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1. What is already known about this subject:
Tacrolimus is the basic medication used to prevent rejection in recipients after lung transplantation.
CYP3A5 gene polymorphism has significant influence on individual differences in pharmacokinetics and pharmacodynamics of tacrolimus.
[bookmark: OLE_LINK10]The population pharmacokinetic study of tacrolimus for lung transplant population is insufficient.
2. What this study adds:
CYP3A5 genotype, haematocrit, and alanine transaminase had significant impact on tacrolimus pharmacokinetics in Chinese Han lung transplant recipients.
The tacrolimus dosing regimens in Chinese Han lung transplantation recipients were optimized based on complete CYP3A5 genotyping and biochemical parameters.

Abstract    
[bookmark: OLE_LINK7][bookmark: _Hlk84406105]Aim: To establish a population pharmacokinetic model and optimise tacrolimus dosing regimens in Chinese Han lung transplant recipients. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK25]Methods: Tacrolimus trough concentrations and clinical data of 70 adult lung transplant recipients were collected. Population pharmacokinetic analysis was performed using a nonlinear mixed effects model. A Monte Carlo simulation was conducted to determine the optimal dosing regimen. 
[bookmark: OLE_LINK36][bookmark: OLE_LINK32][bookmark: OLE_LINK37][bookmark: OLE_LINK46][bookmark: OLE_LINK43][bookmark: OLE_LINK47][bookmark: OLE_LINK53]Results: The pharmacokinetics of tacrolimus could be best described by a one-compartment model, with the CYP3A5 genotype, haematocrit (HCT), and alanine transaminase (ALT) as significant covariates. The clearance of tacrolimus in the CYP3A5 rapid and intermediate metabolisers were 3.03 and 1.99 times higher than those of CYP3A5 poor metaboliser, respectively. When HCT decreased from 0.30 to 0.20, the clearance of tacrolimus increased by 31.14%, and the apparent volume of distribution increased by 28.58%. The clearance of tacrolimus decreased by 8.67% when ALT increased from 20 IU·L-1 to 40 IU·L-1. Monte Carlo simulation indicated that recipients with CYP3A5*1/*1 receiving 3.5 mg twice daily, recipients with HCT < 0.2 receiving 5 mg twice daily, and recipients with ALT < 4IU·L-1 received 3 mg twice daily, could achieve the target concentrations of 10–15 ng·mL-1.
[bookmark: _Hlk84406746][bookmark: _Hlk82429312][bookmark: _Hlk81318542]Conclusions: A population pharmacokinetic model of tacrolimus in Chinese Han lung transplant recipients was successfully constructed. Recipients with the CYP3A5*1/*1 genotype, low HCT value, and low ALT value after surgery needed a higher maintenance dose to reach the therapeutic window, which provided a reference for the formulation of individualised tacrolimus regimen. 
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Introduction
[bookmark: _Hlk84406397]Tacrolimus is a potent calcineurin inhibitor that is widely used to prevent rejection in lung transplant recipients and plays a key role in immune maintenance therapy. Compared with other immunosuppressive agents, tacrolimus shows better efficacy and safety in recipients with lung transplants [1]and is often used in combination with mycophenolic acids and glucocorticoids [2], which is the cornerstone drug of the immunosuppressive regimen after lung transplantation.
However, the therapeutic window of tacrolimus is narrow, and the individual variation is large, which restricts the clinical application of tacrolimus. The narrow therapeutic window affects the effectiveness and safety of anti-rejection treatment after lung transplantation. Insufficient drug concentration elevates the risk of rejection [3], and excess drug concentration may lead to adverse events such as infection and renal injury [4]. However, great individual variations in the pharmacokinetics of tacrolimus exist. Due to a variety of confounding factors such as genetic factors, pathophysiological factors, and combined medication, the blood level of tacrolimus is highly unstable and variable [5,6], making it difficult for clinicians to develop reasonable individualised dosing regimens.
[bookmark: OLE_LINK1]Therapeutic drug monitoring (TDM) is based on the correlation between tacrolimus blood concentration and clinical efficacy [7], which provides a quantitative basis for the adjustment of tacrolimus dosage and is an important way for transplantation centres to make individualised regimens. Whole blood trough concentration of tacrolimus is regularly monitored within the recommended range of 10–15 ng ng·mL-1 within the first three months after lung transplantation [7,8]. Although tacrolimus TDM has been widely used in the clinic, its application has limitations. First, the recommended tacrolimus window still lacks solid evidence from large clinical trials or authoritative guidelines, which now largely refer to those of other solid organ transplantation populations. In addition, in the early stage after lung transplantation, cardiopulmonary function is unstable, and various organs experience different degrees of ischemia and hypoxia during operation, combined with organ dysfunction, resulting in large fluctuations in tacrolimus trough concentration.
In contrast, CYP3A5 is the main metabolic enzyme of tacrolimus, which significantly affects the metabolic process of tacrolimus. However, there is a gene polymorphism at this locus. Many studies have shown that the CYP3A5*3 polymorphism has a significant effect on the blood concentration of tacrolimus [9–11]. The Clinical Pharmacogenetics Implementation Consortium recommends that recipients with extensive and medium metabolism adopt 1.5–2 times the standard dose [12]. The mutation rate of the CYP3A5*3 locus is significantly different in different ethnic groups, especially in the Asian population with a higher mutation rate of 74.2% [9]. Even if the dosage is formulated according to the CYP3A5 polymorphism, due to the pharmacokinetic characteristics of tacrolimus and the influence of concomitant drugs, TDM is still needed for dosage adjustment.
The study of the population pharmacokinetics of tacrolimus in the lung transplantation population will help explore the individual differences of drugs. However, at present, there are few studies in this field [13], and only four studies have been retrieved that discussed the population pharmacokinetic characteristics and influencing factors in this population—the concentration-time curve of tacrolimus in recipients one week after lung transplantation showed a high degree of variability, and the blood concentration of 69% of cases exceeded the target range at 12 h [14] .The pharmacokinetic process of tacrolimus differ between recipients with cystic fibrosis and non-cystic fibrosis [15]. Many factors, such as CYP3A5*3 genotype, primary disease, haematocrit, body weight, and combined medication have an impact on the clearance rate of tacrolimus [16,17], resulting in individual differences in blood concentration. The above studies show that the blood concentration of tacrolimus fluctuates largely after lung transplantation. It is necessary to further explore the factors that influence individual differences in tacrolimus after lung transplantation. However, cystic fibrosis is a rare disease in Asia, and its results are not suitable for the Chinese Han population. Furthermore, there is only one study in the Chinese population, and the lack of CYP3A5*1*1 data cannot provide an optimised administration regimen for postoperative maintenance dose in Chinese or other Asian lung transplant recipients [17].
Based on the above facts, further TDM and CYP3A5 genotype-based pharmacokinetics research for early lung transplant recipients in order to provide a more sufficient basis and accurate individualised treatment is needed. This study used a nonlinear mixed effect model (NLME) to analyse influencing factors of individual variables of pharmacokinetics after lung transplantation in the Chinese Han population. Combined with Monte Carlo simulation, a population pharmacokinetic model of tacrolimus was established to optimise the dosing regimen of tacrolimus in Chinese Han lung transplant recipients.

Data and methods
1 Case data
Subjects were 70 recipients who underwent lung transplantation at the First Affiliated Hospital of Guangzhou Medical University from January 2019 to November 2020. The inclusion criteria were as follows: (1) Chinese Han recipients who underwent lung transplantation for the first time; (2) recipients who received immunosuppressive maintenance therapy based on tacrolimus after surgery; and (3) recipients receiving tacrolimus treatment drug monitoring within three months after lung transplantation. The exclusion criteria were as follows: (1) recipients with combined organ transplantation; (2) recipients with severe systemic complications and hemodynamic dysfunction, liver dysfunction (Child-Pugh C) or renal function damage (creatinine clearance rate less than 15 ml/min); (3) recipients with poor compliance and inability to take medicine on time during the observation period; and (4) recipients with incomplete clinical situation and medical records during the observation period.
2 Administration regimens
The anti-rejection treatment plan comprised triple immunotherapy, and the main treatment drugs included tacrolimus capsule (Prograf, Astellas Pharma), mycophenolate mofetil tablets (MMF, Roche Pharmaceutical), mycophenolate sodium enteric-coated tablets (Myfortic, Novartis Pharmaceutical), and glucocorticoids (prednisone, methylprednisolone). The initial dose of tacrolimus was 50–150 g·kg-1·d-1, administered every 12 hours. The dose was adjusted according to the trough concentration monitoring value, and the target trough concentration was controlled at 10–15 ng·mL-1 [8].
3 General clinical data
(1) General data: age, sex, height, weight, postoperative time (T), main indications, and types of transplantation; (2) laboratory indexes during treatment: white blood cell count (WBC), red blood cell count (RBC), platelet count (PLT), haematocrit (HCT), haemoglobin (HB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (Tbil), albumin (ALB), total protein (TP), creatinine (Cr), and creatinine clearance (CLCr) were calculated using the Cockcroft-Gault formula; (3) combined medication situation: glucocorticoid (GC), mycophenolic acid (MPA), azole antifungal drugs (AFD), amiodarone (AD), and nifedipine (NFP).
4 Blood concentration detection
[bookmark: OLE_LINK2][bookmark: OLE_LINK38]After tacrolimus reached a steady state, 1–2 mL ethylenediaminetetraacetic acid (EDTA) anticoagulant blood samples were collected 30 min before medication, and the whole blood concentration of tacrolimus was detected by chemiluminescence microparticle immunoassay (CMIA). The instrument used for quantitation was ARCHITECT i1000SR（Abbott, Chicago, IL, USA）, and the reagents were the Abbott 1L77 tacrolimus detection kit, 1L77 tacrolimus sample pre-treatment reagent, and supporting quality control and calibration solution. The quantification was done as manufacturer’s instructions. The linear calibration range of the detection method was 0.0–30.0 ng/mL, and the total coefficient of variation of precision was ≤10%.
5 Genotype detection
[bookmark: OLE_LINK48][bookmark: OLE_LINK49]In this study, 1–2 mL EDTA anticoagulant was collected. Genomic DNA was extracted using a blood genomic extraction kit. The CYP3A5 6986 A>G genotype was detected by polymerase chain reaction using the sequence-specific primer (PCR-SSP) method. The instruments used for genotyping were a PCR amplification instrument (ABI 9700; Thermo Fisher Scientific, Waltham, MA, USA), electrophoresis apparatus (DYY-6D; LIUYI, Beijing, China), and gel imager (ZF-258; JIAPENG, Shanghai, China).
6 Data statistics
[bookmark: OLE_LINK50]SPSS software (Version 22.0; IBM, Armonk, NY, USA) was used for statistical analysis, with P < 0.05 as the significant difference: (1) The genotype and allele frequencies of each point were calculated, and the chi-square test was used to analyse whether the distribution of each genotype was in accordance with Hardy-Weinberg equilibrium; (2) Spearman correlation analysis was used to analyse the correlation between the two groups of quantitative data, and Mann–Whitney U test was used to analyse the correlation between quantitative data and binary variables; the correlation between quantitative data and multi-categorical variables was analysed using the Kruskal–Wallis H test.
7 Establishment of a population pharmacokinetic model
Phoenix NLME software (Version 8.2; Certara, Princeton, NJ, USA) was used for population pharmacokinetic analysis, and R software (Version 4.0.4; R Foundation, Vienna, Austria) was used for auxiliary mapping and visual evaluation.
[bookmark: OLE_LINK3]7.1 Establishment of basic model
[bookmark: _Hlk74642384]The tacrolimus blood concentration data are trough concentrations; therefore, it is difficult to estimate the oral bioavailability and absorption delay time. According to a comprehensive literature report [13], the absorption rate constant (Ka) is fixed at 4.48 h-1, and the clearance (CL) and apparent distribution volume (Vd) include the bioavailability of oral preparations. Combined with the pharmacokinetic data of this study, the initial value of the model was determined. One- and two-compartment models were used to optimise the combination of multiple residual and atrioventricular models. The objective function value (OFV) of the maximum likelihood logarithm was taken as -2 by a first-order interaction rate algorithm, and the optimal basic model was selected according to the OFV and goodness-of-fit plots.
7.2 Establishment of statistical model
[bookmark: OLE_LINK15][bookmark: OLE_LINK24][bookmark: OLE_LINK40]The inter-individual variation of pharmacokinetic parameters is described by the exponential model (Equation 1), and the intra-individual variation by the additive, proportional, exponential, and mixed proportional-additive models. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK6]Pi = θi × exp (ηi)           (1)
[bookmark: OLE_LINK14]This study assumes that the residual variation η obeys a normal distribution with a mean of 0 and a variance of Pi is the pharmacokinetic parameter of the i-th subject, θi is the typical population value of the PK parameter.
[bookmark: OLE_LINK9]7.3 Establishment of the full model
[bookmark: OLE_LINK42]A single factor analysis of covariates and pharmacokinetic parameters was performed. Covariates with significant correlations were included in the model according to the fitting degree of the covariate box diagram. Simultaneously, correlation analysis of covariates was performed. If the correlation coefficient was greater than 0.5, there was a correlation between covariates, so as to avoid introducing covariates with collinearity at the same time. Stepwise regression was used to screen the covariates, and they were filtered through forward inclusion and reverse elimination. When the introduced covariate reduced the -2LL value by 3.84, it was included as a covariate. When the eliminated covariate increased the -2LL value by less than 6.64, the covariate was eliminated. The model was optimised until no significant change in the value of the objective function were found, and finally, the full model was obtained.
[bookmark: OLE_LINK26]Continuous variables were converted using a median-corrected power function model (Equation 2), and categorical variables were converted using an exponential model (Equation 3). 
    (2)
[bookmark: OLE_LINK11]    θi = θ × exp (θcov)      (3)
Among them, COVj is the j-th covariate, COVmedian is the median value of the covariate, θi is the population prediction value of pharmacokinetic parameters, and θCOV is the fixed effect value of this covariate on pharmacokinetic parameters.
7.4 Establishment of final model
According to the above model, a variety of operation modes were used to analyse inter-individual variation, residual error, and intra-individual variation, which were adjusted and optimised. The minimum value of the objective function between different models was compared, and the optimal model was selected as the final model. 
[bookmark: OLE_LINK28]7.5 Model validation
[bookmark: OLE_LINK31]Goodness-of-fit plots, normalised prediction distribution error (NPDE), visual predictive check (VPC), and bootstrap were used to internally verify the final model. 
8 Monte Carlo simulation method
Based on the above final model, a Monte Carlo simulation was run for different dosing schemes under different covariates, and 1000 times were simulated for each case.

Results
1 General information
In this study, 284 tacrolimus blood trough concentration data from 70 lung transplant recipients were included in the population pharmacokinetic analysis. Averages of parameters included age of the selected recipients was (55.31 ± 11.14) years and body weight (54.20 ± 11.63) kg. General information is shown in Table 1.
2 Population pharmacokinetic model
2.1 Basic model
[bookmark: _Hlk84039823]The one-compartment model with first-level absorption and first-level elimination was finally determined. Among them, inter-individual and intra-individual variation adopted an exponential and a proportional model, respectively. The basic model is shown in equations (4) to (6). The model parameter estimations are listed in Table 2.

Ka（h-1）=4.48                      (4)
Vd（L）=200.97× exp (ηVd)            (5)
CL（L·h-1）=3.83× exp (ηCL)           (6)

2.2 Screening of covariates
The covariate correlation coefficient matrix plot is shown in Figure 1, where covariates were selected based on the covariate correlation results to exclude covariate collinearity. The model establishment process is shown in Table 3.
[bookmark: OLE_LINK21]2.3 Final model
Covariates included in the final model of this study were CYP3A5, HCT, and ALT. The final model parameter estimations are listed in Table 2. The expressions are in equations (7) to (8). 
Vd（L）=θVd×× exp (ηVd)                               (7)
CL（L·h-1）=θCL×××exp (θCYP3A5) × exp (ηCL)      (8)
Where θHCT-V is the fixed effect parameter of HCT on Vd, θHCT-CL is the fixed effect parameter of HCT on CL, θALT is the fixed effect parameter of ALT on CL, and θCYP3A5 is the fixed effect parameter of the CYP3A5 genotype on CL.
[bookmark: OLE_LINK19]The CYP3A5 genotype significantly affected the clearance rate of tacrolimus. The clearance rate of CYP3A5 rapid metabolic (*1/*1) population was 3.03 times higher than that of the CYP3A5 poor metabolic (*3/*3) population, and the clearance rate of CYP3A5 rapid metabolic (*1/*1) population was 1.99 times higher than that of the CYP3A5 intermediate metabolic (*1/*3) population. HCT significantly affected the clearance rate and apparent distribution volume of tacrolimus; when HCT decreased from 0.30 to 0.20, the clearance rate of tacrolimus increased by 31.14% and the apparent distribution volume increased by 28.58%. ALT significantly affected the clearance of tacrolimus—when ALT increased from 20 IU·L-1 to 40 IU·L-1, the clearance of tacrolimus decreased by 8.67%.
2.4 Model evaluation
The goodness-of-fit diagram of the final model is shown in Figure 2, indicating that predicted values were in good agreement with the measured values, and the prediction accuracy of the final model was well.
The NPDE verification results of the final model are shown in Figure 3, which further proved that NPDE had square difference homogeneity and conformed to a normal distribution.
The prediction and variation correction VPC (pvcVPC) diagram of the final model is shown in Figure 4. The predicted values were in good agreement with the original data, demonstrating the prediction accuracy of the final model. 
A comparison between the model parameters obtained from 1000 bootstrap verifications of the model and the final model parameters is shown in Table 3. Results revealed that the deviation between the median obtained from bootstrap verification and the final model parameters was within ±15%, and the final model parameters were within the 95% confidence interval of the bootstrap parameters, highlighting the high stability of the final model.
3 Monte Carlo simulation
Based on the above final model, this study conducted Monte Carlo simulation on different maintenance dose administration regimens of recipients under different CYP3A5*3 genotypes, HCT values, and ALT values; the simulation results are shown in Figure 5. The maintenance population of recipients with CYP3A5*3 fast metabolism, HCT < 0.2 and ALT < 4 IU·L-1 required higher doses to reach the target therapeutic window. The target concentration of 10–15 ng·mL-1 can be achieved by using CYP3A5*1/*1 twice daily for recipients with 3.5 mg, 5 mg twice daily for recipients with low levels of HCT, and 3 mg twice daily for recipients with low levels of ALT.

Discussion
Tacrolimus is a basic drug used for immune maintenance treatment after lung transplantation. However, its therapeutic window is narrow and individual variations are large; it is difficult to reasonably formulate an individualised dosing regimen. Therefore, it is necessary to explore the influencing factors leading to individual differences in the pharmacokinetics and pharmacodynamics of tacrolimus to provide a reference for the adjustment of the drug regimen. This study was aimed at the early population after lung transplantation. By analysing the blood concentration of tacrolimus and relevant clinical data, the pharmacokinetic characteristics of tacrolimus in the Chinese Han lung transplant population were discussed using the NLME model. Finally, the CYP3A5*3 genotype, HCT, and ALT were selected in the final model, and combined with Monte Carlo simulation, the postoperative maintenance dose under different conditions was optimised, which can provide a reference basis for the formulation and adjustment of tacrolimus dose in early recipients after lung transplantation.
[bookmark: OLE_LINK23]In the previous population pharmacokinetic studies of tacrolimus [18], 81% of the studies based on trough concentration data were constructed using a one-compartment model, and 95% of the studies based on intensive sampled blood concentration data were constructed using a two-compartment model. For the intra-individual variation residual model, 35.9% of the studies used the proportional model, 26.6% used the additive model, and 20% chose the mixed proportional-additive model. Tacrolimus blood concentration data collected in this study were trough concentrations. The final model was a one-compartment model with first-order elimination based on fitting results and optimisation of various models. The inter-individual and intra-individual variation adopted exponential and a multiplication model, respectively. In addition, the model had only trough concentration data and no sampling in the absorption stage. Therefore, based on the literature report, the absorption rate constant (Ka) was fixed at 4.48 h-1[13], and 74% of relevant studies selected fixed parameters to build the model; the final model clearance (CL) in this study was 2.82 L·h-1, which was smaller than that reported in relevant studies, which may be related to the age characteristics of the study population; the subjects in this study were generally older patients, with a median age of 59 years, while the clearance rate of tacrolimus in the elderly population was relatively small and prone to accumulation [19].
[bookmark: OLE_LINK41]Genetic factors are the key to individual differences in tacrolimus and are an important factor guiding the dosage of tacrolimus [20]. The final model of the present study included the CYP3A5*3 genotype, which also had the greatest effect on the OFV model in the process of screening covariates by stepwise regression method (-59.26), indicating that this factor had a significant impact on the clearance of tacrolimus. CYP3A5 is the main metabolic enzyme involved in tacrolimus. Previous studies based on lung transplantation populations [9,11,17,21,22] also found that the CYP3A5*3 genotype has an important impact on tacrolimus metabolism. This study found that the tacrolimus clearance rates of the CYP3A5 rapid metabolic (*1/*1) and intermediate metabolic (*1/*3) populations were 3.03 times and 1.99 times higher than that of the CYP3A5 poor metabolic (*3/*3) population, respectively. The study by CAI et al. [17] indicated that the tacrolimus clearance of the CYP3A5 gene intermediate metabolic type (*1/*3) population was 1.30 times higher than that of the CYP3A5 poor metabolic type (*3 /*3) population, and no other studies related to the lung transplant population have been reported. In this study, the clearance rates among different genotypes are different, which further expands the study of the fast-metabolic population, implying that the drug dose needs to be further distinguished and adjusted among different metabolic types in the lung transplantation population, and the fast-metabolic recipients need a higher dose to achieve the target therapeutic window. In addition, other studies have investigated the impact of tacrolimus transporter-related genes [23] and action target-related genes [24], which is helpful to further clarify the genetic factors leading to individual differences.
Haematological indexes are also important factors that lead to individual differences in tacrolimus. This study found that HCT was negatively correlated with clearance and apparent distribution volume. When HCT decreased from 0.30 to 0.20, tacrolimus clearance elevated by 31.14% and the apparent distribution volume increased by 28.58%. The correlation between HCT and tacrolimus clearance has been reported in many studies; 28.6% of tacrolimus population pharmacokinetic studies have discussed the relationship between HCT and clearance [18]. Tacrolimus is highly combined with RBCs. Recipients with low levels of HCT have more free tacrolimus in the plasma, resulting in a corresponding increase in clearance [25,26]. Some studies have suggested that HCT causes individual differences in the whole blood concentration of tacrolimus in the lung transplant population. When the HCT decreases from 0.45 to 0.30, the concentration of tacrolimus is 1.5 times higher [27]; In another study of lung transplant populations, HCT also showed a negative correlation with clearance, and the typical value of the population was -0.868, which was similar to the results of this study. However, there are few studies on the correlation between HCT and the apparent distribution volume of tacrolimus. Some studies in the liver transplantation population indicate a negative correlation between them, but others in the kidney transplantation population have shown contrary correlation [28,29]. There have been no reports in the lung transplantation population. Our study showed that HCT was negatively correlated with the apparent distribution volume in the lung transplantation population. Some studies have suggested that low HCT leads to a higher apparent distribution volume [30]. Tacrolimus itself is a lipophilic drug, and free tacrolimus is more distributed in surrounding tissues, resulting in a corresponding increase in apparent distribution volume.
Tacrolimus is mainly metabolised through the liver, and liver function indices may also affect the clearance rate of tacrolimus. In this study, we found a negative correlation between ALT levels and clearance. When ALT increased from 20 IU·L-1 to 40 IU·L-1, the clearance of tacrolimus decreased by 8.67%. At present, the population pharmacokinetic studies related to ALT and tacrolimus clearance are mainly in the liver transplantation population, which are negatively correlated, which is similar to results of this study [31,32]. In addition, the correlation of other liver function indexes, such as AST and Tbil has also been reported [33,34]. The above liver function indices were also negatively correlated with the clearance rate of tacrolimus.
In addition, many factors may lead to individual differences in tacrolimus. Drug combination is a potential factor affecting the blood concentration of tacrolimus, and azole antifungal drugs are commonly used in lung transplantation recipients to prevent or treat invasive fungal infections. As a powerful CYP enzyme inhibitor, it has a significant interaction with tacrolimus. A negative correlation between azole antifungal drugs and tacrolimus clearance has been reported[35,36]. When using these drugs, the dosage of tacrolimus should be reduced accordingly. However, the above combined medication factors were not included in the stepwise regression analysis in this study, which may be related to the medication situation of the population included in this study. In the population included in this study, 265 cases (93.31%) used azole antifungal drugs, and most recipients used azole antifungal drugs. There was great homogeneity, which cannot compare well the difference between the medication and non-medication groups. In addition, postoperative time, weight, age, and renal function indexes might affect the drug concentration of tacrolimus [37,38], which needs to be further discussed.
This study used Monte Carlo to simulate and predict different covariates at different doses. The results highlight that CYP3A5*3 fast metabolic recipients, postoperative recipients with low HCT values, and low ALT values need higher maintenance doses to achieve the target therapeutic window. At present, an increasing number of population pharmacokinetic studies carry out simulation predictions according to covariate results included in the final model, and individualised dose adjustments are made for patient groups under different conditions. These simulation results may be disturbed by the research population and confounding factors, and need to be included in more comprehensive samples and variables for further analysis and adjustment.
At present, research on the population pharmacokinetics of tacrolimus mostly focuses on kidney transplantation and liver transplantation, and research on the lung transplantation population is lacking. It is necessary to continue to explore and summarise the population pharmacokinetic characteristics of this population. In addition, studies on the application of tacrolimus sustained release formulation [39] and intra-individual variability (IPV) [40] will also provide new ideas for the study of population pharmacokinetics and assist in the individualised and accurate application of tacrolimus in early recipients after lung transplantation.
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Table 1   General information of the lung transplant recipients
	Item
	Number or Mean ± SD

	Demographic
	

	Number of recipients
	70

	Number of tacrolimus samples
	284

	Gender (male/female)
	54/16

	Age (years)
	55.31 ± 11.14

	Weight (kg)
	54.20 ± 11.63

	Height (cm)
	164.77 ± 6.36

	[bookmark: _Hlk80025151]Primary indication for lung transplantation（1/2/3/4）a
	20/34/6/10

	Type of lung transplantation（1/2）b
	42/28

	Time after lung transplant (d)
	56.97 ± 18.89

	Biochemical parameters
	

	White blood cell count, WBC (×109)
	7.88 ± 2.74

	Red blood cell count, RBC (×109)
	3.35 ± 0.60

	Blood platelet count, PLT (×109)
	243.30 ± 81.44

	Haematocrit, HCT
	0.32 ± 0.05

	Haemoglobin, Hb (g·L-1)
	104.08 ± 16.58

	Alanine aminotransferase, ALT (IU·L-1)
	25.04 ± 36.79

	[bookmark: OLE_LINK29]Aspartate aminotransferase, AST (IU·L-1)
	24.60 ± 22.80

	Total serum bilirubin, Tbil (mol·L-1)
	8.88 ± 3.41

	Serum albumin, ALB (g·L-1)
	37.98 ± 3.47

	Total serum protein, TP (g·L-1)
	62.49 ± 6.02

	Serum creatinine, Cr (mmol·L-1)
	95.55 ± 28.24

	[bookmark: OLE_LINK44]Creatinine clearance, CLCr (mL·min-1)
	60.34 ± 19.73

	Use of tacrolimus
	

	Tacrolimus daily dose, D (mg·d-1)
	2.30 ± 1.29

	[bookmark: OLE_LINK30]Tacrolimus trough concentration, C0 (ng·mL-1)
	13.82 ± 4.17

	Concomitant medication c
	

	Glucocorticoid
	279

	Mycophenolic acid
	232

	Azole antifungal drug（0/1/2）d
	19/214/51

	Amiodarone
	2

	Nifedipine
	5

	Genotype e
	

	CYP3A5*3 (A6986G, rs776746)
	

	AA (*1/*1), n (%)
	10 (14.3%)

	GA (*1/*3), n (%)
	20 (28.6%)

	GG (*3/*3), n (%)
	40 (57.1%)


a Primary indication for lung transplantation: 1 chronic obstructive pulmonary disease; 2 interstitial lung disease; 3 bronchiectasis; 4 others
b Operation method：1 Single lung transplantation; 2 Double-lung transplantation
c Data are expressed as number of samples
d Azole antifungal drug: 0 None; 1 Voriconazole; 2 Posaconazole 
e The CYP3A5 genotype was verified to satisfy the Hardy–Weinberg equilibrium by a chi-square test (P < 0.05).


[bookmark: OLE_LINK18]Table 2   Parameter estimation of the model and bootstrap analysis
	Parameter
	Basic model
	Final model
	Bootstrap (n=1000)
	Relative deviation (%)a

	
	Estimates
	Relative standard error (%)
	Estimates
	Relative standard error (%)
	Median
	95% confidence interval
	

	θka（h-1）
	4.48
	-
	4.48
	-
	4.48
	-
	-

	θVd（L）
	200.97
	0.18
	128.85
	25.95
	119.03
	32.88~219.45
	-7.62 

	θCL（L·h-1）
	3.83
	0.14
	2.82
	12.51
	2.77
	2.04~3.26
	-1.77 

	θHCT-V
	-
	-
	-0.83
	-26.05
	-0.83
	-1.37~-0.43
	-0.37 

	θHCT-CL
	-
	-
	-0.92
	-22.72
	-0.90
	-1.45~-0.38
	-2.17 

	θALT
	-
	-
	-0.12
	-26.75
	-0.11
	-0.24~-0.02
	-8.33 

	exp(θCYP3A5) 
	
	
	
	
	
	
	

	[bookmark: OLE_LINK20]CYP3A5 *1/*1
	-
	-
	3.03
	17.47
	2.95
	1.80~4.57
	-2.64 

	CYP3A5 *1/*3
	-
	-
	1.99
	22.05
	1.87
	1.36~2.78
	-6.03 

	CYP3A5 *3/*3
	-
	-
	1
	-
	1
	1
	-

	Inter-individual variability

	Vd
	0.892
	0.001
	0.573
	0.17
	0.632
	-
	10.29 

	CL
	0.653
	0.001
	0.292
	0.03
	0.321
	-
	10.08 

	Residual variability

	2
	0.315
	0.32
	0.319
	5.84
	0.313
	0.277~0.351
	-1.88


a  Relative deviation (%) = (Median of bootstrap – Estimates of final model) / Estimates of final model×100%

Table 3   The process of building the final model
	Process
	Covariate screening
	OFV
	OFV
	P

	1
	-
	1837.52
	-
	-

	Forward
	
	
	
	

	2
	CL-CYP3A5
	1778.26
	-59.26
	<0.01

	3
	[bookmark: OLE_LINK16]CL-CYP3A5-HCT
	1771.96
	-6.3
	<0.05

	4
	CL-CYP3A5-HCT   V-HCT
	1760.04
	-11.92
	<0.05

	5
	CL-CYP3A5-HCT-ALT   V-HCT
	1750.25
	-9.79
	<0.05

	Backward
	
	
	
	

	6
	CL-HCT-ALT   V-HCT
	1803.20
	52.95
	>0.05

	7
	CL-CYP3A5-ALT   V-HCT
	1767.15
	16.9
	>0.05

	8
	CL-CYP3A5-HCT-ALT
	1765.14
	14.89
	>0.05

	9
	CL-CYP3A5-HCT   V-HCT
	1760.04
	9.79
	>0.05



Figure legends
Fig. 1 Matrix diagram of covariate correlations. AD indicates amiodarone; AFD, azole antifungal drug; ALB, serum albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CLCr, creatinine clearance; Cr, serum creatinine; CYP3A5, CYP3A5*3 genotype; GC, glucocorticoid; HCT, Haematocrit; Hb, Haemoglobin; Indication, primary indication for lung transplantation; MPA, mycophenolic acid; NFP, nifedipine; PLT, blood platelet count; RBC, red blood cell count; TP, total serum protein; T, time after lung transplant; Tbil, total serum bilirubin; Type, type of lung transplantation; WBC, white blood cell count.

[bookmark: OLE_LINK35]Fig. 2   Goodness-of-fit plots for the final model. A. Observed concentration (DV) versus individual predicted concentration (IPRED), B. Observed concentration versus population predicted concentration (PRED), C. Conditional weighted residuals (CWRES) versus independent variable (IVAR), and D. Conditional weighted residuals (CWRES) versus population predicted concentration (PRED). According to plots of DV vs. IPRED and DV vs. PRED, scatter points were evenly distributed on both sides of the reference line, which proved no obvious bias in the prediction error, and plots of CWRES vs. IVAR and CWRES vs. PRED demonstrated that all predicted residuals were within ± 3 standard deviations.

Fig. 3   Normalised prediction distribution error (NPDE) plot of the final model. A. Histogram of the distribution of NPDE against the theoretical distribution, B. Quantile–quantile plot of the distribution of NPDE against the theoretical distribution, C. NPDE vs. postoperative time (h), D. NPDE vs. predicted concentrations. Both the squared distribution and quantile plots showed that NPDE was normally distributed; the P values obtained by the Wilcoxon signed rank, Fisher variance, Shapiro-Wilks normal distribution, and global adjusted overall tests were 0.205, 1, 0.094, and 0.094, respectively.

Fig. 4   Prediction and variability corrected visual predictive check (pvcVPC) plot of the final model. The predicted values were in good agreement with the original data, demonstrating the prediction accuracy of the final model.

[bookmark: OLE_LINK33]Fig. 5   Simulation results of steady-state plasma concentrations of tacrolimus under different administration regimens. A. Simulation of the median for tacrolimus steady-state plasma concentrations of different CYP3A5 genotype, B. Simulation of the median for tacrolimus steady-state plasma concentrations of different haematocrit (HCT), C. Simulation of the median for tacrolimus steady-state plasma concentrations of different alanine aminotransferase (ALT). 
