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Background: The concurrent administration of tacrolimus and voriconazole in
kidney transplant recipients can lead to drug interactions, potentially resulting in
severe adverse reactions. This study aimed to establish a robust population
pharmacokinetic model to explore the interaction between tacrolimus and
voriconazole in greater depth.

Methods: Tacrolimus blood samples and laboratory data were prospectively
collected from eligible patients enrolled between April 2023 and April 2024,
following predefined inclusion and exclusion criteria. Using Phoenix (version 8.1),
a pharmacokinetic prediction model was developed. Model performance was
assessed using model fitting plots, bootstrap analysis, and visual predictive
checks (VPC).

Results: This study ultimately included 51 eligible patients, with a total of
281 blood samples collected. Analysis revealed a significant negative
correlation between voriconazole concentration (Cvrc) and tacrolimus volume
of clearance rate (CL), a significant positive correlation between platelets (PLT)
and tacrolimus clearance (CL), and a significant negative correlation between
blood cells (RBC) and tacrolimus clearance (CL).

Conclusion: This study successfully established a population pharmacokinetic
model for renal transplant patients concurrently receiving tacrolimus and
voriconazole. The model demonstrated good predictive performance and
offers valuable insights to clinicians for optimizing tacrolimus dosing in this
patient population.
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1 Introduction

Kidney transplantation significantly improves survival rates for patients with kidney
disease (Augustine, 2018; Voora and Adey, 2019). However, effective management is
crucial, particularly in immunotherapy and infection control. Voriconazole is commonly
used in combination with tacrolimus to treat invasive fungal infections, but this can lead to
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pharmacokinetic (PK) drug interactions and adverse effects (Gong
et al., 2023; Maertens et al., 2016). Because Tacrolimus is mainly
metabolized by CYP3A4 and CYP3A5 (Coto et al., 2011; Choi et al.,
2017; Staatz et al., 2010), while voriconazole is mainly metabolized
by CYP3A4 and CYP2C19. Voriconazole is also a strong inhibitor of
CYP3A4/5 (Jeong et al., 2009; Kluwe et al., 2023). The Vfend
instruction book recommended a decreased initial dose of
tacrolimus during voriconazole co-therapy. The results varied
widely and were not suitable for clinical use. Lloberas et al.
(2023) found that PPK-based Tac dosing had significant
advantages over classic labeled dosing based on body weight
when initiating Tac prescription, However, most studies only
analyze voriconazole as an influencing factor, which can only
prove that the use of voriconazole is a key influencing factor,
which has great limitations (Vanhove et al., 2017; Ota et al.,
2019; Chen et al., 2022). In another study, Burrows et al. (2023),
reviewed 8 transplant recipients (5 lung, 2 redo lung, 1 heart) treated
concurrently with flucloxacillin, voriconazole, and tacrolimus. A
significant three-way interaction was found between flucloxacillin,
voriconazole, and tacrolimus, but no further insight was gained
regarding the effects of voriconazole. In addition, A previous
retrospective study suggested that voriconazole concentrations
could be used to optimize tacrolimus dosing in lung transplant
recipients, offering an important perspective (Chen et al., 2022).
However, this study was limited by its exclusive reliance on trough
concentration measurements and the inherent constraints of
retrospective data analysis. Notably, there remains a lack of
research focusing on renal transplant patients. To address this
gap, our study employed a prospective data collection approach
combined with a sparse sampling design, allowing us to randomly
capture blood concentration data that thoroughly represented both
absorption and elimination phases. This methodology enabled a
robust and high-resolution pharmacokinetic analysis, providing a
more reliable foundation for optimizing voriconazole therapy in
renal transplant patients.

2 Methods

2.1 Study subjects

Study participants consisted of renal transplant patients
admitted to the Second Xiangya Hospital of Central South
University between April 2023 and September 2024. This
research received approval from the hospital ethics committee
[LYEC2024-K0106]. This is a non-interventional clinical study,
all patients signed informed consent forms, and patient
information is strictly confidential.

2.2 Inclusion and exclusion criteria

The study employed the following inclusion criteria: (a) Patients
undergoing kidney transplantation at the Renal Transplantation
Department of Xiangya Second Hospital; (b)Patients aged 18 years
or older; (c) Patients administered a triple immunosuppressive
regimen comprising tacrolimus, mycophenolate mofetil, and
glucocorticoids, alongside oral voriconazole; (d) At least five

tacrolimus concentration values were collected for each patient,
etc. (e) Patients at least one-year post-kidney transplantation. The
exclusion criteria were as follows: (a) Patients concurrently
prescribed cyclosporine, rapamycin, or other
immunosuppressants; (b) Patients receiving rifampicin, isoniazid,
phenytoin, or other potent CYP450 inducers or inhibitors; (c)
Patients with incomplete or missing pertinent
experimental data, etc.

2.3 Date collection and analysis

2.3.1 Blood sample collection and monitoring for
tacrolimus and voriconazole

In this study, both drugs were administered orally.
Tacrolimus was provided in an immediate-release (IR)
formulation, typically dosed twice daily. The doses of both
tacrolimus and voriconazole were adjusted by clinicians based
on therapeutic drug monitoring (TDM), established clinical
guidelines, and patient-specific factors.

A total of 51 patients were enrolled in the study and randomly
assigned to three groups using a sparse sampling design. Each group
followed a predefined sampling schedule: Group 1 collected samples
at 0, 0.5, and 1 h; Group 2 collected samples at 2, 4, and 6 h; and
Group 3 collected samples at 8 h and 30 min before the next dose.

Tacrolimus blood concentration was measured using a
chemiluminescent particle immunoassay with the ARCHITECT
Tacrolimus Kit IL77-35. Detailed information on standard
operating procedures, assay methodology, and stability data is
provided in the Prograf assay kit instructions (IL77-G08363R10-
B1L77C) (Laboratories, 2009).

Voriconazole plasma concentration was determined through a
fully automated two-dimensional liquid chromatography system
(2D-HPLC, Changsha Demeter Instrument Co., Ltd.).
Chromatographic conditions included: Column A (FRO C18,
5 μm, 100 mm × 3.0 mm, ANAX) with a mobile phase of
20 mmol/L ammonium acetate-acetonitrile (48:52, V/V) at a flow
rate of 1.0 mL/min, and Column B (ASTON HD C18, 150 mm ×
4.6 mm, 5 μm, ANAX) with a mobile phase of 40 mmol/L
ammonium acetate-acetonitrile (85:15, V/V) at a flow rate of
1.2 mL/min. The detection wavelength was set at 273 nm, the
column temperature maintained at 45°C, and the injection
volume set to 200 μL. The method exhibited a linear range of
0.35–11.26 μg/mL. All laboratories underwent annual quality
assessments conducted by the National Health Commission
Clinical Testing Center to ensure compliance with quality standards.

2.3.2 Pharmacokinetic data analysis and model
evaluation

Laboratory data including sex, weight, age, albumin, hematocrit,
creatinine, aspartate aminotransferase, C-reactive protein, and total
bilirubin were collected in this study.Data analysis was performed
using Phoenix NLME pharmacokinetic software (version 8.1). For
the description of baseline characteristics, mean and standard
deviation were used to describe normally distributed continuous
variables, median and interquartile range were used to describe non-
normally distributed continuous variables, and frequency and
percentage were used for categorical variables.
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In the process of establishing the structural model, both one-
compartment and two-compartment models were evaluated. Key
parameters such as LogLik, AIC, OFV, and Shrinkage were
compared between the models, alongside the analysis of the
fitting diagram (Supplementary Figure SA). Based on these
comparisons, the one-compartment Add-Multiplicative model for
oral absorption and elimination was selected as the most suitable.
The final covariate model was selected by a stepwise method based
on the least squares principle, including forward inclusion (p < 0.05)
and backward elimination (p < 0.01). The change in the model
objective function value (ΔOFV) after the inclusion of covariates was
evaluated. The final model was evaluated using methods such as
goodness-of-fit plots, bootstrap analysis, and visual predictive tests
(VPC). The research flow chart is shown in Figure 1.

3 Results

3.1 Patient demographics and
characteristics

A total of 51 patients were ultimately enrolled in this study,
comprising 38 males. The study gathered a total of 281 tacrolimus
concentration points, with a median concentration of 5.8 ng/mL.
Detailed demographic data can be found in Table 1.

3.2 Establishment of population
pharmacokinetic model

After thorough consideration of various models
encompassing one-compartment/two-compartment additive,

multiplicative, and mixture of oral absorption and elimination,
the Add-Multiplicative model emerged as the chosen basic
model, with AIC = 1,411.82, BIC = 1,433.65 (Table 2). For
comparison of model fitting plots, please refer to
Supplementary Figure SA.

After screening all 21 covariates, it was found that Cvrc was
significantly negatively correlated with CL; PLT was
significantly positively correlated with CL, and RBC was
significantly negatively correlated with CL (Supplementary
Table SA). The final equation obtained by incorporating
relevant variables was Ka = 3.09; V/F = 1,635.34, CL/F =
5.73 (Table 3).

The formulas for V and CL were as follows:

V � 1635.34 * 1 + CVRC − 1.70( ) * −0.07( )( ) * exp nV( ))
Cl � 5.73* RBC/3.49( )p −1.34( ) p PLT/181.24( )

p 0.46 p

1 + CVRC − 1.70( )* −0.12( )( ) exp nCL( ))
CMultStdev � 0.36

FIGURE 1
Research flow chart.

TABLE 1 Demographics and characteristics.

Parameter Value

Total number of patients 51

Male, n (%) 37 (72.55)

Female n (%) 14 (27.45)

Age 45.00 [38.00, 55.00]

Wt (kg) 59.60 [51.10, 67.20]

Ctac (ng/mL) 5.80 [4.20, 8.65]

Cvrc (µg/mL) 0.95 [0.00, 2.64]

WBC (109/L) 6.10 [4.48, 8.62]

RBC (1012/L) 3.44 [2.82, 4.12]

LYMPH (%) 9.8 [5.60, 19.40]

NEUT (%) 82.10 [70.30, 88.20]

HCT (%) 31.80 [25.10, 37.10]

HGB (g/L) 102.00 [78.00, 118.00]

PLT (109/L) 170.00 [129.00,220.00]

ALT (U/L) 12.60 [8.30, 20.30]

AST (U/L) 18.20 [14.00, 24.40]

TBIL (μmol/L) 5.40 [4.10, 7.70]

DBIL (μmol/L) 2.40 [1.70, 3.30]

TBA (μmol/L) 3.40 [2.00, 5.90]

ALB (g/L) 34.40 [30.65,37.70]

BUN (mmol/L) 15.80 [10.00, 23.40]

CREA (μmol/L) 172.00 [120.00, 277.00]

TP (g/L) 53.10 [48.50, 58.40]

PCT (%) 0.17 [0.13, 0.22]

Measurement data are presented as median (interquartile range) and categorical data were

expressed as frequencies.
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TABLE 2 Comparison of basic models.

Model description LogLik OFVa AIC BIC Shrinkage

1a _Addictive −727.81 1,455.62 1,465.62 1,483.81 9.70%

1a _Multiplicative −701.02 1,402.04 1,412.04 1,430.23 13.91%

1a _Add_Multiplicative −699.91 1,399.82 1,411.82 1,433.65 13.43%

2b _Addictive −727.86 1,455.73 1,473.73 1,506.47 9.88%

2b _Multiplicative −700.23 1,400.45 1,418.45 1,451.20 13.38%

2b _Add_Multiplicative −693.35 1,386.71 1,406.71 1,443.09 13.21%

aFirst-order compartment model;
bTwo compartment model; OFV: objective function value;

AIC, akaike information criterion; BIC, bayesian information criterion.

TABLE 3 Final model parameters.

Parameter Estimate Units Stderr CV% 2.5% CI 97.5%CI

Ka (Fix) 3.09 1/h 0.00 0.000 3.09 3.09

V/F 1,635.34 L 0.17 10.51 1.30 1.97

CL/F 5.73 L/h 0.001 9.05 0.005 0.007

tvCMultStdev 0.36 0.02 6.11 0.32 0.41

dCldRBC −1.34 0.29 −21.68 −1.92 −0.77

dCldPLT 0.46 0.20 43.24 0.07 0.85

dCldCvRc −0.12 0.02 −17.19 −0.16 −0.08

dVdCVRC −0.07 0.02 −29.397 −0.11 −0.03

stdev0 0.04 0.007 16.21 0.03 0.05

CV%, coefficient of variation; dCLdRBC, dCLdPLT, and dCLCVRC: Effect of RBC, PLT, and CVRC on CL, respectively; dVdCVRC, Effect of CVRC on V.

TABLE 4 Comparison of parameter estimates in the final model and bootstrap.

Final model results Bootstrap results

Parameter Estimate Mean SD CV% Median 2.50% 97.50%

Ka 3.09 3.09 — — 3.09 3.09 3.09

V/F 1,635.34 1,636.20 179.53 10.97 1,626.24 1,313.12 2013.20

CL/F 5.73 5.76 0.60 10.48 5.74 4.65 7.07

tvCMultStdev 0.36 0.36 0.02 6.27 0.36 0.31 0.40

ΘRBC-CL −1.34 −1.42 0.42 −29.52 −1.39 −2.27 −0.63

ΘPLT-CL 0.46 0.47 0.28 59.72 0.44 0.003 1.13

ΘCvrc-CL −0.12 −0.12 0.04 −30.60 −0.12 −0.20 −0.38

ΘCvrc-V −0.07 −0.07 0.04 −33.38 −0.07 −0.10 −0.02

ω2
V 0.091 — 0.091

ω2
CL 0.039 — 0.063

σ 0.04 0.04 0.03 — 0.04 0.040 0.044

CV%, coefficient of variation; ΘRBC-CL, exponent for RBC as a covariate for CL: ΘPLT-CL: exponent for PLT, as a covariate for CL; ΘCvrc-CL: exponent for Cvrc, as a covariate for CL; ΘCvrc-V,

exponent for Cvrc, as a covariate for V ω, inter-individual variation; σ, intraindividual variation;/, not applicable.
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3.3 Validation of the population
pharmacokinetic model

3.3.1 Bootstrap validation and model fit plots
The accuracy of the final model was examined by bootstrap

validation (simulation 1,500 times), and it was found that key data
such as PK parameters were within a reasonable range (Table 4). In
addition, the final model fitting graph had good convergence (Figure 2).

3.3.2 Visual forecast checking
The VPC method was used for 1,500 simulation simulations to

verify the final model. The VPC diagnosis figures are shown in Figure 3.

As can be seen from the figure, the 5th, 50th, and 95th quantiles of all
the observed values fell within the 90%CI of the corresponding
predicted values, indicating that the predicted values were in high
agreement with the observed values, indicating that the prediction
performance of the model was good.

4 Discussion

In this study, we developed a single-compartment model of oral
first-level elimination and described a PPK model of nvasive fungal
infections (IFIs) in renal transplant recipients treated with tacrolimus

FIGURE 2
Final model fit plot.
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plus voriconazole. Specifically, a median tacrolimus concentration of
5.80 [4.20, 8.65] ng/mL was observed, which is consistent with the
European Consensus Conference recommendations (Wallemacq et al.,
2009). These guidelines recommend maintaining tacrolimus (FK506)
whole blood concentrations between 5 and 10 ng/mL during the first
12months after transplantation. Furthermore, themedian voriconazole
concentration was 0.95 [0.00, 2.64] ng/mL, which was notably higher
than the median concentration of 0.00 [0.00, 0.50] ng/mL reported in a
retrospective study of renal transplant recipients 15 days post-surgery
(Zhao et al., 2024). This difference may be attributed to variations in
dosing strategies between long-term transplant recipients and those in
the early. This study found that voriconazole concentration was
negatively correlated with tacrolimus clearance, RBC level was
negatively correlated with clearance, and PLT level was positively
correlated with clearance. Because voriconazole significantly reduced
the metabolic rate of tacrolimus by inhibiting the CYP3A4 enzyme
system, resulting in a decrease in its clearance. At the same time, the
effect of voriconazole on liver and kidney function can indirectly affect
the distribution of tacrolimus (Theuretzbacher et al., 2006; Neofytos
et al., 2012). Studies have found that Cvrc is significantly negatively
correlated with V; Similarly, Staats et al. The interaction between
voriconazole and tacrolimus at the level of drug transporters such as
P-glycoprotein (P-gp) can further influence the distribution of
tacrolimus (Fu et al., 2019). (Yuan et al., 2020) Additionally,
changes in protein binding due to coadministration of voriconazole
may lead to changes in tacrolimus distribution (Yuan et al., 2020).

Low red blood cell levels may reflect potential liver dysfunction or
other systemic problems, thereby reducing themetabolism of tacrolimus
(Venkataramanan et al., 1995). Instead, higher platelet levels may reflect
certain body states (such as inflammation or other stimuli) that may
promote the metabolism of tacrolimus through complex physiological
mechanisms (such as increased blood flow to the liver), thereby
increasing its clearance. These findings are consistent with
previous studies.

The high temperature and humidity during the plum rain season
create an ideal environment for the growth and dissemination of

pathogenic fungi, particularly Aspergillus species (Valencia-Quintana
et al., 2020), leading to a significant increase in the incidence of invasive
fungal infections (IFIs) among kidney transplant patients. This study
specifically focuses on kidney transplant recipients suffering from
invasive fungal infections. As a typical plum rain region, Changsha,
Hunan, further elevating the infection risk for immunosuppressed
patients. Therefore, kidney transplant recipients should adopt
preventive measures such as improved air quality management, early
screening, and prophylactic antifungal therapy to reduce infection rates
and mortality. This phenomenon demonstrates strong regional and
seasonal characteristics, warranting clinical attention. In addition, we
previously conducted a retrospective study on the combined use of
medications in renal transplant patients 15 days post-surgery, which
provided valuable insights for subsequent research (Zhao et al., 2024).
Compared with the previous study, the present study adopts a
prospective design, focusing on patients 1 year or more after
transplantation, with an emphasis on the long-term effects in this
population. The sample size has also increased significantly, from
19 participants in the earlier study to 51 in this one, with a similarly
high proportion of male participants (78.9% and 72.5%, respectively).
Furthermore, the methods of blood sampling differed between the two
studies. The current study utilized random sampling, encompassing the
entire phase of drug absorption and elimination, which allowed for real-
time measurement of tacrolimus and voriconazole blood
concentrations. This approach minimizes the risk of data lag and
enhances the accuracy of drug concentration assessments. The
findings revealed significant differences in drug concentrations at the
two time points. Specifically, the median tacrolimus concentration in
patients one-year post-surgery was lower than in those within 15 days
post-surgery (5.80 ng/mL vs. 7.90 ng/mL, respectively), whereas
voriconazole concentrations were higher. Moreover, in both studies,
a significant effect of voriconazole concentration on the volume of
distribution and clearance of tacrolimus was observed. These results
provide critical insights into the pharmacokinetics of these drugs in
long-term renal transplant recipients and underscore the importance of
individualized treatment strategies for this population.

FIGURE 3
VPC simulation diagram.
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At the same time, the study unexpectedly found that for patients
taking tacrolimus for a long time, clinicians often gave smaller doses.
This may be due to a decrease in the target concentration range of
tacrolimus as time after transplantation increases.

There are some limitations. This study utilized the immediate-release
(IR) formulation of tacrolimus, which is typically dosed twice daily. Due
to the differences in pharmacokinetics, the findings of this studymay not
be directly applicable to other formulations of tacrolimus, such as
prolonged-release or extended-release formulations. The limitation of
sample size may affect the generalizability of the study conclusions.
Although this study revealed a significant effect of voriconazole on the
pharmacokinetics of tacrolimus, the small sample size may limit the
generalizability of the study results in different populations. Therefore, a
larger multicenter study should be conducted in the future to expand the
sample size, further verify the conclusions of this study, and improve the
statistical power and the wide applicability of the conclusions. At present,
we have begun to prepare for a multicenter study. The study of group
behavior and drug interaction in this study mainly focused on clinical
observation data, and the exploration of its potential mechanisms was
insufficient. Group behavior is inherently dynamic and complex and is
affected by multiple factors. Drug interactions often produce different
reactions with changes in physiological state. Future studies should
combine longer longitudinal tracking data to explore drug metabolic
pathways under different environments and conditions and reveal the
multidimensional mechanisms of drug interactions. In summary, the
limitations of this study provide guidance for future multicenter, large
sample, and interdisciplinary in-depth research, aiming to optimize
medication strategies and improve clinical treatment effects through
more comprehensive data and theoretical support.

5 Conclusion

This study successfully constructed a population pharmacokinetic
model for renal transplant patients taking tacrolimus and voriconazole
simultaneously. The model had good predictive ability and provided
valuable insights to clinicians to help optimizing tacrolimus dosing.
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