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Abstract
Background
Population pharmacokinetic (PPK) models of vancomycin (VCM) commonly use creatinine clearance (CLcr) as a covariate for clearance (CL). However, relying on CLcr in patients of advanced age may lead to inaccuracies in estimating VCM clearance. Therefore, this study aimed to develop and validate a new PPK model specifically for patients aged 75 years and older.

Methods
PPK analysis was performed based on the blood concentrations of VCM (n = 159 patients). The predictive performance of the developed model was compared with that of previous models using mean absolute error (MAE) and mean squared error (MSE) for another dataset.

Results
The PPK analysis optimized a two-compartment model using CLcr and the Alb levels as covariates at the central compartment of VCM clearance. The final model was as follows: CL (L/h) = 1.96 × (CLcr/3.09) 0.63 × (Serum albumin (Alb) /2.3) 0.22 × exponential (0.11). Clearance between the central and peripheral compartments (L/h) = 4.86. Central compartment volume of distribution (L) = 31.78. Peripheral compartment volume of distribution (L) = 53.64. The validation study revealed that compared with those of previous models (ranging from 0.67 to 0.79 L/h and from 0.81 to 1.11 (L/h)2, respectively), the final model demonstrated the smallest MAE of 0.60 L/h and MSE of 0.65 (L/h)2 for patients of advanced age with serum creatinine levels of < 0.6 mg/dL.

Conclusion
The PPK model of VCM for patients of advanced age was optimized by adding the Alb levels and CLcr as covariates for CL. The predictive accuracy of the PPK model for patients with an SCr of < 0.6 mg/dL tended to be higher than those of previous models based just on CLcr. Thus, dosage is suggested to be adjusted based on CLcr and Alb levels for patients with an SCr of < 0.6 mg/dL.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40780-025-00423-8.
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Background
The global population of individuals aged ≥ 65 years is predicted to increase from 9% in 2019 to 16% by 2050, especially the population of individuals aged ≥ 80 years, which is predicted to increase from 143 to 426 million [1]. Patients of advanced age are generally more susceptible to serious infections, including methicillin-resistant Staphylococcus aureus (MRSA). Therefore, using the appropriate antimicrobial agent at the correct dosage for these patients is crucial.
Vancomycin (VCM), a glycopeptide antibiotic with activity against gram-positive cocci, has been used for the treatment of methicillin-resistant Staphylococcus aureus (MRSA) [2]. The area under the concentration–time curve (AUC) is a predictive parameter that reflects the clinical efficacy and renal toxicity of VCM. VCM achieves clinical efficacy against MRSA at an AUC/minimum inhibitory concentration (MIC) of ≥ 400; however, an AUC of > 600 µg·h/mL has been linked to the risk of renal toxicity [3, 4]. Consequently, AUC-guided dosing has been recommended by the clinical practice guidelines for the therapeutic drug monitoring of VCM [5, 6]. Practical AUC-guided TDM for VCM (PAT) has been used to calculate the AUC in Japan [6]. Several population pharmacokinetic (PPK) models [7, 8] have been developed in Japan; PAT is based on the model proposed by Yasuhara et al. [9].
Approximately 85% of VCM is excreted unchanged through urine by the kidneys; thus, its clearance (CL) is closely related to renal function. Creatinine clearance (CLcr; including serum creatinine [SCr]), which is calculated using the Cockcroft-Gault (CG) equation, is commonly used as a covariate of CL in the VCM model [10]. Age and body weight are also included as covariates in the CG equation [11]. Aging-related renal function decline and physiological changes, such as loss of muscle mass and decrease in serum albumin (Alb) levels, are observed in older adults. This may lead to the over- or underestimation of the CLcr estimated by the CG equation [12–14]. For instance, compared with the actual renal function, the CLcr was underestimated for patients aged ≥ 65 years and those with hypoalbuminemia in the studies conducted by Matsuo et al. and Horio et al. [15, 16]. Yasuhara et al. reported that in previous VCM models, the correlation between measured CLcr and estimated CLcr calculated using the CG equation decreases in patients with SCr < 0.6 mg/dL. Consequently, using CLcr to estimate the CL of VCM may lead to inaccuracies in patients of advanced age [9]. Similar considerations are also necessary for the model proposed by Oda et al., in which CLcr is used as a covariate for CL [8].
Thus, determining the optimal dosage of VCM in patients of advanced age presents several challenges. To address these challenges, we conducted a PPK analysis of VCM in patients aged 75 years and older and developed a new PPK model. We also validated this model and evaluated the optimal dosage regimen using it.

Methods
A structured three-step-approach, comprising the following steps, was used in this retrospective study:	1.
Development of a population pharmacokinetic model for VCM targeting patients of advanced age

 

	2.
Validation study of the developed final model for VCM in the target population

 

	3.
Optimization of VCM dosing using the final model

 




Development of a population pharmacokinetic model for VCM targeting patients of advanced age
The dataset used to develop the PPK model comprised patients who received VCM at the Yokohama General Hospital between August 2016 and September 2024. Patients aged ≥ 75 years and those with a BMI of < 25 kg/m2 were included as they constituted the majority population in the Yokohama General Hospital. Patients undergoing dialysis, patients who received VCM for < 3 days and patients with no blood samples with respect to VCM were excluded. Continuous variables are presented as median and range. BMI was calculated using the following equation:[image: $$\text{weight }(\text{kg})/\text{height}{(\text{m})}^{2}$$]




Maintenance dose of VCM was administered based on the condition of the patient at the discretion of the physician. The VCM concentrations were measured using the latex immunoturbidimetric assay. All measurements were performed using DxC 700 AU (Beckman Coulter Inc., CA, USA). Nanopia® TDM Vancomycin (Sekisui Medical Co., Ltd., Tokyo, Japan), the lower detection limit of 2.5 μg/mL, was used as the reagent. For the measurement error of VCM, the coefficient of variation (CV%) in replicate testing for reproducibility was below 15%. The quality control was conducted based on the package insert. The enzymatic method was used to measure the creatinine concentrations.
Phoenix NLME™ (Certara, NJ, USA) was used to perform the PPK analysis. First-order conditional estimation-extended least squares (FOCE-ELS), which is equivalent to the first-order conditional estimation with interaction (FOCE-I) in NONMEM, was used to perform fitting, create plots, and conduct simulations. Phoenix Model with PPK modelling was used to perform the coding. In brief, one- or two-compartment models of the first-order elimination were fitted to the data. Statistical analyses were conducted to evaluate the pharmacokinetic (PK) model. Additive, multiplicative, additive and multiplicative models were evaluated during the examination of the residual variability models (Additional File 1: 1). The shrinkage of the random effect toward the population means was calculated to assess whether the final model was reliable for individual parameters. Subsequently, the covariates were evaluated for central compartment CL and volume of distribution (Vc) as these factors may affect the PK parameters of VCM during the final model estimation. The BMI, Alb levels (modified bromocresol purple method), CLcr, and estimated glomerular filtration rate estimated from creatinine (eGFR) were used to explore the covariates for CL. The CLcr and eGFR were calculated as described in previous studies (Additional File 2: Table 2) [11, 17, 18]. Age, sex, actual body weight, BMI, and Alb levels were used to explore the covariates for Vc. The correlation between covariates was evaluated using the Pearson correlation coefficient and the analysis was conducted using JMP Pro 17.2.0 (JMP Statistical Discovery LLC, USA). Stepwise methods of forward inclusion and backward elimination were used to select the covariates to be included in the model. The objective function value (OFV; -2Log-Likelihood, -2LL) and the Akaike Information Criterion (AIC) were used to evaluate the appropriate compartment model and the final model incorporating the selected covariates for significance. In this study, we defined the accuracy of estimating the CL of VCM in a steady state as clinically significant. When the number of parameters and OFV for CL alone and both Vd and CL were similar, we prioritized incorporating the covariates into CL. The covariates were also evaluated based on the clinical correlations. A decrease of > 3.85 in the OFV was defined as P < 0.05 [7]. The omega block variance–covariance matrix was used to evaluate the covariance between the parameters. In addition, a scatterplot matrix and a scatterplot of η were used to evaluate the relevance of the covariates.

The visual predictive check (VPC) method and the bootstrap method (1000 bootstrap runs) were used to verify the goodness of fit of the final VCM model.

Validation study of the final model for VCM in the target population
The datasets used for validating the developed PPK model comprised patients who had received VCM between September 2020 and December 2023 at eight hospitals encompassing secondary, tertiary, and university hospitals (Sapporo Medical University Hospital, Kyorin University Hospital, Tokyo Women's Medical University Hospital, Showa University Fujigaoka Hospital, Kitasato University Hospital, Tohoku Kosai Hospital, Showa University Northern Yokohama Hospital, and Kochi Medical School Hospital) [19]. Patients aged ≥ 75 years and those with a BMI of < 25 kg/m2 were included, with backgrounds similar to those of the PPK analysis group. Those in an intensive care unit or high care unit, and those with an acute renal injury at the time of VCM administration were excluded. The VCM levels were measured using chemiluminescent immunoassay or latex agglutination turbidimetry at three and five facilities, respectively. The lower detection limit, which differed among facilities, ranged from 0.8 to 4 μg/mL. For the measurement error of VCM between facilities, the CV% in replicate testing for reproducibility was approximately 10–15%. For quality control, each facility controlled quality based on the package insert of reagents. For the measurement of Alb, all hospitals adopted the modified bromocresol purple method.
The predictive performance of the final model, compared with that of previous Japanese models, was evaluated using another dataset (Additional File 3: Table 3) [8, 9]. VCM simulation software (PAT), which is commonly used in Japan, was used to define the CL estimated using the Bayesian method from the peak and trough values as a close-to-actual value. This value was compared with the CL estimated from each PPK model [20]. The dose required to achieve an area under the curve in steady state (AUCss) of 500 from each CL was also calculated. The proximity of the maintenance dose calculated using the Bayesian-estimated CL to the actual value was evaluated. The dose was calculated at 250 mg intervals. The mean absolute prediction error (MAE) and mean squared error (MSE) were used to evaluate predictive accuracy (Additional File 4: Table 4). The population was divided into two groups for validation: the first group comprised patients aged ≥ 75 years and the second group comprised patients aged ≥ 75 years with an SCr of < 0.6 mg/dL.


Optimization of VCM dosing using the final model
The concentration–time profile of VCM in patients was estimated using the Monte Carlo method based on the final PPK model. The AUCss/minimum inhibitory concentration (MIC) ratio was calculated based on the CL, dosage, and MIC in this simulation. The simulations were performed on 15,000 simulated patients for each dosage according to the following procedures. The daily dosages were set at nine doses, namely, 250 mg, 500 mg, 750 mg, 1000 mg, 1250 mg, 1500 mg, 2000 mg, 2500 mg, and 3000 mg. The dosing interval was set as twice a day if the daily dosage was ≥ 1000 mg. The mean and standard deviation of the patients were used to randomly generate covariates for CL in the final PK model with a normal distribution. Furthermore, the CL was calculated using the respective values of the final PK model. The MICs were assigned as follows according to the antimicrobial susceptibility surveillance information provided in the Japanese MRSA guidelines, 2019 edition [21]: 0.25 µg/mL, 0.1%; 0.5 µg/mL, 11.6%; 1.0 µg/mL, 79.3%; and 2.0 µg/mL, 9.0%. The MICs were randomly generated using these ratios.
The probability of target attainment (PTA) was defined as the percentage of patients attaining an AUCss/MIC of ≥ 400 to assess the efficacy of VCM [6]. This criterion was used to calculate the PTA for each CL and dosage. All analyses were conducted using Microsoft 365 Excel (Microsoft, Redmond, WA, USA).
We defined a PTA of at least 85% with an AUCss/MIC of ≥ 400 as the optimal dosage to prevent a high incidence of AKI. PTA was calculated using Monte Carlo simulation based on the final model, which incorporated covariates. The probability of achieving an AUCss of > 600 µg·h/mL was also calculated to assess the safety of VCM. Subsequently, the probability of achieving an AUCss of > 600 µg·h/mL was classified as mild risk (< 10%), moderate risk (10–25%), and severe risk (> 25%) according to the definition of risk classification of acute kidney injury of VCM [22].


Results
Patient characteristics
Table 1 presents the characteristics of the patients in the modeling (n = 159) and validation (n = 133) datasets. The median age in the modeling and validation datasets was 84 (75–99) years and 81 (75–101) years, respectively. Individuals aged ≥ 85 years accounted for 49.7% and 35.4% of the patients in the modeling and validation datasets, respectively. The median BMI in the modeling and validation datasets was 18.6 (11.0–24.8) kg/m2 and 20.0 (11.9–24.9) kg/m2, respectively. Individuals with a BMI of < 18.5 kg/m2 accounted for 48.4% and 28.6% of the patients in the modeling and validation datasets, respectively. The median Alb level in the modeling and validation datasets was 2.3 (1.2–4.2) g/dL and 2.5 (1.2–4.4) g/dL, respectively. Individuals with a median Alb level of < 3.0 g/dL accounted for 90.6% and 78.2% of the patients in the modeling and validation datasets, respectively. The median CLcr in the modeling and validation datasets was 3.06 (0.58–7.26) L/h [51.0 (9.7–121.0) mL/min] and 3.05 (0.46–6.64) L/h [50.9 (7.7–110.6) mL/min], respectively. The daily maintenance dose of VCM in the modeling and validation datasets was commonly 1000–2000 mg (67.9–73.7%).
Table 1Patient characteristics


	Characteristics
	Modeling dataset (n = 159)
Number (%) or median (min–max)
	Validation dataset (n = 133)
Number (%) or median (min–max)

	Age (years)
	84 (75–99)
	81 (75–101)

	 75–84
	80 (50.3)
	86 (64.7)

	 85–94
	73 (45.9)
	46 (34.6)

	 ≥ 95
	6 (3.8)
	1 (0.8)

	Sex (male/female)
	92 (57.9)/67 (42.1)
	69 (51.9)/64 (48.1)

	Height (cm)
	158 (135–180)
	157 (137–182)

	Body weight (kg)
	47 (26–70)
	49 (29–70)

	Body Mass Index (kg/m2)
	18.6 (11.0–24.8)
	20.0 (11.9–24.9)

	 < 18.5
	77 (48.4)
	38 (28.6)

	Serum creatinine (mg/dL)
	0.64 (0.22–3.00)
	0.69 (0.24–5.68)

	 < 0.60
	67 (42.1)
	40 (30.1)

	Estimated creatinine clearance (mL/min)
	51.5 (9.7–121.2)
	50.9 (7.7–110.6)

	 ≤ 50.0
	75 (47.2)
	63 (47.4)

	The glomerular filtration rate estimated from creatinine (mL/min)
	65.5 (12.4–159.1)
	68.4 (7.5–195.4)

	 ≤ 50.0
	45 (28.3)
	25 (18.8)

	Serum albumin (g/dL)
	2.3 (1.2–4.2)
	2.5 (1.2–4.4)

	 < 2.0
	31 (19.5)
	19 (14.3)

	 2.0–2.9
	113 (71.1)
	85 (63.9)

	 3.0–3.5
	9 (5.7)
	19 (14.3)

	 ≥ 3.6
	6 (3.8)
	10 (7.5)

	 Daily maintenance dose of Vancomycin (mg/day)
	1500 (250–3000)
	1500 (300–3000)

	 < 1000
	44 (27.7)
	31 (23.3)

	 1000–2000
	108 (67.9)
	98 (73.7)

	 > 2000
	7 (4.4)
	4 (3.0)


BMI Body Mass Index, CLcr estimated creatinine clearance, eGFR the glomerular filtration rate estimated from creatinine, VCM Vancomycin




Development of a population pharmacokinetic model for VCM targeting older patients
The PPK analysis included 417 samples (peak concentration: 65 samples; trough concentration: 352 samples) obtained from 159 patients who satisfied the inclusion criteria. No samples with concentrations below the limit of quantitation were included in the analysis. Tables 2 and 3 present the results of the exploration of the covariates using the stepwise method and the results of the final and bootstrap method models, respectively. A two-compartment model was optimal for VCM. Thus, the PPK model was optimized by adding the Alb levels and CLcr as covariates for CL. The Pearson correlation coefficient in Alb and CLcr was -0.12 (95% confidence interval: -0.27–0.03, p = 0.12). Additional File 5: Fig. 1 presents the diagnostic plots for VCM. Notably, the individual predicted concentrations exhibited good correlation with the observed concentrations in the final model (Additional File 5: Fig. 1). The typical values, standard errors, coefficients of variation, and 95% confidence intervals for the final model of VCM were generally similar to those for the bootstrap method (Table 3). Furthermore, the observed and predicted concentrations for VPC were close to the fifth, 50th, and 95th percentiles (Fig. 1). Conditionally weighted residual plots were generally plotted on a scale of -3 to + 3 and distributed evenly on both sides of the x-axis (Additional File 5: Fig. 1). Based on these results, the final model of VCM was optimized as follows: CL (L/h) = 1.96 × (CLcr/3.09) 0.63 × (Alb/2.3) 0.22 × exp.(0.11). Clearance between the central and peripheral compartments (Q) (L/h) = 3.24. Vc (L) = 31.78. The peripheral compartment volume of distribution (Vp) (L) = 53.64. The median and range of CL for the PPK parameters in individual patients was 1.96 L/h (1.84–2.08). Moreover, Vc was a fixed value, with a mean value and 95% confidence interval of 31.78 L (24.19–39.38) (Table 3).
Table 2Stepwise search for covariates in the final model of vancomycin concentrations


	Model
	Description
	−2LL
	Δ -2LL
	AIC
	n-parameter

	1
	Base model
	2431.60
	–
	2445.60
	7

	2
	Central clearance on estimated glomerular filtration rate unadjusted for body surface area
	2355.51
	76.09a
	2371.51
	8

	3
	Central clearance on estimated creatinine clearance
	2331.23
	100.37a
	2347.23
	8

	4
	Central clearance on estimated creatinine clearance and Serum albumin level
	2326.11
	5.11b
	2344.11
	9


-2LL -2 log likelihood, AIC Akaike information criterion, eGFR estimated glomerular filtration rate unadjusted for body surface area, CLcr estimated creatinine clearance
aCompared with model 1
bCompared with model 3


Table 3Final population pharmacokinetic parameter estimates of vancomycin and bootstrap validation


	Parameter
	Final model
	Bootstrap method (n = 1000)

	Estimate
	SE
	CV (%)
	95% CI
	Estimate
	SE
	CV (%)
	95% CI

	Confidence interval (L/h) = θ1 × (CLcr/3.09) θ2 × (Alb/2.3) θ3 × exp. (ηCL)

	 typical value of apparent clearance (L/h)
	1.96
	0.06
	3.11
	1.84 – 2.08
	1.94
	0.10
	4.92
	1.73 – 2.11

	 exponent for CLcr as covariate
	0.63
	0.06
	9.72
	0.51 – 0.76
	0.64
	0.07
	10.47
	0.50 – 0.77

	 exponent for Alb as a covariate for CL
	0.22
	0.09
	41.75
	0.03 – 0.40
	0.21
	0.11
	52.68
	0.01 – 0.43

	intercompartmental clearance of vancomycin (L/h) = θ4

	 typical value of apparent intercompartmental clearance (L/h)
	4.86
	0.91
	18.63
	3.08 – 6.64
	4.57
	1.49
	32.70
	1.00 – 7.21

	volume of distribution of vancomycin in the central compartment (L) = θ5

	 typical value of apparent volume of distribution (L)
	31.78
	3.86
	12.16
	24.19 – 39.38
	32.23
	6.06
	18.80
	20.88 – 46.86

	volume of distribution of vancomycin in the peripheral compartment (L) = θ6
	 
	 typical value of apparent volume of distribution in the peripheral compartment (L)
	53.64
	4.22
	7.86
	45.36 – 61.93
	55.26
	7.60
	13.75
	45.20 – 73.38


SE Standard error, CV Coefficient of variation, CI Confidence interval, θ, population mean, θ1, typical value of apparent clearance, θ2, exponent for CLcr as covariate, θ3, exponent for Alb as a covariate for CL; θ4, typical value of apparent intercompartmental clearance, θ5, typical value of apparent volume of distribution, θ6, typical value of apparent volume of distribution in the peripheral compartment, η, random variable, which is normally distributed with mean 0 and variance ω2, ηCL = 0.11, CL, clearance of vancomycin, Q, intercompartmental clearance of vancomycin, Vc, volume of distribution of vancomycin in the central compartment, Vp, volume of distribution of vancomycin in the peripheral compartment


[image: ]
Fig. 1Visual predictive check plot of vancomycin. Visual predictive check plot of the vancomycin concentration versus time for the covariate model. Concentration vs. Time after dosing. Observed vs. individual predicted concentrations



Validation study of the developed final model for VCM
The MAE/MSE of CL and dosage achieving AUCss of 500 µg·h/mL in the validation datasets are plotted in Fig. 2 as representative mean [95% confidence interval (CI)] values. The MAE and MSE of CL for patients aged ≥ 75 years in the developed model were 0.54 L/h [95% CI 0.46–0.63 L/h] and 0.53 (L/h)2 [95% CI 0.39–0.68 (L/h)2], respectively. The MAE and MSE of the dosage achieving an AUCss of 500 µg·h/mL were 280.08 mg/day (95% CI 235.28–324.87 mg/day) and 146,146.62 (mg/day)2 [95% CI 110,399.18–181,894.05 (mg/day)2], respectively. Comparison with previous models revealed similarity. The MAE and MSE of CL for patients aged ≥ 75 years with SCr < 0.6 mg/dL in the developed model were 0.60 L/h (95% CI 0.43–0.77 L/h) and 0.65 (L/h)2 [95% CI 0.34–0.96 (L/h)2], respectively. The MAE and MSE of the dosage achieving an AUCss of 500 µg·h/mL were 300.00 mg/day (95% CI 210.93–389.07 mg/day) and 165,625.00 (mg/day)2 [95% CI 92,560.27–238,689.73 (mg/day)2], respectively. Among the developed and previous models, the lowest MAE and MSE were exhibited by the model proposed herein.[image: ]
Fig. 2Validation of the final model. A and B. The height of the bars indicates the mean absolute prediction error (MAE) of CL and the dosage at 250 mg intervals achieving an area under the concentration–time curve at a steady state of 500, respectively. C and D. The height of the bars indicates the mean squared error (MSE) of CL and the dosage at 250 mg intervals achieving an area under the concentration–time curve at a steady state of 500, respectively. The grey and black bars represent patients aged ≥ 75 years and patients aged ≥ 75 years with an SCr of < 0.6 mg/dL, respectively. The error bars represent their corresponding 95% confidence intervals



Optimization of VCM dosing using the final model
The CL determined based on the final model using CLcr and Alb levels as covariates and the range of values for the patients in this study generally ranged from 0.5 L/h to 3.75 L/h (Additional File 6: Table 5). The daily dosage of VCM required to achieve a PTA of ≥ 85% ranged from 250 to 2000 mg (Additional File 7: Table 6). Some minimum dosages for each CL that achieved a PTA of ≥ 85% had a probability of AUCss > 600 µg·h/mL of 25% or higher. (Additional File 8: Table 7). The optimal daily dosage to achieve a PTA of ≥ 85% based on an AUCss/MIC of ≥ 400 for Alb levels of 1.5 g/dL and 2.0–3.5 g/dL was 500–1500 mg/day and 750–1500 mg/day, respectively, when the CLcr was set as 20–85 mL/min considering the quartile range of this study patients. The optimal daily dosage of VCM for Alb levels of 1.5 g/dL and 2.0–3.5 g/dL was 750 mg and 1000 mg, respectively, when a CLcr of 40 mL/min was set as the relatively common renal function (Table 4). The minimum VCM daily dosage to achieve an AUCss/MIC of ≥ 400 at ≥ 85% for CL of 1.25–2.25 L/h and CL 2.5–3.25 L/h (for MIC 0.5 µg/mL) was 500 mg and 750 mg, respectively. Furthermore, the dosages for CL of 1.25–1.75 L/h, CL 2.0–2.25 L/h, 2.5 L/h, and CL 2.75–3.25 L/h (for MIC 1.0 µg/mL) were 750 mg, 1000 mg, 1250 mg, and 1500 mg, respectively (Additional File 9: Fig. 2). The constructed nomogram revealed that an AUCss of > 600 µg·h/mL was observed in 41.5% of some CLcr and Alb levels (Additional File 10: Table 8) (Table 4).
Table 4Optimal dose of vancomycin based on the creatinine clearance and serum Albumin levels


	serum albumin
(g/dL)
	Daily maintenance dose (mg/day; if ≥ 1000 mg is divided into two doses)

	Creatinine clearance (L/h)
[Creatinine clearance (mL/min)]

	1.2
[20]
	1.5
[25]
	1.8
[30]
	2.1
[35]
	2.4
[40]
	2.7
[45]
	3.0
[50]
	3.3
[55]
	3.6
[60]
	3.9
[65]
	4.2
[70]
	4.5
[75]
	4.8
[80]
	5.1
[85]

	1.5
	500
	750
	750
	750
	750
	1000
	1000
	1000
	1000
	1250
	1250
	1250
	1500
	1500

	2.0
	750
	750
	750
	750
	1000
	1000
	1000
	1000
	1250
	1250
	1500
	1500
	1500
	1500

	2.5
	750
	750
	750
	750
	1000
	1000
	1000
	1250
	1250
	1500
	1500
	1500
	1500
	1500

	3.0
	750
	750
	750
	1000
	1000
	1000
	1250
	1250
	1500
	1500
	1500
	1500
	1500
	1500

	3.5
	750
	750
	750
	1000
	1000
	1000
	1250
	1500
	1500
	1500
	1500
	1500
	1500
	1500


We estimated the optimal maintenance dose of vancomycin that achieved a probability of target attainment ≥ 85% at steady state to achieve the target AUCss/MIC ≥ 400
Alb serum albumin, VCM Vancomycin, CLcr Creatinine clearance, AUCss Area under the concentration–time curve of vancomycin from 0 to 24 h at steady state, MIC Minimum inhibitory concentration





Discussion
The present study revealed that the prediction accuracy of VCM CL in PPK analysis for patients of advanced age is higher when CLcr and Alb levels are used as covariates. Furthermore, the prediction accuracy was exceptionally high among patients with an SCr of < 0.6 mg/dL.
The median CL was 1.96 L/h and 2.45–4.73 L/h in the present study and previous PPK analyses involving Japanese patients, respectively [9, 23, 24]. In the modeling dataset, individuals aged ≥ 85 years accounted for 49.7%, individuals with a CLcr of < 3.00 L/h (50 mL/min) accounted for 47.2%, individuals with a BMI of < 18.5 kg/m2 accounted for 48.4%, and individuals with Alb levels of < 3.0 g/dL accounted for 90.6%. In contrast, individuals with a mean age of 44.5–78.3 years, mean CLcr of 3.38–4.81 L/h (56.3–80.2 mL/min), mean BMI of 23.4 kg/m2, mean Alb levels of 2.9 g/dL were included in previous PPK analyses [9, 23, 24]. Matsuo et al. reported that the CLcr decreases with aging [15]. Chang et al. reported that compared with that observed in individuals with a BMI of ≥ 18.5 kg/m2, the eGFR was significantly lower in individuals with a BMI of < 18.5 kg/m2 [25]. Furthermore, a significant positive correlation was observed between the Alb levels and eGFR in individuals with stage 2–5 chronic kidney disease [26]. Thus, compared with previous studies, the present study included more patients with impaired renal function and those with lower CLcr.
The covariate CL of VCM only incorporated the CLcr estimated using the CG equation in previous studies [9, 23, 24]. However, the present study revealed that the model with the Alb levels added to the CLcr estimated using the CG equation was optimal. A limitation of the estimating equation for renal function using SCr and age is that the renal function is significantly underestimated in patients aged ≥ 65 years, those with a BMI of < 25 kg/m2, and those with Alb levels of < 4.0 g/dL [15, 16, 27]. Several patients with these characteristics were included in the present study. Notably, incorporating only CLcr as a covariate in the CL of VCM may decrease accuracy. However, Matsuo et al. reported that the addition of the Alb levels to the estimating equation for renal function improved the accuracy of estimating the GFR of the Japanese patients included in their study, among whom 54% had stage ≥ 3 chronic kidney disease and mean Alb levels of 3.8 g/dL [17]. Levey et al. conducted a study involving patients with chronic kidney disease with a mean GFR of 2.39 L/h/1.73 m2 (39.8 mL/min/1.73 m2) and mean Alb levels of 4.0 g/dL and reported that the accuracy of estimating GFR was improved when SCr and the Alb levels were included in the estimation of renal function [28]. The mean age of the patient populations in these two studies ranged from 50.6 to 51.4 years [17, 28]. Further evaluation is needed to determine their applicability in estimating renal function and VCM clearance for advanced-age patients. Baumgartner, R. N. et al. investigated the relationship between Alb and muscle mass in a study of 275 individuals aged 60–95 years [29]. In the study, Alb was measured and muscle mass was assessed using dual-energy X-ray absorptiometry. Their analysis revealed a positive correlation between Alb and muscle mass. Ohtani et al. also examined the factors that affect the measured CLcr in bedridden patients of advanced age and showed that Alb was a significant factor, along with the estimated CLcr, body fat mass (BFM), and triceps skinfold thickness (TSF) [30]. However, collecting BFM and TSF was impossible in the present retrospective study. As a result, we reasoned that including Alb as a covariate for CL in the PPK model of VCM in advanced-age patients with decreasing muscle mass would be clinically significant. When the CLcr was set as 5.1 L/h (85.0 mL/min), the CL of VCM determined using the model equation developed in the present study for Alb levels of 1.5 g/dL and 3.5 g/dL was 2.73 L/h (45.5 mL/min) and 3.29 L/h (54.8 mL/min), respectively. Thus, a 2.0 g/dL decrease in the Alb levels would result in a difference of 0.56 L/h (9.3 mL/min) for CL of VCM even if CLcr was maintained. Thus, compared with CLcr alone, incorporating CLcr and the Alb levels as covariates may have accurately corrected CL in the modeling dataset population when the Alb levels decreased.
The lower MAE and MSE achieved by the final model, particularly for CL of VCM and dosage achieving an AUCss of 500 µg·h/mL in patients with an SCr of < 0.6 mg/dL, indicate improved accuracy. Discrepancies between the estimated and actual CLcr was observed in patients with an SCr of < 0.6 mg/dL in the study conducted by Yasuhara et al., leading to prediction errors during the estimation of CL of VCM based solely on CLcr [9]. The final model achieved greater precision in estimating CL of VCM in this population following the incorporation of the Alb levels, thereby reducing the likelihood of prediction errors. This suggests that the developed model in this study applies to patients of advanced age, particularly for patients aged ≥ 75 years with SCr < 0.6 mg/dL.
The nomogram revealed that the daily dosage of 750 mg achieved ≥ 85% PTA resulting in an AUCss/MIC of ≥ 400 for a CLcr of 2.4 L/h (40.0 mL/min) and Alb levels of 1.5 g/dL. This dosage is lower than that recommended by the guideline (1000 mg) [6]. The recommended dosage in the present study was all PTA < 85% for VCM MIC = 2 μg/mL. The meta-analysis by Samura et al. also evaluated the efficacy of VCM and daptomycin (DAP) in patients with MRSA bacteremia with VCM > 1 μg/mL [31]. DAP was significantly more effective. We recommend using other drugs for MRSA infections with a VCM MIC of 2 μg/mL based on these findings. This may be attributed to the decrease in the CL of VCM owing to the Alb levels correcting the CL in the final model. In addition, an AUCss of > 600 µg·h/mL was calculated > 25% for some CLcr and Alb. Therefore, early TDM and reassessment, as well as a one-step dosage reduction for patients at risk of kidney injury, should be considered for patients in whom an AUCss of > 600 µg·h/mL is achieved at ≥ 25%.
There are certain limitations to this study. First, the CLcr of the patients included in the present study ranged from 0.58 L/h (9.7 mL/min) to 7.27 L/h (121.2 mL/min). Furthermore, only a few patients were close the upper and lower limits. Second, the proposed model was validated using 40 cases with an SCr of < 0.6 mg/dL in the validation dataset, although the number of cases was limited. Finally, we defined a PTA of ≥ 85% as the optimal dosage to prevent a high incidence of AKI. Therefore, it is necessary to consider early TDM or using a one-step higher dosage in patients with severe infections.

Conclusions
The PPK model of VCM for patients of advanced age was optimized by adding the Alb levels and CLcr as covariates for CL. Notably, the predictive accuracy of the proposed PPK model for patients with a SCr of < 0.6 mg/dL tended to be higher than those of previous models that relied on CLcr alone. These findings suggest that the dosage for patients with a SCr of < 0.6 mg/dL should be adjusted based on the CLcr and Alb levels.
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