25 (11.0, 22.0) 14.0 (10.0, 18.0) 19.8 (15.0, 29.2) <0.001
Outcome
Cured/improved 165 (97.1) 109 (99.1) 56 (93.3) 0.071
Worsen 5(2.9) 1(0.9) 4 (66.7)
Type of infection
Skin and soft tissue infection 66 (38.8) 46 (41.8) 20 (33.3) NA
Bacteremia 18 (10.6) 14 (12.7) 4(6.7)
Bone and joint infection 18 (10.6) 8 (7.3) 10 (16.7)
Community-acquired pneumonia 50 (29.4) 30 (27.3) 20 (33.3)
Central nervous system infection 3(1.8) 2(1.8) 1(1.7)
Hospital-acquired pneumonia 16 (9.4) 10(9.1) 6 (10.0)
Others 14 (8.2) 9(8.2) 5(8.3)
Laboratory
Serum creatinine (mg/dL) 0.94 (0.71,1.29) 0.89 (0.68, 1.26) 0.98 (0.76, 1.52) 0.038
Total bilirubin (mg/dL) 10.4 (8.1, 15.0) 10.6 (8.1, 13.6) 10.8 (8.1, 15.0) 0.682
Total bilirubin220.5 umol/L 12(7.1) 6 (5.5) 6(10.0) 0.349
Aspartate aminotransferase (U/L) 29.0 (22.0, 48.0) 28.0 (21.0, 51.0) 32.0(23.0,49.0) 0.304
Alanine aminotransferase (U/L) 24.0(14.0,41.8) 25.0 (15.0, 46.0) 24.5(14.0, 45.5) 0.555
Albumin (g/L) 30.2(5.2) 30.6 (5.3) 29.3(4.8) 0.105
Hemoglobin (g/dL) 107.5(93.0, 121.8) 110 (93, 125) 106 (94, 118) 0.395
Baseline platelet count (10° cells/uL) 278.5(210.3, 349.5) 264 (183, 330) 326 (243, 407) 0.001
Baseline platelet count<150x10°® cells/uL 10 (5.9) 8(7.3) 2(3.3) 0.497

Y Data are presented as n (%), mean (standard deviation), or median (interquartile range).
? Estimated glomerular filtration rate using Chronic Kidney Disease Epidemiology Collaboration equation (¢GFR CKD-EPI).
eGFR, estimated glomerular filtration rate; CKD-EPI, chronic kidney disease epidemiology collaboration; NA, not applicable.

18.0) days in the non-thrombocytopenia group (p<0.001).
The most common reasons for linezolid use were skin and
soft tissue infections (38.8%), community-acquired pneumo-
nia (29.4%), and bone and joint infections (10.6%). Baseline
laboratory values for total bilirubin, aspartate aminotrans-
ferase, alanine aminotransferase, albumin, and hemoglobin
were not statistically different between the thrombocytopenia

and non-thrombocytopenia groups. However, the baseline
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platelet count (median [interquartile range]) was higher in
the thrombocytopenia group at 326 (243, 407)><103 cells/pL,
compared to 264 (183, 330)><103 cells/uL in the non-throm-
bocytopenia group (p=0.001).

3.2. Linezolid treatment characteristics

The characteristics of linezolid treatment in the study pop-

ulation are presented in Table 2. Approximately one-third
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Table 2. Characteristics of linezolid therapy

Characteristics Overall Thrombocytopenia” p-value
(n=170, %) No (n=110, %) Yes (n=60, %)
Route of administration
\Y 77 (45.3) 51(46.4) 26 (43.3) 0.051
PO 50 (29.4) 31(28.2) 12 (20.0)
Both IV+PO 43 (25.3) 28 (25.5) 22 (36.7)
Indication of linezolid
Empirical treatment 114 (67.1) 77 (70.0) 37 (61.7) 0.350
Specific treatment 56 (32.9) 33 (30.0) 23 (38.3)
Microbiology
MRSA 37(21.8) 22(20.0) 15 (25.0) NA
MSSA 6 (3.5) 5(4.5) 1(1.7)
MS-CoNS 5(2.9) 3(2.7) 2(3.3)
MR-CoNS 1(0.6) 1(0.9) 0
Enterococcus sp. 4(2.4) 2(1.8) 2(3.3)
Streptococcus sp. 5(2.9) 2(1.8) 3(5.0)
Gram-negative 65 (38.2) 39 (35.5) 26 (43.3)
Linezolid dose (dose mg per kg per day) 10.5(9.1,12.0) 10.5 (9.2, 12.0) 10.2 (8.6, 12.0) 0.388
Duration of linezolid treatment (days) 12.0 (8.0, 12.0) 10.0 (8.0, 14.0) 14.0 (10.0, 21.0) <0.001
Previous vancomycin use 42 (24.7) 23 (20.9) 19 (31.7) 0.171

Y Data are presented as n (%), mean (standard deviation), or median (interquartile range).
IV, intravenous infusion administration; PO, oral administration; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive S. aureus; MS-CoNS,
methicillin-sensitive coagulase-negative Staphylococci; MR-CoNS, methicillin-resistant coagulase-negative Staphylococci; NA, not applicable.

(32.9%) of patients received linezolid-targeted treatment. Of
these cases, 24.7% was caused by MRSA and methicillin-re-
sistant coagulase-negative Staphylococci infections. The
median (interquartile range) linezolid dose given was 10.5
(9.1, 12.0) mg/kg/day, with no significant difference between
the thrombocytopenia and non-thrombocytopenia groups. In
24.7% of cases, linezolid treatment was followed by vanco-
mycin administration. Importantly, the duration of linezolid
treatment was significantly longer in the thrombocytopenia
group compared to the non-thrombocytopenia group. The
median (interquartile range) duration was 14.0 (10.0, 21.0)
days in the thrombocytopenia group, compared to 10.0 (8.0,
14.0) days in the non-thrombocytopenia group (p<0.001).

3.3. Linezolid-induced thrombocytopenia

In this study, thrombocytopenia occurred in 60 (35.3%) of
the 170 patient participated. The median time between the
commencement linezolid therapy and the onset of throm-
bocytopenia was 14 days. Further analysis revealed that

23.3% (14 of 60) of patients experienced thrombocytopenia
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within the first 7 days, 61.7% (37 of 60) between 7—14 days,
and 15% (9 of 60) after 14 days of linezolid treatment. Ka-
plan-Meier analysis was used to analyze the difference in
the proportion of thrombocytopenia between groups based
on eGFR (<60 mL/min per 1.73 m’ and >60 mL/min per
1.73 mz). The results demonstrated a significantly higher
cumulative probability of thrombocytopenia events in the
eGFR<60 mL/min per 1.73 m’ group (47.6%) compared to
the eGFR>60 mL/min per 1.73 m group (28.0%) (p<0.001).
Additionally, the median time to thrombocytopenia was
shorter in the eGFR<60 mL/min per 1.73 m group (11 days)
compared to the eGFR>60 mL/min per 1.73 m’ group (18
days). These results are displayed in Fig. 1. The predominant
reason for linezolid removal was an underlying indication,
such as completion of the intended treatment course, de-es-
calation of therapy, or therapeutic failure, which occured in
both the non-thrombocytopenia (98.2%) and thrombocyto-
penia (65%) groups. A minority of individual patients with
thrombocytopenia (25%) stopped using linezolid due to a

combination of adverse medicaiton reactions and indications.
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Fig. 1. Unadjusted Kaplan-Meier plot of thrombocytopenia in
patients with and without renal impairment. eGFR, estimated
glomerular filtration rate.

Among patients who developed thrombocytopenia, 41.7%
experienced platelet recovery, with a median time of 7.0
days, ranging from 3.0 to 13.0 days after linezolid discontin-

uation.

3.4. Risk factors for linezolid-induced thrombocytopenia

To identify factors potentially influencing the development
of thrombocytopenia, a Cox proportional hazards model
analysis was conducted. All relevant variables were includ-
ed, such as sex, age, weight, height, Charlson comorbidity
index, duration of linezolid treatment, linezolid dose (dose
per kg per day), low baseline platelet count (defined as plate-
let count<150x10" cells/uL), high baseline total bilirubin
(defined as total bilirubin>20.5 umol/L), and renal impair-
ment status (defined as eGFR<60 mL/min per 1.73 mz).
These factors were chosen based on their documented effect
on linezolid-induced thrombocytopenia in previous literature
[9,10] their physiological relevance, and the unequal distri-
bution between thrombocytopenia and non-thrombocytope-
nia groups, as presented in Tables 1 and 2. The BMA method
was then utilized to determine the best model among these
variables.

The results showed that the model including two variables,
renal impairment status and length of linezolid therapy,
was the best model for predicting thrombocytopenia, with
a Bayesian Information Criterion of —8.93 and a posterior

probability of 25.2% (presented in Fig. 2). This posterior
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probability indicates that there is a 25.2% chance that this
model is accurately represents the link between the vari-
ables and thrombocytopenia, making it most plausible of the
evaluated combinations of variables. Furthermore, the study
found that renal impairment status had greater influence on
the development of thrombocytopenia than linezolid treat-
ment length. In the final model, the adjusted hazard ratio
(aHR) for renal impairment was 2.287 (95% confidence
interval [CI] 1.328-3.907, p=0.0028), whereas the aHR for
the duration of linezolid therapy was 0.972 (95% CI 0.946—
0.999, p=0.0396). Table 3 presents a detailed univariable and
multivariable Cox proportional hazards model analysis of

thrombocytopenia.

4. DISCUSSION

Linezolid has been recognized as an effective treatment
for Gram-positive infections for nearly 25 years, thanks to
its advantages such as convenient dosing, high oral bioavail-
ability which allows for easy transitions from intravenous
to oral administration, and a unique mechanism of action
that reduces the likelihood of bacterial resistance. However,
thrombocytopenia is a major safety risk in clinical settings.
The processes underlying linezolid-induced thrombocytope-
nia are not well understood, making it critical to explore the

risk factors associated with linezolid therapy. Our retrospec-

Models selected by BMA

Sex 7 l .
AGE [ ] ]|

weiGHT [ I|
e

HEIGHT —
CCl +

DPKD

GroupPLT —
Total bilirubin —
RF

17 20 24 28

1 2 3 4 56 8 10 12 14

Model #

Fig. 2. Results of Bayesian model averaging for selecting the
best model. GroupPLT, low baseline platelet<150x10° cells/uL; Total.
bilirubin, high baseline total bilirubin=20.5 umol/L; RF, renal impairment
eGFR, <60 mL/min per 1.73 m’. BMA, Bayesian model averaging; CCl,
Charlson comorbidity index; Lina.dura, duration of linezolid therapy;
DPKD, linezolid dose per kg per day; eGFR, estimated glomerular
filtration rate.
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Table 3. Univariable and multivariable Cox proportional hazards model analysis of thrombocytopenia

Variable Univariable analysis Multivariable analysis
HR 95% ClI p-value aHR 95% ClI p-value
Renal impairment” 2.693 1.58-4.59 <0.001 2.278 1.328-3.907 0.0028
Age 1.02 1.002-1.038 0.031 NA
Female 0.905 0.530-1.546 0.716 NA
Height 0.999 0.960-1.039 0.96 NA
Weight 0.991 0.971-1.012 0.391 NA
Charlson comorbidity index 1.131 0.996-1.283 0.057 NA
Low baseline platelet” 0.596 0.143-2.482 0.477 NA
High baseline total bilirubin® 3.509 1.471-8.372 0.005 NA
Linezolid dose” 1.056 0.944-1.182 0.34 NA
Duration of linezolid therapy 0.966 0.941-0.991 0.009 0.972 0.946-0.999 0.0396

") Estimated glomerular filtration rate using Chronic Kidney Disease Epidemiology Collaboration equation (€GFR CKD-EPI)<60 mL/min per 1.73 m?.

? Platelet count, <150x10° cells/uL.
® Total bilirubin, 220.5 umol/L.
“ Dose per kg per day.

aHR, adjusted hazard ratio; Cl, confidence interval; eGFR, estimated glomerular filtration rate; CKD-EPI, chronic kidney disease epidemiology collaboration; NA, not appli-

cable

tive cohort study provides a high prevalence of thrombocy-
topenia (35.3%) among patients receiving linezolid, with
a median onset occuring 14 days after treatment initiation.
Furthermore, our results identify key risk factors for throm-
bocytopenia, including renal impairment status and extended
duration of linezolid therapy. These findings are critical in
guiding physicians in making proper therapeutic decisions
for linezolid treatment.

The linezolid-induced thrombocytopenia prevalence re-
ported in previous studies ranges from 13.9% to 60.5%,
with the definition of thrombocytopenia variably as platelet
count less than 100 to 150x10° cells/uL and/or a reduction
of 20%-50% from the baseline platelet count [9,10]. In our
study, the prevalence of thrombocytopenia was 35.3%, and
it was considerably greater in a group of renal impairment
patients than that of normal renal function group. These find-
ings are consistent with the previously reported literature.
However, the proportion of thrombocytopenia varied widely
between trials. This can be attributed to a variety of factors,
including the definition of thrombocytopenia, the inclusion
criteria of study subjects, and the duration of follow-up after
initiating linezolid therapy. Firstly, there is a difference in
the definition of thrombocytopenia utilized across different
studies. Most studies use criteria such as a decrease below
100-150x10’ cells/pL if the baseline platelet count is within
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the normal range, or a decrease of at least 25%-30% from
the baseline count when the baseline is less than 15010’
cells/uL [20,28,29,34,39,41-43]. These criteria offer flex-
ibility and the capacity to distinguish patients with normal
platelet counts at baseline from those with abnormal counts.
However, the threshold of a reduction below IOO—ISOXIO3
cells/uL may be too stringent for patients with baseline
platelet counts within the normal range, potentially leading
to delays in diagnosis and provision of supportive interven-
tions, particularly in cases where patients have high baseline
platelet levels. In contrast, using less strict criteria, such as a
25%-30% fall in platelet count from baseline, regardless of
the original level, can aid in the identification of more cases
with thrombocytopenia. These criteria are easily applicable
in clinical practice and can prevent delays in diagnosis, en-
suring timely recognition of severe thrombocytopenia and
facilitating prompt treatment and supportive measures. Some
researchers propose defining thrombocytopenia as a declin-
ing platelet count below 100-150x10’ cells/uL regardless of
platelet baseline level [17,19,44]. However, this definition
may lead to an artificially high prevalence of thrombocyto-
penia because it initially includes patients with low platelets
(<100—150X103 cells/uL for instance) at first and conclude
them as having thrombocytopenia. Therefore, in this study,

we used the criteria of 25% decrease in platelet count from
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a baseline value to identification of thrombocytopenia. This
approach helps avoid overestimating the prevalence of
thrombocytopenia by taking into consideration for patients'
baseline platelet status and focusing on substantial platelet
count declines. To ensure the validity of our findings, we em-
ployed rigorous inclusion criteria for study subjects. First, we
enrolled only non-intensive care unit (ICU) patients in order
to reduce the impact of acute infection phases on platelet val-
ues. This enables us to ascribe platelet counts changes to the
effects of linezolid therapy rather than to random oscillations.
We also required patients to have stable renal function, with
a maximum 50% variation in eGFR values between starting
and finishing linezolid treatment. This criterion allowed us to
precisely assess the impact of renal function on the develop-
ment of thrombocytopenia. Additionally, eliminating patients
receiving blood or blood component therapy reduced bias in
thrombocytopenia assessment. Implementing these criteria
allowed us to create a more homogeneous patient sample,
reduce the impact of confounding variables, and improve the
overall validity of our findings.

Our study found that the beginning of thrombocytopenia
among patients who developed this side effect occurred at a
median of 14.0 days. Further investigation revealed a more
specific timeframe for the onset of thrombocytopenia. Spe-
cifically, 23.3% of patients using linezolid had thrombocyto-
penia within the first 7 days of therapy, 61.7% between days
7 and 14, and 15.0% after 14 days. Interestingly, the median
onset time was significantly shorter in patients with renal
impairment, at 11 days, compared to 18 days for those with
normal renal function. These findings are consistent with the
previous research, which indicated that thrombocytopenia
generally developed within 10 to 14 days after initiating
linezolid therapy, and this incidence did not increase pro-
portionally with longer treatment durations [9,26-28,45].
The timing of thrombocytopenia onset is likely associated
with the underlying causes. For instance, immune-mediated
thrombocytopenia tends to cause a rapid decline in platelet
count, with onset ranging from a few hours to 1-2 weeks
[14,15]. In contrast, if the decrease is due to inhibition of mi-
tochondrial protein synthesis, suppression of precursor cell

proliferation, or reduced precursor cell production, the re-

https://doi.org/10.32895/UMP.MPR.9.2.19

duction typically occurs more gradually over a period of 2 to
4 weeks [12,13,46]. Another proposed mechanism involves
reduced antioxidation, increased lipid peroxidation, and free
radicals, explored in patients treated for over 20 days [16].
These underlying mechanisms may be intensified by accu-
mulated linezolid concentrations, which can be higher in
renal impairment patients or those taking long-term linezolid
treatment, as these factors encourage drug accumulation.

Research has consistently shown that the development
of linezolid-induced thrombocytopenia is influenced by
linezolid exposure, as indicated by two pharmacokinetic/
pharmacodynamic indices, including Cmin and AUC24. Ini-
tial evidence suggested a relatively high Cmin threshold for
thrombocytopenia, varying between 14.4 and 35.6 mg/L
[41]. However, more recent studies have found significantly
lower Cumin levels associated with the development of throm-
bocytopenia. Results from Matsumoto et al. indicated that
a linezolid concentration below 8.2 mg/L could reduce the
risk of developing thrombocytopenia-related adverse events
[28]. Furthermore, Boak et al. developed a pharmacokinetic/
toxicodynamic model showing that the synthesis of platelet
precursor cells could be inhibited by 50% when the linezolid
concentration exceeds 8.1 mg/L [12]. Additionally, Cattaneo
et al. also suggested a threshold of >9 mg/L for Cmin, and
>400 mg - h/L for AUC24 that are correlated with the devel-
opment of thrombocytopenia [47,48]. Among these phar-
macokinetic/pharmacodynamic parameters, Cmin is preferred
for predicting linezolid-induced adverse reactions in clinical
practice due to its availability and ease of application.

In addition to linezolid concentration, several risk factors
associated with linezolid-induced thrombocytopenia have
been discovered. Our study’s multiple Cox proportional
hazard analyses reveal that renal impairment and the length
of linezolid therapy are significant contributors to the de-
velopment of thrombocytopenia in treated patients. Spe-
cifically, the analyses indicate that renal impairment (aHR
2.287; 95% CI 1.328-3.907) and the duration of linezolid
therapy (aHR 0.972; 95% CI 0.946-0.999) are independent-
ly associated with thrombocytopenia. These findings align
with earlier studies that also recognized these variables

as risk factors for linezolid-induced myelosuppression
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[18,19,22,23,27,35,39,49]. The relationship between throm-
bocytopenia and the duration of linezolid therapy may be at-
tributed to the primary mechanism of action, which involves
the inhibition of mitochondrial protein synthesis. This effect
is likely exacerbated as linezolid accumulates over time,
causing increasing mitochondrial toxicity and a subsequent
drop in platelet count. Additionally, factors that accelerate
linezolid accumulation, such as renal impairment, hepatic
impairment, or elderly, may further contribute to a more rap-
id decrease in platelet levels. According to linezolid labeling,
the recommended treatment duration is 10—14 days for pneu-
monia, bacteremia, and skin and soft tissue infections, while
it is 14-28 days for those caused by vancomycin-resistant
Enterococcus faecium [5]. However, using linezolid for over
28 days, particularly in severe infections such as prosthetic
joint infection, osteomyelitis, or meningitis, has not been
evaluated in controlled clinical studies and raised safety
concerns. This highlights the importance of close monitoring
of platelet counts in high-risk patients throughout treatment.
Proactive dose modification guided by therapeutic drug
monitoring or switching to alternative antimicrobial agents
may be essential to mitigate the risk of thrombocytopenia
and other major adverse drug reactions.

Renal impairment is widely recognized as a significant
risk factor for linezolid-induced thrombocytopenia [9,10,50].
However, the results from previous studies have been incon-
sistent in identifying renal dysfunction as an independent
factor for thrombocytopenia. The approved label recom-
mends that dose adjustments are not necessary for patients
with impaired renal function. This conclusion is based on a
pharmacokinetic study involving healthy volunteers who re-
ceived a single dose of linezolid, which found no significant
differences in linezolid clearance across varying levels of
renal function [1,2,5]. The argument was that linezolid is re-
moved by both renal and non-renal pathways, allowing them
to compensate for one another when renal elimination is
restricted by renal failure. Furthermore, any differences were
minor and had no impact on the safety outcomes during the
clinical trail’s brief follow-up period. However, many studies
using real-world data have provided opposite evidence, indi-

cating that renal function can significantly influence linezolid
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pharmacokinetic parameters. Specifically, impaired renal
function decreases clearance values, leading to increased cu-
mulative linezolid concentrations, which have been demon-
strated to be linked to the development of thrombocytopenia.
To be more specific, results from a meta-analysis indicated
that the risk of thrombocytopenia was more than twice as
high in patients with renal impairment, severe renal impair-
ment, and those on hemodialysis compared to individuals
with normal renal function, with odds ratios of 2.51, 2.38,
and 3.34, respectively [10]. To ensure the safety of linezolid,
optimum empirical dosage regiments for renal dysfunctional
individuals must be established, as well as drug concentra-
tions monitored during treatment.

We recognize that this study has a few limitations. First,
we did not collect linezolid concentration data, which pre-
vented us from establishing the relationship between linezol-
id exposure and thrombocytopenia. Second, the study is

subject to limitations inherent to its retrospective design.

5. CONCLUSION

In conclusion, linezolid therapy is associated with a signifi-
cant prevalence of thrombocytopenia. Both renal impairment
and the duration of linezolid therapy have been identified as
major risk factors for linezolid-induced thrombocytopenia.
As a result, to preserve the efficacy and safety of linezolid
therapy, these high-risk patients may require empirical dose
modification and therapeutic drug monitoring throughout the

treatment.
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