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A nomogram to estimate the risk of linezolid-induced thrombocytopenia in patients with renal
impairment is not available. The aim of the study is to develop a nomogram for predicting linezolid-
induced thrombocytopenia in patients with renal impairment and to investigate the incremental
value of PNU-142300 concentration beyond clinical factors and linezolid trough concentration (C
for risk prediction. Logistic regression was used to identify independent risk factors for linezolid-
induced thrombocytopenia in patients with renal impairment and nomograms were established.
The performance of the nomograms was assessed in terms of area under the receiver operating
characteristic curve (AUROC), net reclassification improvement (NRI), integrated discrimination
improvement (IDI), decision curve analysis (DCA) and calibration. Internal validation and external
validation of the nomograms were also performed. Four nomograms were created: nomogram A
including total bilirubin, creatinine clearance and concomitant mannitol use; nomogram B containing
linezolid C_; additionally; nomogram C containing total bilirubin, concomitant mannitol use, linezolid
C,..» and PNU142300 concentration; nomogram D including total bilirubin, concomitant mannitol use,
and PNU142300 concentration. Nomogram C improved the prediction performance than nomogram

A (AUROC 0.881 vs. 0.749; NRI 0.290; ID1 0.226) and nomogram B (AUROC 0.881 vs. 0.812; NRI1 0.152;
IDI 0.130) in the training cohort. DCA analysis showed that nomogram C yielded a greater net benefit.
Compared with nomogram A and nomogram B, nomogram C also showed superior discriminatory
efficacy, good calibration and clinical usefulness in the external validation cohort. The nomogram
containing PNU-142300 concentration and linezolid C_, had better predictive capability than that
containing linezolid C_; for predicting linezolid-induced thrombocytopenia in patients with renal
impairment.
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Hospital-acquired pneumonia account for a substantial proportion of healthcare-associated infections, leading
to high mortality and huge use of health-care resources!. Linezolid is recommended for treating patients with
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renal impairment and hospital-acquired pneumonia caused by multidrug-resistant Gram-positive organisms?.

Nevertheless, its clinical utility is limited by the development of linezolid-induced thrombocytopenia, which
may cause increased bleeding events, prolonged hospital stays, elevated hospital costs and increased mortality>*.
It has been reported that patients with renal impairment experienced more frequently linezolid-induced
thrombocytopenia than those with normal renal function>®. Therefore, it is necessary to develop risk models for
predicting the occurrence of linezolid-induced thrombocytopenia in patients with renal impairment.

Previous studies have shown that clinical factors, such as baseline platelet level’, urea®, duration of linezolid
therapy®, as well as concentration factors, such as linezolid trough concentration (C__. )'® may be risk factor
related to linezolid-induced thrombocytopenia. However, these studies were not focusing exclusively on
patients with renal impairment. Recently, the two major metabolites of linezolid, namely hydroxyethyl-glycine
metabolite (PNU-142586) and aminoethoxyacetic acid metabolite (PNU-142300), have also been found to be
accumulated in patients with renal impairment!!. An observational study performed by Wang et al. identified
that a concentration ratio of PNU-142300 to linezolid more than 1.31 was the risk factor for predicting linezolid-
induced thrombocytopenia using univariate analysis'. To date, the influence of these two metabolites on the
development of linezolid-induced thrombocytopenia has not been fully elucidated. Given that the lack of
standard substance of PNU-142586 in China, the relationship of linezolid Coin and PNU-142300 concentration
with linezolid-induced thrombocytopenia in critical ill patients was investigated in our prior work by multiple
logistic regression analysis'>.The pathophysiological characteristics of patients varied substantially between
different populations, resulting in altered linezolid disposition'?, which may further lead to the diversity of
predictors of linezolid-induced thrombocytopenia across the different populations. There are currently limited
risk factors for predicting linezolid-induced thrombocytopenia in patients with renal impairment. Furthermore,
it remains unclear whether the PNU-142300 concentration adds incremental predictive value to the clinical
factors and linezolid C_, . Nomogram is a suitable tool, which has been widely utilized for quantifying individual
risk to make clinical decision'®.

The aim of this study is to develop and validate a nomogram that could identify patients with renal
impairment who are at increased risk of linezolid-induced thrombocytopenia and to investigate the incremental
value of PNU-142300 concentration over clinical factors and linezolid C_ for predicting linezolid-induced
thrombocytopenia in patients with renal impairment. The nomogram provides superior prediction capacity may
assist clinicians in the early identification of patients at risk for linezolid-induced thrombocytopenia and further
implementation of strategies to prevent its onset.

Methods

Study population

This prospective investigation was carried out between July 2021 and April 2024 in the Affiliated Suzhou
Hospital of Nanjing Medical University and Suzhou Science and Technology Town Hospital. Eligible patients
were included if (1) age>18 years; (2) with renal impairment (creatinine clearance [CrCL] <60 mL/min);
(3); administrated with linezolid for suspected or confirmed infections. The exclusion criteria were: (1) had a
baseline platelet count less than 75,000/pl; (2) treated with linezolid for less than one week; (3) platelet count
missed at baseline or after linezolid therapy; (4) accompanied by known bleeding disorders; (5) with severe
hepatic impairment; (6) underwent renal replacement therapy, hemodialysis or extracorporeal membrane
oxygenation. The definition of renal insufficiency was based on the US Food and Drug Administration updated
guidance in 2010'°.The CrCL values were estimated using the Cockroft-Gault formula. The study was approved
by the ethical committees of the two hospitals (K-2021-012 and IRB2021042) and all methods were performed
in accordance with the relevant guidelines and regulations. Written informed consent was obtained from the
patients or legally authorized representatives prior to inclusion in the study.

Dosing regimen and measurement of concentration

Linezolid was administered at a standard dose of 600 mg q12h or 300 mg q12h for patients with renal impairment
according to the package label!” and the Sanford guide'8. Samples of venous blood serum samples were taken at
least 48 h after initiation of linezolid therapy and immediately or 30 min prior to the next dose. Collected blood
samples were centrifuged at 4000 g for 10 min and the resulting serum was stored at — 80 °C until further analysis.
Simultaneous quantification of linezolid and its metabolite PNU-142300 in human serum was performed by
a validated liquid chromatography-tandem mass spectrometry (LC/MS/MS) assay as described previously'.
Linezolid and PNU-142300 was extracted from the serum by protein precipitation, using acetonitrile containing
a deuterated internal standard (d3-linezolid). The chromatographic separation was achieved on a Acquity UPLC
BEH C18 column (1.7 um, 50 mmx2.1 mm, Waters). The mass spectrometer was operated under multiple
reaction monitoring mode with positive electrospray ionization. Quantifying of linezolid and PNU-142300
was validated over the 0.1-50 mg/L concentration range with satisfactory accuracies (—8.05-8.33%), intra-
day precisions (<4.33%) and inter-day precisions (<7.73%). Other details on the determination of linezolid
and PNU-142300 are described in the Supplementary methods. Clinicians were free to independently decide
whether and how to adjust the dosage regimen based on steady-state C__. .

Data collection

The following data, such as patient demographic information, clinical characteristics, microbiological
information, laboratory values, treatment regimens, linezolid C_, , and PNU-142300 concentrations were
collected from the hospital information system by trained staff at each participating center. Linezolid-induced
thrombocytopenia was defined as a platelet count of less than 112,500/l for patients with baseline platelet count
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maintained at a normal range, or a>25% reduction of platelet count from baseline for patients with platelet
count below the lower limit of normal at baseline (75000-149000 /ul).

Development and assessment of the prediction models
Multiple imputations with chained equations were applied to estimate the missing data over 10 iterations and the
results were pooled by Rubin’s rules. Candidate risk factors associated with the development of linezolid-induced
thrombocytopenia were selected based on previous studies and the availability of clinical data. Univariate logistic
analysis was performed to evaluate significance of candidate predictor variables and variables with P < 0.05 were
stratified into the following categories: clinical risk factors, linezolid C_, and PNU-142300 concentration. To
evaluate whether concentration factors could improve the risk prediction of linezolid-induced thrombocytopenia,
four models were established: Model A, all univariately statistically significant clinical variables entered in the
multivariate model using a backward stepwise approach; Model B, additionally incorporating linezolid C_; to
the clinical variables; Model C, additionally incorporating linezolid Coin and PNU-142300 concentrations to
the clinical variables; Model D, additionally incorporating PNU-142300 concentrations to the clinical variables.
Four nomograms were generated to predict the occurrence of linezolid-induced thrombocytopenia
based on the predictive models. The performance of the nomograms was assessed by area under the receiver
operating characteristic curve (AUROC), net reclassification improvement (NRI), and integrated discrimination
improvement (IDI). Decision curve analysis (DCA) was used to investigate the potential clinical effects of the
prediction nomograms by quantifying the net benefits across a range of threshold probabilities. The calibration
was evaluated using calibration curve and the Hosmer-Lemeshow test. Internal validation of the nomograms
was performed using leave-one-out cross-validation and bootstrap resampling method. The performance of the
nomograms for predicting linezolid-induced thrombocytopenia was also evaluated in an external validation
cohort in terms of discrimination, calibration, and clinical utility.

Statistical analysis

Categorical variables are expressed as frequencies and percentages, and continuous variables as means
and standard deviations or median and interquartile range (IQR), where appropriate. Differences in patient
characteristics between groups were assessed using the Pearson chi-square test or Fisher’s exact test for categorical
variables and independent t-test or Mann-Whitney U test for continuous variables. The linearity assumption
of each continuous variable was confirmed via the Box-Tidwell test. Multicollinearity between variables in
all models was checked using the variance inflation factor. The Delong test was used to compare the AUROC
between nomogram A, nomogram B , nomogram C and nomogram D. All statistical tests of the hypotheses
were two-sided and performed at the significance level of 0.05. All statistical analyses were performed using the
SPSS, version 23 (SPSS Inc., Chicago, IL, USA), R programming language (version 4.3.1) and GraphPad Prism
(version 9).

Results

Patient characteristics

For the training cohort, 310 patients with renal impairment met our inclusion criteria, of whom 84 were
excluded and 226 were finally included (Fig. 1). 78 patients with renal impairment from the Suzhou Science and
Technology Town Hospital were used for external validation purposes (Fig. S1). The baseline characteristics of
patients were comparable between the training and validation cohorts, as displayed in Table 1. In the training
and validation cohorts, 10.6% and 11.5% of patients received concomitant mannitol to treat encephaledema,
respectively. 76 (33.6%) and 29 (37.2%) patients developed linezolid-induced thrombocytopenia in the training
and validation cohorts, respectively.

Risk prediction model development

No multicollinearity was found among the covariates in the models by using the variance inflation factor (all
value <5). As shown in Supplementary Table S1, all univariate statistically significant clinical variables were
then included in the multivariate logistic regression analysis, and baseline total bilirubin level, CrCL value
and concomitant mannitol use were found to be the independent risk factors for predicting linezolid-induced
thrombocytopenia. A clinical prediction model (model A) was finally established by incorporating the three
independent clinical risk factors. In model B, linezolid C_, as well as the risk factors mentioned above were
predictive for the occurrence of linezolid-induced thrombocytopenia. In model C, the following variables were
predictive for linezolid-induced thrombocytopenia: total bilirubin, concomitant mannitol use, linezolid C,;
and PNU-142300 concentration, whereas CrCL value was not independently predictive. In model D, total
bilirubin, concomitant mannitol use, and PNU-142300 concentration were predictive for linezolid-induced
thrombocytopenia (Table 2).

Construction of the nomograms and evaluation of the predictive performance

Four nomograms were generated to predict the occurrence of linezolid-induced thrombocytopenia based on
the prediction models (Fig. 2). Each risk factor was assigned a score, and all scores were then added together to
predict the probability of linezolid-induced thrombocytopenia in each patient with renal impairment. Details
of the prediction performance for all nomograms in the training cohort are provided in Table 3. Compared
with nomogram A, nomogram B and nomogram C both had better discrimination, as demonstrated by
significant increases in AUROC (0.812 vs. 0.749; and 0.881 vs. 0.749; respectively), and significant improvement
in reclassification with NRI (0.139;95% CI, 0.010-0.268 and 0.290; 95% CI, 0.157-0.424, respectively) and
IDI (0.096; 95% CI, 0.052-0.141 and 0.226; 95% CI, 0.165-0.287, respectively). Compared with nomogram
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Patients eligible for study inclusion
at Affiliated Suzhou Hospital of
Nanjing Medical University(n=310)

Excluded:

(1)baseline platelet count of
less than 75000/ul (n=7);
(2)treated with linezolid for

less than one week (n=21);
(3)platelet count missed at
baseline or after linezolid
therapy(n=3);
(4)accompanied by known
bleeding disorders (n=12);

v

(5)with severe hepatic
The training cohort (n=226) impairment(n=>5);

(6)underwent renal
replacement therapy,
hemodialysis or extracorporeal

A

membrane oxygenation(n=36).

y A 4

With linezolid-induced Without linezolid-induced
thrombocytopenia thrombocytopenia
(n=76) (n=150)

Fig. 1. Flow chart for patient selection in the training cohort.

B, nomogram C had better discrimination with a significant increase in AUROC to 0.881, and significant
improvement in reclassification as assessed by the NRI (0.152; 95% CI, 0.030-0.273) and the IDI (0.130; 95% CI,
0.083-0.178). Compared with nomogram D, AUROC of nomogram C was increased, although the difference was
not significant. IDI analysis showed that the discrimination ability of nomogram C was improved in comparison
with nomogram D (Fig. 3A). DCA analysis showed significantly greater net benefit of the nomogram C was
achieved in comparison with the other nomograms across a wide range of threshold probabilities for predicting
linezolid-induced thrombocytopenia (Fig. 3B). The calibration curves and Hosmer-Lemeshow test (P> 0.05) in
the training cohort indicated good calibration of the nomograms (Fig. S2 A1-D1).

Validation of the nomograms

The nomogram A, nomogram B, nomogram C and nomogram D achieved an AUROC of 0.731, 0.796, 0.862
and 0.850 using leave-one-out cross-validation, respectively. By means of bootstrap method, the AUROC of
nomogram A, nomogram B, nomogram C and nomogram D was 0.732, 0.794, 0.867, and 0.855, respectively.
The four nomograms were externally validated in an independent cohort. Compared with nomogram A and
nomogram B, nomogram C had the highest predictive capability (Fig. 3C), as demonstrated by significant
increases in AUROC (0.878 vs. 0.735; and 0.878 vs. 0.795; respectively) and significant improvement in
reclassification with NRI (0.345;95% CI, 0.123-0.566 and 0.158; 95% CI, 0.004-0.312, respectively) and IDI
(0.243; 95% CI, 0.175-0.311 and 0.129; 95% CI, 0.057-0.200, respectively) (Supplementary Table S2). Moreover,
the DCA suggested that the nomogram C provided increased net benefit compared to the nomogram A and
nomogram B across a wide range of threshold probabilities in the validation cohort (Fig. 3D). The calibration
plots of predicted versus observed probability and Hosmer-Lemeshow test (P> 0.05) also demonstrated good
calibration for the nomograms in the external validation cohort (Fig. S2 A2-D2).

Discussion

To the best of our knowledge, this is the first study to evaluate the incremental value of PNU-142300
concentration beyond clinical factors and linezolid C_, for predicting linezolid-induced thrombocytopenia in
patients with renal impairment. Risk discrimination was significantly improved by incorporating PNU-142300
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Characteristics ’(1321304) Training Cohort(n=226) | Validation Cohort(n=78) | p
Demographics

Gender (Female) (n, %) 91 (29.9%) 69(30.5%) 22 (28.2%) 0.808
Age (years) 82.0 (73.8,89.0) 82.0 (74.0,89.0) 83.5(72.8,88.0) 0.983
Weight (kg) 60.0 (55.0,65.0) 60.0 (55.0,65.0) 60.0 (55.0,70.0) 0.325
Infection types

Pneumonia (n, %) 279 (91.8%) 205 (90.7%) 74 (94.9%) 0.360
Blood stream infection (n, %) 66 (21.7%) 52 (23.0%) 14 (17.9%) 0.438
Abdominal infection (n, %) 24 (7.89%) 19 (8.41%) 5(6.41%) 0.749
Urinary tract infection (n, %) 62 (20.4%) 45 (19.9%) 17 (21.8%) 0.847
Skin and soft tissue infection (n, %) 32 (10.5%) 25 (11.1%) 7 (8.97%) 0.761
Intracranial infection (n, %) 13 (4.28%) 9 (3.98%) 4 (5.13%) 0.746
Multiple infections (n, %) 113 (37.2%) 88 (38.9%) 25(32.1%) 0.342
Comorbidities andcomplication

MODS (n, %) 40 (13.2%) 29 (12.8%) 11 (14.1%) 0.927
RF (n, %) 161 (53.0%) 122 (54.0%) 39 (50.0%) 0.634
Sepsis shock (n, %) 72 (23.7%) 54 (23.9%) 18 (23.1%) 1.000
Treatment regimens

Duration (days) 8.0 (8.0,12.0) 8.0 (8.0,12.0) 8.0 (7.0,11.0) 0.175
Concomitant antibiotics (n, %) 273 (89.8%) 205 (90.7%) 68 (87.2%) 0.502
Concomitant mannitol (n, %) 33 (10.9%) 24 (10.6%) 9 (11.5%) 0.989
Concentrations

Linezolid C _ (mg/L) 10.90 (6.42,17.20) | 10.90 (6.79,16.80) 11.80 (6.18,18.60) 0.888
PNU-142300 (mg/L) 6.42 (3.06,10.50) | 5.54 (2.72,11.10) 7.73 (4.39,9.64) 0.147
Laboratory values

WBC (10°/L) 11.1 (7.35,16.70) 11.6 (7.52,16.80) 10.4 (6.30,14.50) 0.082
Neutrophil (%) 0.83(0.73,0.91) 0.84 (0.74,0.91) 0.80 (0.73,0.87) 0.066
Hemoglobin (g/L) 89.0 (74.8,106.0) | 90.0 (76.2,108.0) 87.0 (73.0,98.0) 0.050
Platelet count (10%/L) 183 (133,253) 187 (135,253) 174 (124,252) 0.471
CRP (mg/mL) 73.7 (35.4,139.0) | 71.1(31.8,132.0) 83.5(39.4,155.0) 0.179
Procalcitonin (ng/mL) 0.50 (0.17,2.08) 0.52(0.17,2.44) 0.40 (0.17,1.10) 0.070
Total bilirubin (umol/L) 8.73 (5.53,13.5) | 8.58 (4.79,13.4) 9.60 (6.04,14.3) 0.206
Albumin (g/L) 31.7 (29.1,35.2) 31.8(29.2,35.2) 31.6 (29.0,34.8) 0.652
ALT (U/L) 23.5(15.0,44.0) 24.0 (16.0,42.8) 21.5(12.0,47.8) 0.400
Fibrinogen (g/L) 430 (3.38,5.14) | 4.28 (3.32,5.17) 4.34 (3.61,5.09) 0.330
Creatinine (umol/L) 123.0 (84.8,209.0) | 118 (81.0,210.0) 147 (99.3,203.0) 0.158
CrCL (mL/min) 35.4(21.0,49.4) 35.7 (21.2,49.7) 32.0 (20.6,45.2) 0.364
Incidence of linezolid-induced thrombocytopenia (n, %) | 105 (34.5%) 76 (33.6%) 29 (37.2%) 0.667

Table 1. Characteristics of patients in the training and validation cohorts.

concentration into the nomogram including clinical variables and linezolid C_; . Our findings suggest that
PNU-142300 concentration may be as informative in terms of risk prediction as established clinical risk factors
and linezolid C_, . The nomogram incorporating PNU-142300 concentration, linezolid C_; and clinical factors
may facilitate physicians in identifying patients with renal impairment who are at increased risk of linezolid-
induced thrombocytopenia and initiating strategies to prevent its occurrence.

Linezolid-induced thrombocytopenia occurred in 33.6% and 37.2% of the training cohort and validation
cohort, respectively. The result was similar to that reported in Crass et al’s study®, who found that linezolid-
induced thrombocytopenia occurred more frequently among patients with renal impairment. Therefore, early
identification of patients with renal impairment treated with linezolid who are at increased risk of linezolid-
induced thrombocytopenia is of great importance.

A multivariable logistic regression analysis of clinical variables revealed that higher baseline total bilirubin
level, lower CrCL value were associated with an increased risk of linezolid-induced thrombocytopenia, whereas
concomitant mannitol use was associated with a lower risk. Consistent with the previous studies®!*?* conducted
in adult or critical ill patients, baseline total bilirubin level was identified as an independent risk factor for
predicting linezolid-induced thrombocytopenia. Our study suggested that decreased CrCL was associated with
increased odds of developing linezolid-induced thrombocytopenia, which was in agreement with the previous
reports in adult Japanese patients??2.CrCL was found to be a significant covariate affecting linezolid clearance
after multiple-dose administration”>**. The clearance of linezolid decreases further as the deterioration of kidney
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Model variables ‘ OR ‘ 95%CI 4
Model A

Concomitant mannitol use | 0.060 | 0.007-0.474 | 0.008"
Total bilirubin 1.106 | 1.055-1.160 | <0.001"
CrCL 0.978 | 0.960-0.997 | 0.020"
Model B

Concomitant mannitol use | 0.074 | 0.012-0.762 | 0.013"
Total bilirubin 1.070 | 1.049-1.153 | <0.001"
CrCL 0.971 | 0.959-0.998 | 0.002
Linezolid C | 1.121 | 1.054-1.145 | <0.001"
Model C

Concomitant mannitol use | 0.070 | 0.010-0.684 | 0.012
Total bilirubin 1.078 | 1.056-1.172 | <0.001"
CrCL 0.985 | 0.971-1.016 | 0.150
Linezolid C 1.068 | 1.003-1.101 | 0.005"
PNU-142300 concentration | 1.203 | 1.113-1.284 | <0.001"
Model D

Concomitant mannitol use | 0.073 | 0.009-0.605 | 0.015"
Total bilirubin 1.113 | 1.057-1.173 | <0.001"
CrCL 0.995 | 0.973-1.017 | 0.643
PNU-142300 concentration | 1.227 | 1.147-1.312 | <0.001"

Table 2. Multivariate logistic regression analysis of risk factors for linezolid-induced thrombocytopenia in the
> means p <0.05, and the difference was statistically significant.

>
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0 0 20 3 40 5 6 70 80 90 100 0 1 20 32 40 0 60 70 8 9 100
Points Points
= 0
" i 0
Concomitant mannitol use ' [ use
Total bilirubin Y ¥ T ¥ v v v T y
Total bilirubin 0 10 20 30 10 50 60 70 80 90
0 0 0 30 40 5% 60 70 80 %
s
0 35 10
c
60 35 10

Linezolid C,,,

Total Points AR S, P YR SRR . TotalPolnts ey
) 2 I 20 4 60
6 60 otal Points 0 20 4 60 0 00 120 140 60
Li lid L yIOP fsk o4 030507 o8 Li lid: P risk 0 03 05 07 09
M 1 20 & 64 7 0 ) " h{ 20 3 A 5 7 0
Points 0 0 0 30 0 50 60 0 80 9 100 Points 0 0 20 0 0 50 0 80 % 100
c ¢ 0
use ; c use
g
Total bilirubin v T v y y v T
0 0 20 320 10 50 6 70 80 9% Total bilirubin - v - - - . . v
] 10 20 30 40 S0 60 70 80 90
Linezolid C,,, —————
010 25 40
PNU-142300 concentration ' z Y 2 iy T .
o 5 10 15 20 25 30 35 40
PNU-142300 1
0 5§ 10 15 2 25 30 35 40
Total Points U remoremmmmem e ey e 1 iWotel Points o 20 40 60 80 100 120 40 160
0 20 40 60 80 100 120 40 60
Li lid. risk ———r—r— Li lid risk 01 080507 O
S 01 030507 09 o 01 030507 09

Fig. 2. The nomograms to predict the occurrence of linezolid-induced thrombocytopenia based on the
prediction model A (A), model B (B), model C (C) and model D (D).

function, which may increase the risk of linezolid-induced thrombocytopenia. Notably, concomitant mannitol
use was firstly found to be associated with a reduced risk of linezolid-induced thrombocytopenia in patients
with renal impairment in the present study. It might be attributed to the fact that the clearance of linezolid
was enhanced in patients with concomitant mannitol use, thereby reducing the likelihood of linezolid-induced
thrombocytopenia.

Accumulating evidence has suggested that linezolid C_, may be a key predictive factor for developing
linezolid-induced thrombocytopenia'®?>2¢, however, few studies evaluated the utility of linezolid C_. beyond
clinical factors to improve risk prediction of linezolid-induced thrombocytopenia in patients with renal
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Nomogram A Nomogram B Nomogram C Nomogram D

AUROC (95%CI) 0.749(0.687-0.804) | 0.812(0.755-0.861) 0.881(0.831-0.920) 0.859(0.807-0.902)

Compared with nomogram A
0.063 0.132 0.111

{

Delong test (95%CL, p) (0.017-0.110, p=0.007") | (0.078-0.186, p <0.001") | (0.037-0.184, p=0.003*)
0.139 0.290 0.218

NRI (95%CL p) (0.010-0.268, p=0.035") | (0.157-0.424, p<0.001") | (0.045.0.391, p=0.014*)
0.096 0.226 0.141

0,
IDI(95%CL p) (0.052-0.141, p<0.001%) | (0.165-0.287, p<0.001") | (0.059-0.224, p <0.001*)

Compared with nomogram B

0.068 0.047

Delong test (95%Cl, p) (0.029-0.109, p<0.001") | (-0.015-0.109, p=0.135)
0.152 0.079

NRI (95%CL, p) (0.030-0.273, p=0.014") | (-0.083-0.241, p=0.337)
0.130 0.045

0,
IDI(95%CL p) (0.083-0.178, p<0.001°) | (-0.031-0.121, p=0.247)

Compared with nomogram C

0.021

Delong test (95%ClI, p) (-0.011-0.054, p=0.194)
-0.072

NRI (95%CI, p) (-0.176-0.031, p=0.169)

-0.085

IDI (95%C, p) (-0.131 -0.038, p<0.001°)

wxn

Table 3. Prediction performance of the nomograms in the training cohort.
difference was statistically significant.

means p <0.05, and the

impairment. Our findings suggested that the addition of linezolid C_;  to the model that include clinical variables
can improve the predictive value of linezolid-induced thrombocytopenia. Several mechanisms responsible
for linezolid-induced thrombocytopenia have been proposed, including an increase in the elimination of
platelets or inhibition of platelet proliferation?’-%°. Boak et al.**found that the formation of platelet precursor
cells was suppressed by 50% when linezolid C_, exceeded the threshold. Tsuji et al.”” reported that 97% of
patients developed linezolid-induced thrombocytopenia via an inhibitory mechanism, rather than simulation
of platelet destruction. Hence, it is more likely that increased linezolid exposure may lead to linezolid-induced
thrombocytopenia by inhibiting platelet formation.

Relatively few prior studies have evaluated the relationship between PNU-142300 concentration
and linezolid-induced thrombocytopenia. Wang et al.'’reported that the concentration ratio of PNU-
142300 to linezolid exceeding 1.31 was associated with an increased risk of developing linezolid-induced
thrombocytopenia. However, only one factor was assessed in the study, other potential significant risk factors
were not evaluated by multivariate logistic regression analysis. Our previous research indicated that linezolid-
induced thrombocytopenia was independently related to PNU-142300 concentration in critical ill patients by
multiple regression analysis'®. Nevertheless, the contribution of PNU-142300 concentration to the development
of linezolid-induced thrombocytopenia in patients with renal impairment has not been fully explored. After
adding the PNU-142300 concentration to the model consisting of linezolid C_; and clinical variables, the PNU-
142300 concentration was found to be independently associated with linezolid-induced thrombocytopenia. The
relationship may be partly explained by the chemical structure similarity between linezolid and PNU-142300
(aniline functional group), since the potential myelotoxicity may be predicted from the chemical structure®"32
In addition, CrCL value was not identified as a significant predictor of linezolid-induced thrombocytopenia
after PNU-142300 concentration was added to the model consisting of linezolid C_, and clinical variables. It
is suggested that PNU-142300 concentration could be equally or more useful than CrCL value for identifying
individuals with renal impairment who are more likely to develop linezolid-induced thrombocytopenia. It
may be attributed to the fact that PNU-142300 was also accumulated in patients with renal impairment'?, thus
increasing the likelihood of occurring linezolid-induced thrombocytopenia.

The risk model established by Qin et al.® and Maray et al’* for predicting linezolid-induced
thrombocytopenia achieved an AUROC of 0.795 and an AUROC of 0.80, respectively. However, the prediction
models were constructed based on data collected from elderly patients or critically ill patients. By focusing
exclusively on patients with renal impairment in the present study, the prediction model comprised of PNU-
142300 concentration along with linezolid C_; and clinical variables exhibited good discrimination ability, with
an AUC of 0.881 in the training cohort. The nomograms were built for visualizing the models. Importantly,
our study confirmed that the nomogram comprised of PNU-142300 concentration along with linezolid C_,
and clinical variables had better predictive capability than the nomogram comprised of linezolid C_, and
clinical variables in the training cohort and validation cohort, as demonstrated by significant improvements
in AUC, NRI and IDI. The nomogram incorporating both linezolid C_, and PNU-142300 concentration had
increased AUROC compared with the nomogram incorporating PNU-142300 concentration without linezolid
C,.i» 2lthough the difference was not significant. IDI analysis showed the addition of both linezolid C_; and
PNU-142300 concentration significantly improved the discrimination compared to the nomogram comprised of
PNU-142300 concentration without linezolid C_, . in the derivation cohort. It suggested that both linezolid C_

Scientific Reports |

(2024) 14:26064

| https://doi.org/10.1038/541598-024-77768-x natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Sensitivity

Sensitivity

100

80

60

40

20

100

80

(o]
o

N
o

N
o

AN

- A TR o _
I o i \ Nomogram D
r & AN Nomogram C
N £ °7 W, Nomogram B
I ] A e R
- a8 o | I Nomogram A
- %) o e ~‘\ %
E o -
I 5 < o
L P © bl LR
) N

I B RN
¥ s 3 Se—% s~
- (0] -.-."',’\ J". \
[ % Nomogram D - RN
78 ~———— Nomogram C S i

22 Nomogram B f T T T . Y
i Nomogram A 00 02 04 06 08 10
» High Risk Threshold

oA BRI SRR S S | r | . r r ]
0 20 40 60 80 100 1100 14 23 32 41 1001

Cost:Benefit Ratio

100-Specificity

)
10
J

’

Nomogram D
: - )\ Nomogram C
§ ° \_\\ ------ Nomogram B
Ko
§ . . .\\ \ e Nomogram A
@ o 7| E ~ 5
- m:-‘\\q\
5 S =S
@ F L TR
E o~ | "'._\\\',v\ !\
B O XY
0] . " N ¢
i Nomogram D o R —
———— Nomogram C , T . I T\—H
i —_— Hgmggramz 00 02 04 06 08 10
| — mogram High Risk Threshold
FIN YAV VNI BRI BRI | . . : : )
0 20 40 60 80 100 1100 14 23 32 41 1001
100-Specificity Cost:Benefit Ratio

Fig. 3. The ROC curves and DCA curves of predictive nomograms in the training cohort and validation
cohort. (A) The ROC curves of predictive nomograms in the training cohort. (B) The DCA curves of predictive
nomograms in the training cohort. (C) The ROC curves of predictive nomograms in the validation cohort. (D)
The DCA curves of predictive nomograms in the validation cohort.

and PNU-142300 concentration contributed to the development of linezolid-induced thrombocytopenia. Given
the limited sample size of the present study, a future prospective study with a larger sample size is warranted
to verify the difference of discrimination ability between the nomogram incorporating both linezolid C_, and
PNU-142300 concentration and the nomogram consisting of PNU-142300 concentration without linezolid
C_.;- Our findings indicate that incorporating concentration variables, such as linezolid C_; and PNU-142300
concentration, into clinical risk prediction nomogram may be more helpful in identifying patients with renal
impairment at increased risk of linezolid-induced thrombocytopenia and in making risk management decisions
to prevent its occurrence.

This study has several limitations. First, the standard substance of PNU-142586 is not available in China
so far, therefore, the contribution of PNU-142586 to the development of linezolid-induced thrombocytopenia
in patients with renal impairment has not been explored in the present study. Second, the present study was
exploratory given the limited sample size in the training cohort, and inclusion of more patients with renal
impairment from multi-center are still needed to verify the incremental value of PNU-142300 concentration for
predicting linezolid-induced thrombocytopenia. Third, only 78 patients with renal impairment were enrolled
in the external validation cohort, and further validation with a larger sample size is still necessary. Fourth,
since renal replacement therapy patients were excluded from the present study, there is limited possibility to
generalize the predicted nomogram to patients with renal insufficiency who received renal replacement therapy.
In future work, the role of PNU-142300 played in other hematologic abnormalities, such as anemia, may also
be investigated. In addition, a population pharmacokinetic model of linezolid and PNU-142300 in patients with
renal impairment may be developed to characterize the pharmacokinetic parameters and to explore the optimal
dosage strategy in this population.
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Conclusion

The nomogram comprised of PNU-142300 concentration along with linezolid C_; and clinical variables had
better predictive capability than the nomogram comprised of linezolid C_, and clinical variables in the training
and external validation cohort. The visual nomogram can be utilized by the clinicians to evaluate the risk of
linezolid-induced thrombocytopenia in patients with renal impairment and to initiate strategies to prevent its
occurrence.

Data availability
The data analyzed in this study are available from the corresponding author on reasonable request.
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