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Abstract

Background: Linezolid causes hematological toxicity, mostly thrombocytopenia, which leads to treatment discontin-
uation and failure. Recent studies revealed that during linezolid therapy, the incidence of treatment-related hemato-
logical toxicity is significantly higher in patients with decreased renal function (DRF) than in those with normal renal
function. Linezolid monitoring is necessary due to the high frequency of hematological toxicity in patients with DRF
and the relationship between blood concentration and safety. We performed a systematic review and meta-analysis
to evaluate the safety correlation between DRF and trough monitoring.

Methods: Articles published before June 24, 2022, on MEDLINE, Web of Sciences, Cochrane Register of Controlled
Trials, and ClinicalTrials.gov were systematically analyzed. Odds ratios (ORs) and 95% confidence intervals (Cls) were
calculated using the Mantel-Haenszel method and the variable effects model.

Results: The incidence of hematological toxicity was significantly higher in patients with DRF than in those without
DRF (OR=2.37; p <0.001). Subgroup analysis, performed according to hematotoxicity classification, including throm-
bocytopenia, anemia, and pancytopenia, revealed a significantly higher incidence of thrombocytopenia (OR=2.45;
p <0.001) and anemia (OR=2.31; p=0.006) in patients with DRF than in those without; pancytopenia (OR=141;
p=0.80) incidences were not significantly higher. Based on a systematic review, linezolid trough concentrations
>6-7ug/mL may be associated with an increased incidence of thrombocytopenia. However, no confidential thresh-
old values for the development of thrombocytopenia were found in the area under the concentration curve values
for children or adults.

Conclusion: We observed a high frequency of hematological toxicity during linezolid therapy in patients with DRF.
To ensure safety, linezolid trough concentrations should be <6-7 ug/mL.
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Introduction
Linezolid is an oxazolidinone antibiotic used to

Staphylococcus aureus and vancomycin-resistant Ente-
rococci. Linezolid inhibits bacterial protein synthesis

treat infectious diseases caused by drug-resistant
gram-positive bacteria, such as methicillin-resistant
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by binding to ribosomal RNA (30S and 50S ribosomal
subunits) [1]. This unique mechanism prevents cross-
resistance to existing antimicrobial agents of other
classes [2]. However, the major treatment-related
adverse event of linezolid therapy is hematological
toxicity, mostly thrombocytopenia, which leads to
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treatment discontinuation and failure [3-5]. Gener-
ally, linezolid and its primary metabolites are excreted
via non-renal (approximately 65%) and renal mecha-
nisms [6]; therefore, dose adjustment is not required in
patients with decreased renal function (DRF) [2, 7, 8].
However, recent studies have revealed that during line-
zolid therapy, the incidence of treatment-related hema-
tological toxicity is significantly higher in patients with
DRF than in those with normal renal function [9-13].

To avoid hematological toxicity, some studies have
suggested that linezolid dose optimization based on
its plasma concentration may be effective [14—16]. The
pharmacokinetic (PK)/pharmacodynamic parameter of
linezolid associated with effectiveness is the area under
the concentration curve (AUC)/minimum inhibitory
concentration [17, 18]. However, details of the concen-
trations and PK parameters associated with the safety
evaluation of linezolid have not been clarified. In gen-
eral, the trough concentration or AUC is used to evalu-
ate the safety of antimicrobials. Although association
of the trough concentration or AUC with the safety
of linezolid has been frequently reported, it is unclear
whether trough concentration or AUC is a suitable
PK parameter for safety evaluation; furthermore, the
appropriate range has yet to be determined. Systematic
reviews and meta-analyses have recommended using
vancomycin for safety monitoring cases with an AUC
of 400-600 mg x h/L [19, 20]. However, no systematic
review or meta-analysis has explored the concentra-
tions or PK indices associated with linezolid safety.

Therefore, this meta-analysis aimed to determine
whether hematological toxicity has a high incidence
in patients with DRF. To avoid adverse events, we also
performed a systematic review to evaluate linezolid’s
monitoring parameters and ranges.

Methods

Search strategies

Search strategy for the evaluation of linezolid-associated
hematotoxicity in patients with DRF

PubMed, Web of Sciences, Cochrane Register of Con-
trolled Trials, and ClinicalTrials.gov databases were
searched for relevant studies published before June
24, 2022. Two of four reviewers (MA, CI, RS, and TN)
independently searched databases for literature using
the following research terms: “linezolid,” “renal,” “kid-
ney, “thrombocytopenia,” “anemia,” “neutropenia,’
“myelosuppression,” “leucopenia,” and “hematotoxicity”
The publication language was limited to English, and
there was no restriction on the publication year. Dupli-
cate articles were excluded.
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Search strategy for the evaluation of linezolid monitoring
and ranges

We similarly searched PubMed, Web of Sciences,
Cochrane Register of Controlled Trials, and ClinicalTri-
als.gov databases for relevant studies published before
June 24, 2022. Two of the four reviewers (MA, CI, RS,
and TN) independently searched for literature using the
following research terms: “linezolid,” “monitoring,” “area
under the curve,” “trough,” and “therapeutic drug moni-
toring” The publication language was limited to English,
and there was no restriction on the publication year.

Duplicate articles were excluded from the study.

Study selection

Study selection for the evaluation of linezolid-associated
hematotoxicity in patients with DRF

Two of the four reviewers (XL, MA, SO, and RS) inde-
pendently screened the extracted literature. A study was
considered eligible for evaluation in this meta-analysis pro-
vided that it met the following inclusion criteria: (1) the
study included patients with and without DRF; (2) the study
included patients who received linezolid treatment; and (3)
the study revealed outcomes corresponding to hematotox-
icity (thrombocytopenia, anemia, neutropenia, myelosup-
pression, and leukopenia). Studies that met the following
criteria were excluded: (1) studies involving cells or animal
models; and (2) case reports, case series, or reviews.

Study selection for the evaluation of linezolid monitoring

and ranges

Two of the four reviewers (XL, MA, SO, and TN) inde-
pendently screened the literature. A study was consid-
ered eligible for evaluation in this systematic review
provided that it met the following inclusion criteria: (1)
the study revealed the AUC or trough values of patients;
(2) the study included patients who received treatment
with linezolid; and (3) the study revealed the outcomes of
thrombocytopenia.

Data extraction

Data extraction for the evaluation of linezolid-associated
hematotoxicity in patients with DRF

Two of the four reviewers (XL, SO, CI, and RS) indepen-
dently extracted data from the studies. The study period,
study design, country of the study, age and weight of the
patients, definition of hematotoxicity, definition of DRE,
and patients with and without DRF (patients with or
without hematotoxicity were counted separately) were
extracted according to the predefined eligibility criteria.
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Data extraction for the evaluation of linezolid monitoring
and ranges

Two of the four reviewers (XL, SO, CI, and RA) inde-
pendently extracted data from the studies. The study
period, study design, country of study, age of the
patients, and AUC or trough values were extracted.

Outcome analysis

Outcome analysis for the evaluation of linezolid-associated
hematotoxicity in patients with DRF

The primary outcome was the incidence rate of hema-
totoxicity. The rate of hematotoxicity was defined
according to each study’s definition. Subgroup analysis
was performed according to the classification of hema-
totoxicity, including thrombocytopenia, anemia, pan-
cytopenia, and myelosuppression.

Outcome analysis for the evaluation of linezolid monitoring
and ranges

The primary outcome was the incidence of thrombo-
cytopenia determined according to AUC,, (calculated
by AUC,, if unavailable) and C_;, (minimum blood
plasma concentration) in children and adults.

Assessment of the risk of bias

Two of the four reviewers (XL, SO, CI, and RA) inde-
pendently assessed the risk of bias based on Cochrane
Collaboration (Risk Of Bias In Non-Randomized Stud-
ies of Interventions, ROBINS-I) [21]. Discrepancies
were resolved by discussion or consultation with the
third reviewer (YE).

Assessment of quality of evidence

The GRADE handbook was used to rate the grade qual-
ity of the meta-analysis [22]. GRADE specifies that the
quality of the evidence can be classified into four cat-
egories according to the corresponding evaluation cri-
teria: (1) high (®®®®); (2) moderate (HDDO); (3) low
(PDO86); and (4) very low (HOSESO).

Analysis of the results and statistical analyses

The Review Manager for Windows (RevMan, Ver-
sion 5.4, Copenhagen: The Nordic Cochrane Centre,
The Collaboration, 2020) was used for data analysis
and the preparation of forest plots. We used random-
effects model for pooling study results. We calculated
odds ratios (OR) with 95% confidence intervals (ClIs)
for discrete variables. To assess heterogeneity, I* was
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calculated. Finally, funnel plots were constructed to
assess potential publication bias.

Protocol registration
The present study was not registered with Prospero or
elsewhere.

Results

Search results

In the database search for the evaluation of linezolid-
associated hematotoxicity, 1213 articles were screened
after duplicates were extracted (Fig. 1A). Twenty-five
articles [9—-13, 23—42] were included for the evaluation of
linezolid-associated hematotoxicity.

In the database search for the evaluation of linezolid
monitoring and ranges, 1087 articles were screened after
exclusion of duplicates (Fig. 1B). Twenty-seven articles
[16, 23, 25, 43—66] were included in the evaluation of lin-
ezolid monitoring strategies.

Characteristics

The characteristics of the 25 studies included in the meta-
analysis for evaluating linezolid-associated hematotox-
icity are shown in Table 1. These studies included 3831
patients, 1240 of whom had DRF. The definitions of DRF
and hematotoxicity in each study are shown in Table 1.
Most studies were conducted in Asian countries (16 of
25 studies). Twenty-three studies were retrospective, and
two studies [25, 37] were prospective studies with a small
number of cases conducted in Japan. Thrombocytopenia,
anemia, pancytopenia, and reduction in neutrophils cor-
responded to hematotoxicity.

The characteristics of the 27 systematically reviewed
studies are shown in Tables 2, 3, 4 and 5. Tables 2 and 3
show studies that evaluated the incidence of thrombo-
cytopenia associated with AUC values in children and
adults, respectively. In the analysis of AUC values associ-
ated with thrombocytopenia, two studies involved chil-
dren (Table 2), and 15 studies involved adults (Table 3).
A total of 230 patients (including eight children) were
included in the analysis. All studies analyzing AUC values
associated with thrombocytopenia in children were pro-
spective studies. Of the 15 adult studies, two were retro-
spective studies, while 12 were prospective studies, on the
analysis of AUC values associated with thrombocytopenia
in adults. The National Institute of Allergy and Infectious
Diseases (NIAID) study in 2018 was a clinical trial.

Tables 4 and 5 list studies that evaluated the incidence
of thrombocytopenia associated with C_;, in children
and adults, respectively. In the analysis of C; associated
with thrombocytopenia, three studies included children
(Table 4), and 17 studies included adults (Table 5). Two of
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Identification

Records identified
by database search
(n=1646)

Records after
duplicates removed
(n=1213)

Screening I

Eligibility I

Included

Records screened
(n=1213)

1170 studies
Excluded because
of irrelevant to the
study topic

Full-text articles
assessed for
eligibility (n=43)

Studies included in
this meta-analysis
(n=25)

18 studies Excluded

+ 12 studies with no
data of hematotoxicity
rate of DRF or Non-DRF
patients

+ 1 study with no DRF
patients

+ 1 study with only DRF
patients

* 3 studies with no
result

* 1 studies with
preprint

Identification

Records identified
by database search
(n=1851)

Records after
duplicates removed
(n=1087)

Screening I

Eligibility I

Included

Records screened
(n=1087)

1039 studies
Excluded because
of irrelevant to the
study topic

Full-text articles
assessed for
eligibility (n=48)

Studies included in
this systematic
review (n=27)

21 studies Excluded

+ 7 studies were case
reports

+ 1 studies with no
repeated administration
+ 13 studies with no
results

Fig. 1 Flow chart of the study selection. Flow chart of A
meta-analysis of hematotoxicity associated with linezolid, and B
systematic review of hematotoxicity associated with the linezolid
area under the concentration curve or C,;, (minimum blood plasma
concentration)

min (

the three studies were prospective in the analysis of C_;,
associated with thrombocytopenia in children. Twelve
of the 14 studies were prospective studies that analyzed
C,.in associated with thrombocytopenia in adults.

Outcome analysis for the evaluation of linezolid-associated
hematotoxicity in patients with DRF

Twenty-three retrospective studies and two prospective
studies with 1240 patients with DRF and 2591 patients
without DRF were enrolled in the meta-analysis. Com-
pared with patients without DRF, patients with DRF
had a significantly higher incidence of hematotoxic-
ity (OR=2.37; 95% CIL: 1.93-2.90; p <0.001; I* =33%)
(Fig. 2).

We also conducted a subgroup analysis based on the
classification of hematotoxicity. The incidences of throm-
bocytopenia (OR=2.45; 95% CI: 1.95-3.09; p <0.001;
P =36%) and anemia (OR=2.31; 95% CI: 1.27-4.21;
p=0.006; I =29%) were significantly higher in patients
with DRF than in those without DRF (Fig. 3A and C).
However, no significant differences were observed in
the incidence of pancytopenia (OR=1.41; 95% CI: 0.10—
20.72; p=0.80, I* =65%) in patients with and without
DREF (Fig. 3B).

Outcome analysis for AUC values and the incidence

of thrombocytopenia

No confidential threshold values for the development of
thrombocytopenia were found in AUC values for children
or adults (Tables 2 and 3). Only four studies reported the
AUC values for patients with thrombocytopenia, and the
values were 180.5 [44] 243 [49], 280.74 [16], and 175.0 or
345.8 [66] mg x h/L. Thrombocytopenia did not occur
when the mean or median AUC,, (calculated by AUC,,
if it was not available) was within 95.2-328.3mg x h/L in
adults (Table 3).

Outcome analysis for C,,;, and the incidence

of thrombocytopenia

Twelve studies reported the incidence of thrombocytope-
nia. In the analysis for children, two studies revealed the
incidence of thrombocytopenia, and the C_;, values of
thrombocytopenia and non-thrombocytopenia were 4.7—
7.17 and 0.1-4.6 pg/mL, respectively. One patient with a
C..in value of 4.7 pg/mL received high-dose methotrexate
in combination treatment. In the adult analysis, 10 studies
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Table 2 Characteristics of the studies included in the systematic review about AUC (children)

Study Design of Country of Duration of Age of No. of AUC (mg-h/L) of children

study study therapy (days) children children

Thrombocytopenia Non-
thrombocytopenia

Kosaka 2009 Prospective Japan Mean: Mean:1.24+08 4 (0/4) —_— AUC,, 207.6,361.2°
[43] study 4754484
Matsumoto Prospective Japan Mean: Mean: 64432 5(1/4) AUG,, 180.5° AUC,, 116.5,161.1,
2014 [44] observational 178470 186.4,231.2

study

20nly 2 of 4 cases’ AUC was calculated

b Concomitantly used methotrexate

revealed the incidence of thrombocytopenia, and the C_;,
values of thrombocytopenia and non-thrombocytopenia
were 4.28—67.7 and 0.2-5.8 pg/mlL, respectively. In seven
studies, C,;, for patients without thrombocytopenia was
not determined. Except for a C_;, of 4.28 pg/mL, throm-
bocytopenia occurred at C_;, values of >6-7 ug/mL.

min

Publication bias

Funnel plots of the incidence of hematotoxicity are
shown in Fig. 4. The funnel plots were symmetric and did
not suggest the presence of publication bias in favor of a
positive study for all outcomes.

Assessment of the risk of bias

The results of the assessment of the risk of bias are pre-
sented in Figs. S1 and S2. A high risk of confounding bias
was found in the study by Hiraki et al. [25]. Information
regarding selection bias was unavailable for most studies;
few studies identified bias issues. No problems in inter-
vention bias were identified, and moderate missing data
bias was identified in the study by Choi 2019. Three stud-
ies [30, 33, 40] had a moderate risk of measurement of
outcome bias. No information was available for deviation
from the intended intervention and reporting biases.

Quality of the evidence

The results of the quality evaluation according to the
GRADE guideline are shown in Table 6. This meta-
analysis consisted primarily of observational studies, so
there was a low initial rating. Some problems in the risk
of bias downgraded the quality of evidence by one level,
while a large magnitude of effect upgraded the quality
of evidence by one level. The low final grade of the evi-
dence shows that our confidence in the effect estimate is
limited.

Discussion

In this meta-analysis of retrospective and prospective
studies, the incidence of hematotoxicity was significantly
higher in patients with DRF than in those without. In
addition, subgroup analysis revealed a significant differ-
ence in the incidence of thrombocytopenia and anemia,
but there was no significant difference in the incidence
of pancytopenia (Fig. 3A—C). These results suggest that
linezolid should be cautiously administered in patients
with DRF while monitoring for hematotoxicity, especially
thrombocytopenia and anemia.

Clinical phase III trials have reported a 2.4% incidence
of thrombocytopenia in patients receiving linezolid ther-
apy [67]. In our meta-analysis, the incidence of throm-
bocytopenia in patients with and without DRF ranged
between 28.9 and 78.6% (except for the study by Hiraki
et al. [25]) and 10.5 and 42.9%, respectively, which were
higher than those previously reported. Nearly all the
patients included in this meta-analysis were from Asian
countries, such as Japan, China, and Korea, and had
lower body weights than those of individuals from West-
ern countries. Previously, lower body weight was consid-
ered a risk factor for thrombocytopenia [23]. Generally,
linezolid was administered twice daily (600mg x 2) and
the dose was not adjusted by body weight. A comparison
of the median weights among the groups that received
linezolid treatment showed that the median weight was
80kg when the AUC was 95.2mg x h/L [53] and 58.3kg
when the AUC was 291.6mg x h/L [45]. The difference
in AUC values may be accounted for by the difference
in the dose per body weight. Additionally, advanced age
[68] and the duration of administration [69] are also
considered risk factors; therefore, this difference in the
patients’ backgrounds may explain the higher incidence
of hematotoxicity.

A major reason for the higher incidence of thrombo-
cytopenia in patients with DRF than in patients without
DREF is the delayed excretion of linezolid and increased
blood linezolid concentrations. Approximately 30% of
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Table 3 Characteristics of the studies included in the systematic review AUC (adults)
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Study Design of Country of Duration Age of No. of patients AUC (mg-h/L) of patients
study study of therapy patients -
(days) Thrombocytopenia Non-
thrombocytopenia
NIAID 2018 [47]  Clinical Trial Brazil, America 7 18-65 10 (0/10) e AUC,, Median: 232.9
Alffenaar 2010 Prospective Netherlands Median: 56 Median: 28 8 (0/8) —_— AUC,, median:145.8
[45] pharmacoki- (AUC,, median:291.6)
netic study
Alffenaar 2010 Prospective Netherlands Median: 49 Median: 28 12(0/12) _ AUC,, Median: 123.8
[65] pharmacoki- (AUC,, median:247.6)
netic study
Beer 2007 [46]  Prospective Austria >7 Mean: 5(0/5) —_— AUC,, Mean:
study 4924195 86.54+44.5
(AUC,, mean:173)
Bhalodi 2013 Prospective America 25 Mean: 20 (0/20) —_ AUC,, Mean:
[48] pharmacoki- 422+£122 119.8+£46.24
netic study (AUC,, mean:239.6)
Boak 2014 [49]  Prospective America Mean: 22 Mean: 54.0 38(10/28) AUC,, Mean: 243 AUC,, Mean: 213
observational (Thrombocyto-
study penia patients)
60.5
(Non-throm-
bocytopenia
patients)
Blackman 2021  prospective America Mean: 46428 59.6:+13.0 11(2/11) AUC,,: 345.8,175.0°.  AUC,,. 137.9, 23356,
[66] study 142.0,144.0,321.9,
191.6% 142.6% 126.3°,
32837
Conte 2002 [50] Prospective America 25 Mean: 30+5 25 (0/25) —_— AUC24 Mean: 204.2
study
Eslam 2014 [51] Prospective Austria 23 59-81 10 (0/10) —_— AUC,, Mean:
study 164.5£62.1
Gee 2001 [52]  Prospective United King- 25 Mean: 29.6 6 (0/6) o AUC;, Mean:
study dom 107.5+£40.6
(AUC,, mean:215)
Luque 2014 Prospective Spain >3 Mean: 11(0/11) — AUC,, Median: 47.6
[53] pharmacoki- 519+£103 (AUC,, median:95.2)
netic study
Myrianthefs Prospective Greece 22 Mean: 14 (0/14) —_— AUC;, Mean:
2006 [54] study 587+17.3 128.74+83.9
(AUC,, mean:257.4)
Pea 2012 [16] Retrospective [taly Median: 63 Mean: 35(16/19) AUC,, 280.74 —_—
observational 499+152 (50% probability)
study 343.02 (95% prob-
ability)
Swoboda 2010  Retrospective  Germany 2-4 Mean: 15 (0/15) —_— AUC,,
[55] study 5724+119 Mean:1152+70.6
(septic patients (with dialysis)
on extended 123.54+124.4 (with-
dialysis) out dialysis)
686442
(septic patients
without
dialysis)
Traunmdller Prospective Austria —_— 60-67 3(0/3) e AUC,, Median: 2294
2010 [56] study

?Three times daily 600 mg linezolid was administered
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Study Design of Country of Duration of Age of No. of patients C,;, (ug/ml) of patients
study study therapy (days) patients
Thrombocytopenia Non-
thrombocytopenia
Alffenaar 2010 Prospective Netherlands Median: 56 Median: 28 8(0/8) —_— Median: 5.8
[45] pharmacoki-
netic study
Alffenaar 2010 Prospective Netherlands Median: 49 Median: 28 12(0/12) —_— Median: 4.4
[65] pharmacoki-
netic study
Beer 2007 [46]  Prospective Austria >7 Mean: 5(0/5) R Mean: 1.94 4+ 1.69
study 4924195
Cojutti 2019 Prospective [taly Median: 19-54  Median: 62 61(9/52) 428,6.81,7.32,99, _
[58] interventional 10.0,11.43,14.83,
study 16.43,27.88
Conte 2002 [50] Prospective America 2.5 Mean: 30£5 25 (0/25) —_— Mean:0.24+0.2
study
Dong 2014 [23] Retrospective  China Mean: Mean: 70(31/39) Median: 8.81 Median: 2.88
observational 11.3£5.7 58.6+£19.9
study
Fang 2020 [59]  Prospective China Mean: Mean: 84 (18/66) 7.85 (50% probability) ——
observational 100453 69.6+13.8 10.55 (95% prob-
study ability)
Hiraki 2012 [25]  Prospective Japan Mean: Mean: 8(5/3) higherthan 22.1ug/ ——
study 143+£110 646+£109 mi
(50% hazard ratio)
Lugue 2014 [53] Prospective Spain >3 Mean: 11(0/171) —_— <0.2-2
pharmacoki- 5194103
netic study
Luque 2019 [60] Retrospective Spain Median: 9 Median: 67.5 52 (21/31) Median: 20.4 Median: 4.9
observational (cases with liver (cases with liver
study cirrhosis) cirrhosis)
11 (controls) 61.5 (controls)
Matsumoto Prospective Japan Mean: Mean: 44 (35/9) 8.2 (50% probability) ——
2014 [61] observational 129+64 70.6+£10.3
study
Morata 2013 Retrospective  Spain 3-10 Mean: 78 (6/72) Median: 12.9 Median: 4.2
[62] study 60.8+174
(Cmin<2mg/L)
66.8+16.6
(Cmin>2mg/L)
Myrianthefs Prospective Greece 22 Mean: 14 (0/14) —_ Mean: 5.6+5.0
2006 [54] study 587+£173
Nukui 2013 [63]  Prospective Japan Median: 12 Median: 46 30(17/13) day3:134,day7: 153, day3:4.3,day7:3.8,
observational day14:15.2 day14:5.0
study threshold value >7.5
Pea 2012 [16] Retrospective  ltaly Median: 63 Mean: 35(16/19) 6.53 (50% probability) ——
observational 4994152 9.96 (95% probability)
study
Swoboda 2010 Retrospective Germany 2-4 Mean: 15 (0/15) —_— Median: 1.0 (with
[55] study 5724£119 dialysis)
(septic patients 0.5 (without dialysis)
on extended
dialysis)
68.6+42
(septic patients
without
dialysis)
Tsuji 2011 [64]  Prospective Japan Mean: Mean: 12 (2/10) mean:354+13.5 —_
observational 1204102 66.9+6.6 (Grade2)

study

mean:67.7+17.1
(Grade4)




Liu et al. BMC Pharmacology and Toxicology (2022) 23:89 Page 15 of 20
DRF Non-DRF Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Choi 2018 45 95 32 169 6.8% 3.85[2.21,6.73] -
Dong 2013 8 13 23 57 2.3% 2.37[0.69, 8.14] ]
Fuji 2013 6 16 31 75 2.7% 0.85[0.28, 2.59] - 1
Giunio-Zorkin 2019 11 38 7 64  3.0% 3.32[1.16, 9.50] I —
Han 2022 39 127 34 159 7.1% 1.63[0.95, 2.78] I
Hiraki 2012 3 3 2 5 0.4% 9.80[0.33, 287.42] >
Hirano 2014 7 10 22 65 1.7% 4.56 [1.07, 19.38] -
Hsu 2022 21 44 31 54 4.4% 0.68 [0.30, 1.51] - 1
Jones 2014 21 37 27 125 4.6% 4.76 [2.19, 10.37] -
Kawasuiji 2021 22 35 26 83 4.2% 3.71[1.62, 8.49] -
Kim 2018 13 22 16 38 2.9% 1.99[0.68, 5.77] -1
Komatsu 2022 3 7 10 30 1.3% 1.50 [0.28, 8.04] -1
L. Crass 2019 57 133 35 208 7.5% 3.71[2.25, 6.11] -
Lima 2019 6 22 4 38 1.9% 3.19[0.79, 12.90] T
Lin 2006 17 51 37 135 5.3% 1.32[0.66, 2.65] -1
Maray 2022 14 38 49 282 5.0% 2.77 [1.34, 5.74] I
Moraza 2015 2 3 14 35 0.6% 3.00[0.25, 36.32]
Plachouras 2006 4 6 7 19 1.0% 3.43[0.49, 23.77]
Qin 2021 11 56 21 242 4.4% 2.57[1.16, 5.71] -
Rabon 2018 21 43 36 116 5.1% 2.12[1.04, 4.34] —
Sato 2020 3 8 14 29 1.5% 0.64 [0.13, 3.20] - 1
Takahashi 2010 74 151 54 180 8.2% 2.24 [1.43, 3.52] -
Thirot 2021 30 114 13 114 5.1% 2.77 [1.36, 5.66] -
Wu 2006 48 84 54 189 71% 3.33[1.95, 5.69] -
Wu 2022 34 84 23 80 5.7% 1.69 [0.88, 3.23] T
Total (95% ClI) 1240 2591 100.0% 2.37 [1.93, 2.90] 2 2
Total events 520 622
Heterogeneity: Tau? = 0.08; Chiz = 35.74, df = 24 (P = 0.06); I2 = 33% y f f f
Test for overall effect: Z = 8.25 (P < 0.00001) 0.02 0.1 10 50
Favours [Non-DRF] Favours [DRF]
Fig. 2 Forest plot of the hematotoxicity associated with linezolid treatment with or without decreased renal function. Vertical line indicates no
significant differences between the groups. Diamond shapes and horizontal lines indicate odds ratios and 95% confidence intervals, respectively.
Squares indicate point estimates and the size of each square indicates the weight of each study

linezolid is excreted by the kidneys of patients with nor-
mal renal function [70]. Furthermore, Matsumoto et al.
evaluated the clearance of linezolid with renal function
and reported a correlation between linezolid and creati-
nine clearance or blood urea nitrogen [69]. Therefore, we
hypothesized that linezolid overexposure or higher C
is associated with decreased renal function [59, 71].

In this meta-analysis, no significant differences
were observed in the incidence of pancytopenia. This
result does not indicate the absence of a relationship
between DRF and the incidence of pancytopenia, as
the number of cases included in the systematic review
was notably smaller than that of thrombocytopenia. In
addition, many studies have focused on thrombocyto-
penia, which occurs most frequently among the differ-
ent forms of hematotoxicity (Sheldon et al. 2003 [5];).
Therefore, it might have been easier to identify signifi-
cant differences in thrombocytopenia. If more studies
on pancytopenia are published in the future, significant

min

differences in the incidence of pancytopenia will be
found.

The incidence of thrombocytopenia was higher when
the C,;, of linezolid exceeded 67 pg/mL (Tables 4 and
5). Previous studies revealed the efficacy and safety ranges
of linezolid trough values as 2—-8ug/mL [15, 16, 62, 72],
3.6-8.2ug/mL [61], and 2-7 ug/mL [73]. In this study, we
conducted a systematic review of the incidence of throm-
bocytopenia and C_;, in children and adults, as deter-
mined by the extracted C_;, threshold; the incidence of
thrombocytopenia was higher when the C_; exceeded
6-7pg/mL. However, this systematic review could not
determine the clinically relevant threshold of linezolid
in terms of the AUC (Tables 2 and 3). Matsumoto et al.
reported a strong correlation between AUC and trough
concentrations [61]. Only four studies reported the AUC
values for patients with thrombocytopenia in this study.

Further studies are required to determine the target
AUC that correlates with thrombocytopenia. However,
it is difficult to measure the AUC in clinical settings;
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A
DRF Non-DRF Odds Ratio Odds Ratio
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Fig. 3 Forest plot of the subgroup analysis of the hematotoxicity classification associated with linezolid treatment with or without decreased
renal function. Vertical line indicates no significant differences between the groups. Diamond shapes and horizontal lines indicate odds ratios and
95% confidence intervals, respectively. Squares indicate point estimates and the size of each square indicates the weight of each study. Subgroup
analysis of A anemia; B pancytopenia; and C thrombocytopenia
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Fig. 4 Publication bias plot of 16 trials of linezolid-associated hematotoxicity in patients with decreased renal function

Table 6 GRADE assessment of meta-analysis

Factor Consequence
Study design SLISIS]
Risk of bias 1°
Inconsistency of results —
Indirectness of evidence —
Imprecision —
Publication bias -
Large magnitude of effect =

All plausible confounding would reduce the demon- —
strated effect or increase the effect if no effect was

observed

Dose-response gradient —
GRADE quality S2E2SIS]

GRADE assessment criteria; @®@®@:high, dddE:moderate, BOOSOS:low,
BOOO:very low

2 Downgrade
b Upgrade

therefore, C_;, may be a surrogate index of AUC in
clinical practice. Consequently, we believe that thera-
peutic drug monitoring should be performed for line-
zolid administration from the perspective of safety and
that the dose should be controlled to achieve a target
trough value of <6-7 pug/mL.

The previous meta-analysis showed that impaired
renal function was associated with an increased risk
of linezolid-induced thrombocytopenia [74]. Based
on this knowledge, finding an association between

hematotoxicity and patients with DRF, we classified
hematotoxicity and performed a subgroup analysis,
which showed that thrombocytopenia and anemia were
significantly higher in patients with DRF than in those
without DRFE. We also conducted a systematic review
and determined that hematotoxicity was higher when
C,.in €xceeded 6-7 pug/mL. This finding is a strength of
the current study. To our knowledge, this study is the
first systematic review to explore the association of
C,.in With linezolid safety. This result may serve as an
indication for the implementation of therapeutic drug
monitoring and provide insights for further clinical
trials.

This study had several limitations. First, most of the
analyzed studies were observational studies. Therefore,
the patient characteristics and study designs contained
various types of bias, hindering their results’ general-
izability. Second, the definitions of thrombocytopenia
were different in these studies. Third, the estimation
method of AUC differed in each study. This might have
led to a misunderstanding of our results. However, this
analysis did not clarify the target AUC due to the lim-
ited number of studies.

Conclusion

Decreased renal function correlates with an increased
risk of thrombocytopenia and anemia due to overexpo-
sure. To maximize the efficacy and minimize the tox-
icity of linezolid, therapeutic drug monitoring should
be recommended, using evidence-based thresholds in
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patients on long-term linezolid treatment or in patients
with DRF.

Abbreviations
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