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Background: Sirolimus is a commonly used immunosuppressant administered after solid organ transplantation. It is characterized by 
a narrow therapeutic window and highly variable exposure, necessitating the identification of the sources of variability and design of 
individualized drug therapies.
Aim: This study aimed to perform a population pharmacokinetic (PK) analysis of sirolimus in adult liver transplant recipients and 
develop dosing regimen recommendations according to patient characteristics.
Methodology: A total of 216 measurements of whole blood sirolimus concentrations in 103 adult patients were obtained for analysis. 
Covariates influencing the PKs of sirolimus were investigated using a stepwise procedure. Monte Carlo simulations were conducted to 
recommend dosing regimens for patients with different levels of covariates.
Results: A one-compartment model with first-order elimination provided the best fit of the data. Hematocrit (HCT) significantly 
influenced the apparent clearance of sirolimus. Monte Carlo simulations showed that for patients with a low HCT level of 28%, dosing 
regimens of 1.5 mg qd or 1 mg qd alternating with 1.5 mg qd should be recommended. For patients with a normal HCT level, the 
recommended dosing regimens were 1 mg qd, 2 mg qod, or 0.5 mg qd alternating with 1 mg qd.
Conclusion: Based on our population PK model of sirolimus in adult liver transplant recipients, which has the largest sample size to 
date, we recommend to tailor dosing regimens to various HCT levels in such patients.
Keywords: sirolimus, population pharmacokinetic analysis, dosing regimen, liver transplant, hematocrit

Introduction
Sirolimus, also known as rapamycin, is an immunosuppressant administered following solid organ transplantation to 
prevent allograft rejection. Sirolimus exerts its effect by binding to FK-binding protein-12 (FKBP-12) and inhibiting the 
activation of the mammalian target of rapamycin (mTOR).1 This inhibition impedes the progression from the G1 to 
S phase of the cell cycle.2,3 Owing to this distinctive mechanism of action, high efficacy and favorable safety profile, 
sirolimus is widely used in the clinic.4

Sirolimus is rapidly absorbed following oral administration, with peak plasma concentrations typically observed 
within 0.5 to 3 h.5,6 The drug undergoes extensive distribution throughout various tissues and organs, with a notable 
preference for partitioning into erythrocytes in whole blood.7 Sirolimus is a substrate for cytochrome P450 (CYP) 3A4, 
CYP3A5, and efflux transporter P-glycoprotein and primarily eliminated through bile and feces.3,5,6
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The metabolism of sirolimus shows a wide between-subject variability (BSV). Previous studies in renal transplant 
recipients revealed that the apparent clearance (CL/F) varied from 90 to 416 mL/h/kg,8 resulting in considerable variation 
in drug concentration after administration of the same dose of sirolimus. Additionally, sirolimus has a narrow therapeutic 
window of 4–8 ng/mL.9,10 Given these challenges, therapeutic drug monitoring (TDM) of sirolimus whole-blood trough 
concentrations (C0) has been extensively employed to tailor dosages in clinical settings.

However, dosage adjustments based on the TDM approach have certain limitations, primarily because it can only be 
implemented after treatment initiation. In contrast, population pharmacokinetic (PK) analysis is a powerful tool that can 
describe the typical PK parameters of the target population, identify sources of variability, and facilitate the design of 
individualized drug therapies, both at the onset and throughout the course of treatment.

Currently, there have been several population PK studies of sirolimus in both adult and pediatric patients.11–15 

However, to the best of our knowledge, only one population PK study has been conducted for sirolimus in adult liver 
transplant recipients;10 yet, the limited sample size of that study constrained the breadth and applicability of its findings. 
Therefore, recognizing this knowledge gap, in our study, we aimed to explore the effects of various covariates on the PKs 
of sirolimus in adult liver transplant recipients and develop dosing regimen recommendations using a modeling and 
simulation method.

Methods
Patient Characteristics
For this study, we retrospectively collected data from patients who received sirolimus tablets following liver transplanta-
tion at the Tongji Hospital (Tongji Medical College, Huazhong University of Science and Technology) between 
January 2018 and August 2024. All organs were donated voluntarily with written informed consent, and these donations 
were conducted in accordance with the Declaration of Istanbul. Because of its retrospective nature, the study was 
approved by Tongji Hospital Ethics Committee (number: TJ-IRB202409087) without the need for written informed 
consent. Additionally, the study was conducted in accordance with the Declaration of Helsinki (2013).

The following clinical information was collected from the medical records: (1) dosing and sampling information, 
including sirolimus dosing regimens, date and time of each administration and sampling, drug concentrations 
measured by TDM, and sirolimus daily dose; (2) demographic information, including postoperative day, age, sex, 
height, weight, and body mass index; (3) physiological index, including hemoglobin, hematocrit (HCT), alanine 
aminotransferase, aspartate aminotransferase, total protein, albumin, total bilirubin, alkaline phosphatase, γ-glutamyl 
transpeptidase, blood urea nitrogen, serum creatinine, and creatinine clearance; (4) concomitant medications, includ-
ing prednisone acetate, mycophenolic acid (MPA), esomeprazole, ganciclovir, Wuzhi capsules (a traditional Chinese 
herb, which is usually prescribed to treat drug-induced liver dysfunction), and amlodipine. All authors have confirmed 
that no identifiable personal data were included in the analysis to ensure the confidentiality and privacy of patient 
information.

Concentration Measurement
The C0 of sirolimus was measured by the enzyme multiplied immunoassay technique using an Architect i1000 Automatic 
Chemiluminescence Immunoassay Analyzer (Abbott Diagnostics Inc., IL, USA) and an ARCHITECT Sirolimus Reagent 
Kit. The intra- and inter-day coefficients of variation were <10%. The assay range was 2–30 ng/mL with a detection limit 
of 0.3 ng/mL.

Model Development
The data analysis was performed using a nonlinear mixed effects modeling program (NONMEM, v7.5, Icon Inc., PA, 
USA) with first-order conditional estimation method with η-ε interaction (FOCE-I) estimation method. Perl-speaks- 
NONMEM (PsN, v5.2.6) were employed to establish and evaluate the population PK model. All statistical analyses and 
data visualization were conducted using R v4.2.1.
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Base Model
A one-compartment model with first-order absorption and elimination was used as the structural model. As only C0 data 
were collected, the value of absorption rate constant (Ka) was fixed at 0.75 h−1, as reported in previous studies.10 The 
BSV of the PK parameters was characterized using exponential models (Eq. 1).

where Pi is the PK parameter estimation of the ith subject, TV(P) is the typical population value for the PK parameter, 
and ηi represents the variability between subjects, which is assumed to be normally distributed with a mean of 0 and 
a variance of ω2.

Additive (Eq. 2), proportional (Eq. 3), and combined (proportional and additive) models (Eq. 4) were evaluated to 
describe the residual unexplained variability (RUV).

where Y and F represent the observed and model-predicted sirolimus concentration, respectively, and ε represents residual 
errors and is assumed to follow a normal distribution with a mean of 0 and a variance of σ2.

Base model selection involved the evaluation of multiple factors, including parameter estimation precision, objective 
function value (OFV), Akaike information criterion,16 Bayesian information criterion,17 and condition number.

Covariate Model
Correlations between demographic information and physiological indices were tested to avoid collinearity effects. Only 
one covariate model was used for the covariates with a strong correlation. Therefore, the following covariates were 
investigated: (1) continuous covariates, including age, daily dose, postoperative day, weight, HCT, alanine aminotrans-
ferase, and creatinine clearance, and (2) categorical covariates, including sex and concomitant medications.

Continuous covariates were normalized to median population values using a power formula, as shown in Eq. 5.

where COVi is the continuous covariate value of the ith individual; COVmedian is the median value of the continuous 
covariate; θ is the coefficient of the influence of covariates on the PK parameters.

Categorical covariates were integrated using a proportional model, as shown in Eq. 6.

where COV is the categorical covariate with value of 0 or 1.
Potential covariates were evaluated using a stepwise forward inclusion and backward elimination approach. 

A covariate was considered significant and finally included in the model if its addition decreased the OFV by > 3.84 
(P < 0.05; df = 1), and its removal increased the OFV by > 6.63 (P < 0.01; df = 1).

Model Evaluation
The final population PK model was assessed using goodness-of-fit (GOF) plots to evaluate how well the observations 
aligned with the model predictions. The stability of the final parameter estimates was investigated using a non-parametric 
bootstrap method involving 1000 resampling iterations. A prediction-corrected visual predictive check (pc-VPC) was 
performed to assess the predictive performance of the final model. Additionally, normalized prediction distribution error 
(NPDE) plots were analyzed to determine whether the model followed a normal distribution with a mean of 0 and 
variance of 1. For a superior visual assessment, four plots of normalized prediction distribution (NPD) were generated 
instead of NPDE.18
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Dosing Regimen Recommendation
Monte Carlo simulations were conducted to estimate the steady-state C0 values for nine commonly used sirolimus dosing 
regimens under the influence of different covariates based on the final population PK model. The nine dosing regimens 
evaluated were: (1) 0.5 mg qd (once every day); (2) 1 mg qd; (3) 1.5 mg qd; (4) 2 mg qd; (5) 1 mg qod (once every 
other day); (6) 2 mg qod; (7) 0.5 mg qd alternating with 1 mg qd; (8) 1 mg qd alternating with 1.5 mg qd; (9) 1 mg qd 
alternating with 2 mg qd. The recommended sirolimus dosing regimens for patients with varying levels of covariates 
were determined based on the simulated steady-state C0 range, ensuring that most concentrations were within the 
therapeutic window of 4–8 ng/mL.9,10

Results
Patient Characteristics
A total of 216 whole-blood sirolimus concentrations obtained from 103 adult patients were available for the population PK 
analysis. These patients were all liver transplant recipients and were prescribed sirolimus to prevent rejection. The median 
age, weight, and body mass index were 51 years, 68.0 kg and 23.8 kg/m2, respectively. The sirolimus dosing regimens used 
in the study population included 0.5 mg qd, 1 mg qd, 2 mg qd, 1 mg qod, 2 mg qod, 0.5 mg qd alternating with 1 mg qd, and 
1 mg qd alternating with 2 mg qd. The demographic characteristics of the enrolled patients are summarized in Table 1.

Table 1 Baseline Demographic Characteristics of the Population 
Included in the Population Pharmacokinetic Model

Characteristics Mean (SD) Median [Range]

Sex, male/female 99/4
Age (years) 50.4 (9.20) 51.0 [28.0–74.0]

Height (cm) 170 (5.40) 170 [150–183]

Total body weight (kg) 68.6 (10.2) 68.0 [39.0–90.0]
Body mass index (kg/m2) 23.6 (3.11) 23.8 [16.7–30.8]

Postoperative days (day) 145 (140) 92 [14–699]

Sirolimus daily dose (mg/day) 1.02 (0.32) 1.0 [0.5–2.0]
Sirolimus trough concentration (ng/mL) 5.45 (1.96) 5.26 [1.33–12.17]

Haemoglobin (g/L) 125 (23.7) 126 [57–168]

Haematocrit (%) 37.8 (6.60) 38.0 [17.5–49.5]
Total serum protein (g/L) 74.2 (7.82) 74.4 [50.3–105.0]

Albumin (g/L) 43.1 (4.85) 44.2 [27.2–50.9]
Alanine transaminase (U/L) 38.0 (38.5) 21.0 [5.0–187.0]

Aspartate aminotransferase (U/L) 37.1 (32.7) 25.0 [12.0–190.0]

Alkaline phosphatase (U/L) 145 (131) 104 [8–1040]
γ-Glutamyl transpeptidase (U/L) 109 (170) 58.0 [13.0–1110]

Total bilirubin (μmol/L) 22.5 (32.3) 53.55 [2.50–308.0]

Blood uric nitrogen (mmol/L) 7.22 (5.14) 6.07 [2.4–38.7]
Serum creatinine (μmol/L) 94.6 (40.7) 81.0 [49.0–267.0]

Creatinine clearance (mL/min)a 88.9 (30.4) 89.4 [27.0–170.0]

Concomitant medication, with/without
Ganciclovir 5/98

Prednisone acetate 10/93

Esomeprazole 10/93
Amlodipine 10/93

Mycophenolic acid 24/79

Wuzhi capsule 26/77

Note: aCalculated from serum creatinine (SCR) using the Cockcroft–Gault formula: creati-
nine clearance = [140 – age (years)] × weight (kg) / [0.818 × SCR (μmol/L)] × k, where k is 1 
for male and 0.85 for female. 
Abbreviation: SD, standard deviation.
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Model Development
A one-compartment model with first-order elimination best described the data. The BSV was estimated for both the CL/F 
and apparent volume of distribution (V/F) values. A combined error model was used to characterize the RUV. The 
correlation between CL/F and V/F was calculated.

A statistically significant decrease in OFV (32.9) was observed when HCT was included in the model. No covariates 
were removed during backward elimination (P > 0.01). Therefore, after the stepwise procedure, the HCT was retained in 
the final model. The final population PK model was as follows (Eqs.7–9):

Table 2 presents parameter estimates for the final model. The relative standard error of all the parameters was < 30%, 
indicating that the parameters were estimated with good precision.

Model Evaluation
The GOF plots showed that the final model provided a good fit to the observed data (Figure 1). The observed concentrations 
versus the population and individual predictions were evenly distributed on both sides of the identity line (Figure 1A and B). 
Most of the conditional weighted residuals were densely scattered around 0 and were in the ± 2 range (Figure 1C and D).

Bootstrap analysis was successful in 97.5% of the 1000 runs. In addition, the parameter estimates of the final models were 
within the 95% confidence intervals (CI) of the bootstrap results, demonstrating the robustness of the model (Table 2).

The pc-VPC results of the final model indicated a good fit between the predicted and observed concentrations (Figure 2). 
Notably, the 5th, 50th, and 95th percentiles of the observed concentrations were generally within the corresponding 90% CIs.

No such trend was observed in the NPD plots (Figure 3A–D). The P values of the Wilcoxon signed-rank, Fisher’s 
variance, Shapiro–Wilk, and global tests were all > 0.5, suggesting that the final population PK model could describe the 
observed data well.

Table 2 Population Pharmacokinetic Parameter Estimates and 
Bootstrap Results of the Final Model

Parameters Final Model Bootstrap

Estimates RSE (%) Median 2.5%-97.5%

Fixed effects
ka (h

−1) 0.75 Fixed / /

CL/F (L/h) 7.09 4 7.02 6.44–7.59
V/F (L) 496 15 515.85 306.28–687.11

HCT on CL/F −0.901 17 −0.873 (−1.259)– 

(−0.551)
Random effects
ωCL=F (%) 32.4 9 31.9 25.1–37.9

ωV=F (%) 42.7 19 40.1 17.7–59.2

ωcovCL=F� V=F 0.0665 / 0.0695 0.0062–0.1317

Residual error
εpor (%) 3.3 10 3.19 2.41–3.81

Abbreviations: CL/F, apparent clearance (L/h); HCT, hematocrit (%); ka, absorption rate 
constant (h−1); V/F, apparent central volume of distribution (L); RSE, relative standard error; 
ωCL=F , between-subject variability for the apparent clearance; ωV=F , between-subject varia-
bility for the apparent central volume of distribution; εpor , proportional residual variability.
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Dosing Regimen Recommendation
Because HCT was included as a covariate in the final population PK model, the steady-state C0 values were simulated for 
the nine commonly used sirolimus dosing regimens on the background of different HCT levels set to the 10th, 50th, and 
90th percentiles of the HCT range observed in the study population, namely 28%, 38%, and 46%, respectively. The 
simulation results are shown in Figure 4.

Monte Carlo simulations demonstrated that as the HCT levels increased, the daily dose with the same dosing interval 
required to achieve the therapeutic window gradually decreased. For patients with a low HCT level of 28%, dosing 
regimens of 1.5 mg qd as well as 1 mg qd alternating with 1.5 mg qd are recommended. For patients with a normal HCT 
level of 38% or 46%, the recommended dosing regimens are 1 mg qd, 2 mg qod, or 0.5 mg qd alternating with 1 mg qd.
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Figure 1 Goodness-of-fit plots of the final model. (A) Observed versus individual predicted concentration; (B) observed versus population predicted concentration 
(PRED); (C) conditional weighted residuals (CWRES) versus PRED; (D) CWRES versus time after dose. The black solid lines are the identity lines, and the red solid lines are 
the loess smooth lines.
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Discussion
To the best of our knowledge, in this study we developed a population PK model of sirolimus in liver transplant 
recipients based on the largest sample size to date. A one-compartment model with first-order elimination adequately 
described the PKs of sirolimus. Furthermore, based on the analysis of our model, several clinical dosing regimen options 
were recommended for patients with different HCT levels.

The PK parameters estimated in this study using sparse sampling data were consistent with previously reported 
values. Zhang et al10 reported a CL/F of 6.97 L/h and a V/F of 457.85 L in adult liver recipients, which were comparable 
to our findings (CL/F: 7.09 L/h, V/F: 496 L).

Additionally, other population PK analyses of sirolimus have been conducted in various transplant populations, 
including renal transplant14,19–21 and heart transplant recipients.15 Our estimated CL/F was the same as that of heart 
transplant recipients,15 but slightly lower than the range reported for renal transplant recipients (8.91–14.4 L/h).19,21 This 
may be owing to the extensive metabolism of sirolimus by CYP3A in the liver. However, because in liver transplant 
patients, the function of the transplanted liver did not fully recover, which may have resulted in a lower CL/F.

Regarding V/F, our estimate fell within the range observed in the renal transplant recipients (322–727 L),20,21 yet it 
was significantly lower than the 1350 L reported for the heart transplant recipients.15 This difference may stem from the 
fact that all samples were C0, which makes the accurate estimation of V/F challenging.

HCT was the only significant covariate identified for CL/F in the final population PK model. An increase in HCT was 
associated with a decrease in CL/F, which is consistent with the results of previous studies in patients with advanced 
cancer.22 Given that sirolimus is extensively bound to red blood cells (approximately 95%),23 higher HCT levels may 
reduce the concentration of unbound free sirolimus and thereby lead to lower CL/F.

The influence of concomitant medication on the PKs of sirolimus was also investigated. In the forward inclusion 
selection, co-administration of MPA or Wuzhi capsules were included in the model as binary covariates; however, during 
the backward elimination process, these covariates were removed because they failed to achieve statistical significance 
and poor estimation of the influence coefficients for the covariates on the PK parameters.
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Figure 2 Prediction-corrected visual predictive check of the final model. The dots represent observed concentrations; solid lines represent the median (red), 5th, and 95th 
percentiles (blue) of the observations. The shaded areas represent the 90% confidence intervals for the median (red) and the 5th and 95th percentiles (blue) of the simulated 
values.
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Wuzhi capsules are potent inhibitors of CYP3A4.24 Because sirolimus is primarily metabolized by CYP3A4, the 
concomitant use of CYP3A4 inhibitors can affect its metabolism. Moreover, there is a potential interaction between MPA 
and sirolimus. Dösch et al25 reported that the dose-adjusted MPA C0 in the sirolimus/MPA group was lower than that in 
the cyclosporin A/MPA group. Therefore, further studies with additional information on concomitant medications are 
required to optimize sirolimus dosing regimens.

In clinical practice, adult liver transplant recipients typically follow a complex sirolimus treatment plan because of its 
narrow therapeutic window. The simulation results indicated that when the HCT levels were normal, the recommended 
dosing regimen included an additional dosing interval option, which was every other day. This may be attributed to the 
long elimination half-life of sirolimus (62 h), which allows C0 to remain within the therapeutic window in these patients. 
Thus, an optimized dosing regimen can help clinicians avoid frequent dosing adjustments and reduce the occurrence of 
adverse effects associated with excessive concentrations.

This study had several limitations. First, only trough concentrations were obtained, resulting in a fixed Ka parameter and less 
reliable estimation of V/F. Therefore, further prospective studies are warranted to investigate the absorption and distribution 
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phase of sirolimus. Second, although this study had the largest sample size of sirolimus concentrations in adult liver transplant 
recipients, the data remain insufficient to fully evaluate the influence of concomitant medications on the PKs of sirolimus. Third, 
because all data were collected at a single center, the extrapolation performance of this model requires further investigation.

Conclusion
In conclusion, in this study we developed a population PK model for sirolimus in adult liver transplant recipients based 
on the largest sample size to date. HCT was identified as a significant factor that influenced the CL/F of sirolimus. We 
recommend that the dosing regimens be tailored to various HCT levels across the nine frequently prescribed regimens.
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