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1 Introduction 

1.1 Glomerular filtration rate 

Glomerular filtration is the process in the kidneys that filters excess fluids and waste products 

from the blood, constituting the first step in urine production. The glomerular filtration rate 

(GFR) represents the total volume of plasma filtered by the kidneys per unit of time, serving 

as a critical indicator of renal function.1 Normal GFR levels vary significantly, influenced by 

a range of factors including sex, age, body size, and physical activity, as well as hydration 

status, blood pressure, circadian rhythms, and dietary protein intake.2-4 However, kidney 

function may be gradually impaired over months or years due to various diseases or conditions, 

leading to what is known as chronic kidney disease (CKD). A guideline for CKD classification 

(Table 1) and diagnosis, initially based solely on GFR, was introduced in 2002 and later refined 

by the Kidney Disease: Improving Global Outcomes (KDIGO) group to include albuminuria 

categories.5 This guideline is now widely adopted and remains the standard reference for CKD 

classification and management. Consequently, GFR remains the most important marker of 

kidney function. 

Table 1 GFR categories for chronic kidney disease classification. 

Classification GFR (mL/min/1.73 m2) Description 

G1 ≥90 Normal or high 

G2 60-89 Mildly decreased 

G3a 45-59 Mildly to moderately decreased 

G3b 30-44 Moderately to severely decreased 

G4 15-29 Severely decreased 

G5 <15 Kidney failure 

1.1.1 Direct measurement of glomerular filtration rate 

Direct measurement of GFR provides the most accurate assessment of kidney function and is 

considered the gold standard. This involves the use of exogenous filtration markers such as 

inulin, iohexol, and iothalamate, which are freely filtered by the glomerulus and are neither 

secreted, reabsorbed, nor metabolized by the kidneys.6 While these methods are often 

employed in research settings and specific clinical situations requiring precise renal function 

assessment, they are not commonly used in routine clinical practice due to their complexity. 

Table 2 summarizes several direct GFR measurement methods. Among these, urinary clearance 

of inulin, first introduced in 1935, remains the gold standard for GFR measurement due to its 

high accuracy.7 However, this method requires a continuous intravenous infusion of inulin to 

maintain a steady-state concentration in the blood, along with collection of both blood and 
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urine samples over timed intervals to calculate the rate of filtration.7 Therefore, inulin clearance 

is labor-intensive and costly, making it impractical for routine clinical use and more suitable 

for research purposes.  

Table 2 Comparison of different direct GFR measurement methods. 

Marker Used Accuracy compared to 

inulin 

Pros Cons 

Inulin Gold standard Highly accurate; reflects true GFR Requires IV infusion and 

urine collection 

Iohexol r > 0.928,9 Simplified protocol with single bolus 

injection; no radiation 

Requires multiple blood 

samples 

Iothalamate (125I or 

non-radiolabeled) 

r = 0.98910 Non-radioactive option available; 

accurate 

Radiation exposure (for 125I 

version) 
51Cr-EDTA r > 0.99211 High accuracy; no urine collection 

required 

Radiation exposure; 

complex sampling 
99mTc-DTPA r = 0.98410 Provides functional imaging of 

kidneys; non-invasive 

Radiation exposure; 

requires gamma camera 

GFR, glomerular filtration; IV, intravenous; r, correlation coefficient; 51Cr-EDTA, chromium-51 ethylenediaminetetraacetic 
acid; 99mTc-DTPA, Technetium-99m diethylene triamine pentaacetic acid. 

Iohexol and iothalamate are radiopaque contrast agents also used for GFR measurement that 

offer practical alternatives to inulin due to their simpler protocols. Unlike inulin, respective use 

of these agents involves only a single bolus injection followed by plasma sampling, without 

the need for continuous infusion or urine collection. Both iohexol and iothalamate are filtered 

exclusively by the glomerulus and remain unmetabolized, providing reliable GFR estimates 

that strongly correlate with inulin clearance.10,12 These methods are particularly well-suited for 

routine clinical practice and research applications involving patients with CKD or those 

needing frequent monitoring of renal function, due to their simplicity and minimal invasiveness. 

Moreover, the lack of radiation exposure makes these agents suitable for repeated use, even in 

vulnerable populations such as children or pregnant women. 

Chromium-51 ethylenediaminetetraacetic acid (51Cr-EDTA) and technetium-99m diethylene 

triamine pentaacetic acid (99mTc-DTPA) are radiopharmaceuticals widely used for GFR 

measurement, especially in settings that demand both high accuracy and functional imaging 

capabilities.13 51Cr-EDTA clearance, which involves plasma sampling after a single injection, 

providing GFR estimates with accuracy similar to inulin.12 99mTc-DTPA, on the other hand, 

can be used for both plasma clearance and gamma camera imaging, which allows visualization 

of renal perfusion and differential function.14 While both 51Cr-EDTA and 99mTc-DTPA provide 
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accurate GFR measurements, their use is limited by radiation exposure, making them less 

suitable for frequent assessments compared to non-radioactive alternatives. 

1.1.2 Estimated glomerular filtration rate in clinical settings 

Estimated glomerular filtration rate (eGFR) is a calculated measure that provides an 

approximation of the GFR based on serum markers and patient-specific variables. It is widely 

used in clinical practice as a practical and accessible method to assess kidney function, 

especially when direct measurement of GFR is impractical. Unlike direct GFR measurement 

techniques, which require specialized equipment and invasive procedures, eGFR can be 

estimated using equations that incorporate routinely collected biomarkers, such as serum 

creatinine (Scr) or cystatin C (Table 3). 

The earliest widely used equation for estimating GFR is the Cockcroft-Gault formula, 

developed in 1976. This formula estimates creatinine clearance (CrCL) as a surrogate for GFR 

and takes into account Scr, age, total body weight (TBW), and sex, making it particularly useful 

for adjusting medication dosages in patients with chronically impaired renal function.15 

Although the Cockcroft-Gault formula has limitations—such as overestimating GFR in 

individuals with obesity or significant muscle mass—it remains a practical tool in clinical 

pharmacology, particularly for dosing renally cleared medications. 

The Modification of Diet in Renal Disease (MDRD) equation, introduced in 1999, improved 

upon the Cockcroft-Gault formula by incorporating additional patient variables and using a 

more standardized approach to Scr measurement.16 The MDRD equation was widely adopted 

for its greater accuracy in estimating GFR, particularly in patients with moderate to severe 

CKD. However, it tends to be less accurate at higher GFR levels.17 

To address the limitations of the MDRD equation, the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation was developed in 2009. The CKD-EPI equation is preferred 

for its improved accuracy across a wider range of GFR values, especially at higher levels of 

kidney function. It incorporates factors such as age, sex, race, and body size, making eGFR a 

more individualized measure suitable for a broader spectrum of patients.18 Studies have also 

shown that the CKD-EPI equation results in fewer instances of misclassification of CKD stages 

compared to the MDRD equation.19 This enhanced precision helps clinicians make more 

informed decisions regarding patient care and disease management. 
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Table 3 Commonly employed equations for eGFR based on serum creatinine concentration. 

Reference  Year Equation 

Cockcroft-Gault formula15 1976 CrCL =
(140 − 𝐴𝐴𝐴𝐴𝐴𝐴)  ×  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 

𝑆𝑆𝑆𝑆𝑆𝑆 × 72 × 0.85(𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)  

Modification of Diet in Renal Disease (MDRD)16 1999 GFR =  175 × 𝑆𝑆𝑆𝑆𝑆𝑆−1.154 × 𝐴𝐴𝐴𝐴𝐴𝐴−0.203 × 0.742(𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) × 1.212(𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 

Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)18 2009 Male, Scr >  0.9 mg/dL: GFR = 141 × (
𝑆𝑆𝑆𝑆𝑆𝑆
0.9)−1.209 × 0.993𝐴𝐴𝐴𝐴𝐴𝐴 × 1.159(𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 

Male, Scr ≤  0.9 mg/dL: GFR = 141 × (
𝑆𝑆𝑆𝑆𝑆𝑆
0.9)−0.411 × 0.993𝐴𝐴𝐴𝐴𝐴𝐴 × 1.159(𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 

Female, Scr >  0.7 mg/dL: GFR = 144 × (
𝑆𝑆𝑆𝑆𝑆𝑆
0.7)−1.209 × 0.993𝐴𝐴𝐴𝐴𝐴𝐴 × 1.159(𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 

Female, Scr ≤  0.7 mg/dL: GFR = 144 × (
𝑆𝑆𝑆𝑆𝑆𝑆
0.7)−0.411 × 0.993𝐴𝐴𝐴𝐴𝐴𝐴 × 1.159(𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 

Schwartz formular (revised)20 2009 Children aged from 1 to 18 years: GFR = 0.413 ×
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑡𝑡
𝑆𝑆𝑆𝑆𝑆𝑆   

Berlin Initiative Study21 2012 BSI1: GFR = 3736 × 𝑆𝑆𝑆𝑆𝑆𝑆−0.87 × 𝐴𝐴𝐴𝐴𝐴𝐴−0.95 × 0.82(𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 

BSI2: GFR = 7470 × 𝑆𝑆𝑆𝑆𝑆𝑆−0.72 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−0.61 × 𝐴𝐴𝐴𝐴𝐴𝐴−0.81 × 0.83(𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 

Full age spectrum (FAS)22 2016 Male, age from 2 to 40 ∶ GFR = 107.3/(
𝑆𝑆𝑆𝑆𝑆𝑆
0.9)  

Male, age > 40 ∶ GFR = 107.3/(
𝑆𝑆𝑆𝑆𝑆𝑆
0.9

) × 0.988(𝑎𝑎𝑎𝑎𝑎𝑎−40) 

Female, age from 2 to 40 ∶ GFR = 107.3/(
𝑆𝑆𝑆𝑆𝑆𝑆
0.7

) 

Female, age > 40 ∶ GFR = 107.3/(
𝑆𝑆𝑆𝑆𝑆𝑆
0.7) × 0.988(𝑎𝑎𝑎𝑎𝑎𝑎−40) 

CrCL, creatinine clearance; Scr, serum creatinine concentration; ScysC, cystatin C concentration. 
Unit: CrCL in mL/min; weight in kg; GFR in mL/min/1.73m2; Scr in mg/dL; age in years; weight in kg; height in cm.  
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The Berlin Initiative Study (BIS) equations, BIS1 and BIS2, were developed in 2012 to 

improve the accuracy of eGFR assessments in individuals aged 70 and older.21 Previous eGFR 

equations often overestimate GFR in the elderly due to age-related declines in muscle mass 

affecting Scr concentrations.21 The BIS1 equation addresses this by incorporating Scr, age, and 

sex, while the BIS2 equation further enhances accuracy by including both Scr and cystatin C, 

a biomarker less influenced by muscle mass. Studies have demonstrated that BIS equations 

provide more reliable GFR estimates in older adults compared to CKD-EPI,23 particularly in 

detecting moderate to severe CKD (GFR less than 60 mL/min/1.73 m2).24 However, these 

equations are population-specific, as they were derived from a cohort of elderly individuals 

and may not generalize well to younger adults or diverse ethnic groups.21 Additionally, while 

BIS2 improves accuracy by incorporating Cystatin C, it requires an additional biomarker that 

may not always be readily available in clinical settings due to the high cost of Cystatin C 

testing.25 Despite these limitations, BIS equations represent a valuable advancement in eGFR 

estimation for aging populations, assisting clinicians in optimizing medication dosing, 

assessing kidney function decline, and enhancing CKD management in older patients. 

The Full Age Spectrum (FAS) equation was introduced to provide a unified approach for GFR 

estimation across all age groups. The FAS equation is designed to deliver accurate GFR 

estimates for children, adults, and the elderly, thereby enhancing the applicability of eGFR 

across a wide range of patient demographics.22 By offering a single formula suitable for all 

ages, the FAS equation simplifies the estimation process and reduces variability that may arise 

from using different equations for different age groups. Additionally, the Schwartz formula 

remains specifically used for pediatric patients,20 and the CKD-EPI equation has been adapted 

for elderly populations to ensure accuracy in these demographics. 

The use of eGFR is critical for early detection of CKD, monitoring disease progression, and 

making informed decisions about medication dosing, particularly for drugs that are renally 

excreted. However, the accuracy of eGFR is affected by several limitations. Scr concentration, 

for instance, is influenced not only by renal function but also by factors such as circadian 

rhythms, food intake, muscle mass, and other disease processes.3,4,26,27 These non-renal factors 

contribute to variability, and changes in renal function may not be immediately reflected in Scr, 

particularly in acute or unstable conditions. All commonly used equations, such as Cockcroft-

Gault, MDRD, and CKD-EPI, are based on the steady-state assumption of creatinine 

production and elimination, making them less accurate for patients experiencing rapidly 

changing kidney function, such as those with acute kidney injury (AKI).28 These limitations 
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highlight the need for careful interpretation of eGFR values in clinical scenarios involving 

dynamic changes in renal function. 

1.1.3 Dose adjustment for renally excreted drugs based on estimated 

glomerular filtration or estimated creatinine clearance 

Renal excretion of unchanged drugs accounts for 25% to 30% of all drugs and involves three 

primary mechanisms: glomerular filtration, active tubular secretion, and passive tubular 

reabsorption.29 Of these, glomerular filtration is the only passive process, with the amount of 

drug filtered into the tubular lumen depending on the GFR, renal blood flow, and plasma 

protein binding, as only unbound drugs are filtered.30 Drugs with molecular weights below 50 

kDa can typically pass through the glomerular capillary walls into the filtrate, while larger 

molecules, such as most plasma proteins (e.g., albumin, ~66 kDa), are generally restricted.31  

Impaired kidney function leads to reduced GFR, which can result in decreased clearance of 

drugs that are renally excreted. This increases the risk of drug accumulation, leading to 

potential toxicity. Therefore, appropriate dose adjustments based on eGFR or eCrCL are crucial 

to maintain therapeutic effectiveness while minimizing toxicity. Dose adjustment for renally 

excreted drugs can be achieved by either reducing the dose or extending the dosing interval, 

depending on the pharmacokinetics (PK) of the drug and the level of renal impairment. The 

choice between using eGFR or eCrCL for dose adjustment often depends on the specific drug 

and clinical guidelines.  

Table 4 lists examples of drugs that require dose adjustment in patients with renal impairment. 

Gentamicin is an aminoglycoside antibiotic used to treat various bacterial infections and 

typically requires therapeutic drug monitoring (TDM) due to its narrow therapeutic level 

(plasma concentrations of 5–10 μg/mL) and the increased risk of nephrotoxicity when plasma 

concentrations exceed 12 μg/mL.32 Metformin is the first-line treatment for type 2 diabetes 

mellitus, but in patients with renal impairment, caution is required to prevent lactic acidosis, 

which can result from elevated drug concentrations.33 Digoxin is a cardiac glycoside used to 

manage heart failure and atrial fibrillation. Due to its narrow therapeutic index (plasma 

concentrations of 0.8–2.0 ng/mL) and the risk of toxicity,34 careful dose adjustment and 

monitoring of plasma concentrations are crucial to avoid serious adverse effects such as 

arrhythmias.35 Enoxaparin is a low molecular weight heparin used for anticoagulation in 

conditions such as deep vein thrombosis and pulmonary embolism. Dose adjustment for 

enoxaparin is necessary to prevent bleeding complications, as reduced renal clearance can lead
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Table 4 Examples of dose adjustment for patients with renal impairment. 

Drug Indication  Renal elimination fraction Method for dose adjustment Dosing recommendations for eCrCL/eGFR categories 

Gentamicin36 Antibiotic 95%37 eCrCL  eCrCL (mL/min) Dosing interval 

    >70 8 hourly (standard dose: 1 mg/kg) 

    3–70  12 hourly 

    10–29  24 hourly 

    5–9  48 hourly 

Metformin38 Type 2 diabetes 90–100%39 eCrCL or eGFR eCrCL or eGFR (mL/min/1.73m2) Predicted daily metformin dose range  

    90–120 1700–2250 mg 

    60–89  1250–1700 mg 

    45–59  1000–1250 mg 

    30–44  750–1000 mg 

    15–29  500–750 mg 

Digoxin40 Heart failure 70-85%41 eCrCL eCrCL (mL/min) Maintenance dose after loading dose  

    Adult  125–250 mg once daily 

    Elderly   62.5–125 mg, once daily 

    30–60  62.5–250 mg, once daily 

    10–30  62.5–125 mg, once daily 

    <10 62.5 once daily or on alternate days 

Enoxaparin42 Anticoagulant ~70%43 eCrCL eCrCL (mL/min) Recommended dose for every 12 hours 

    >50 1.0 mg/kg 

    40–49  0.6 mg/kg 

    30–39 0.5 mg/kg 

    20–29 0.4 mg/kg 

    10–19 0.3 mg/kg 

eCrCL, estimated creatinine clearance using Cockcroft-Gault equation; eGFR, estimated glomerular filtration rate.
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to increased drug concentrations.44 Vancomycin, a widely used antibiotic, requires dose 

adjustment to optimize therapy and minimize toxicity. The Infectious Diseases Society of 

America recommends an initial dose of 15–20 mg/kg every 8–12 hours for adults with normal 

renal function, but dosing should be individualized based on renal function, weight, and 

infection severity.45 Further discussion on vancomycin therapy is provided in 1.3. 

1.1.4 Acute kidney injury 

AKI refers to a sudden decline in kidney function over a short period, often occurring within 

days or even hours. Unlike CKD, which involves a gradual decline, AKI is characterized by 

rapid changes in renal function that can be triggered by factors such as cardiac surgery,46 sever 

trauma,47 sepsis,48 cardiovascular events,49 or drug-induced nephrotoxicity.50 

Studies have shown that AKI affects up to 30% of patients undergoing cardiac surgery, with 

an associated increase in morbidity and mortality rates.51 During cardiac surgery, 

hemodynamic instability, such as fluctuations in blood pressure, and reduced renal perfusion 

can lead to AKI. Factors such as cardiopulmonary bypass, systemic inflammation, and the use 

of vasopressors contribute to decreased renal blood flow and ischemic injury, thereby 

increasing the risk of AKI.52 These rapid fluctuations pose significant challenges in assessing 

and managing kidney health. In clinical practice, AKI is often detected using criteria such as 

the KDIGO classification (Table 5), which defines AKI and AKI stages based on increases in 

Scr or decreases in urine output.53 

Table 5 Definition of AKI and staging of AKI based on KDIGO guideline. 

AKI definition 

1 Increase in SCr by ≥0.3 mg/dl (≥26.5μmol/L) within 48 hours; or 

2 Increase in SCr to ≥1.5 times baseline, which is known or presumed to have occurred within the prior 7 days; or 

3 Urine volume <0.5 ml/kg/h for 6 hours. 

Staging of AKI 

Stage  Serum creatinine Urine output 

1 1.5–1.9 times baseline; or 

≥0.3 mg/dL (≥26.5 μmol/L) increase 

<0.5 mL/kg/h for 6-12 hours 

2 2.0-2.9 times baseline <0.5 mL/kg/h for ≥12 hours 

3 3.0 times baseline; or 

Increase in serum creatinine to ≥4.0 mg/dL (≥353.6 μmol/L); or 

Initiation of renal replacement therapy; or 

In patients <18 years, decrease in eGFR to <35 mL/min per 1.73 m2 

<0.3 mL/kg/h for ≥24 hours; or 

Anuria for ≥12 hours 

AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes. 
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Patients with AKI often experience rapid changes in Scr concentrations, which makes accurate 

assessment of kidney function challenging. Scr concentrations may not directly reflect real-

time alterations in GFR due to the lag in creatinine kinetics. This delayed response is 

particularly problematic in critically ill patients, where timely decisions regarding fluid 

management and drug dosing are crucial. 

The primary challenge in detecting AKI is the reliance on markers like Scr and eGFR, which 

assume a steady state of creatinine production and elimination. In cases of AKI, these markers 

can lead to inaccurate assessments, resulting in inappropriate clinical decisions. For example, 

underestimating GFR during a transient decline could lead to unnecessary dose reductions, 

while overestimating GFR during a recovery phase could increase the risk of drug toxicity. 

1.1.5 Estimated glomerular filtration and estimated creatinine clearance by 

pharmacokinetic modeling approach 

Physiologically-based pharmacokinetic (PBPK) modeling and compartmental nonlinear 

mixed-effects modeling provide alternative approaches to estimate GFR under challenging 

conditions where traditional estimation methods may be less reliable. PBPK modeling can 

account for dynamic factors such as transporter-mediated interactions and disease-related 

changes, offering a more comprehensive assessment of GFR in patient populations with 

complex renal function alterations. For instance, a PBPK model was successfully used to 

predict changes in Scr in CKD patients, particularly during drug interactions with transporter 

inhibitors like trimethoprim and cimetidine.54 

In critically ill patients, eGFR is further complicated by unstable renal function, making steady-

state assumptions unreliable. In such cases, measured CrCL has traditionally been used, but it 

is susceptible to inaccuracies due to challenges in proper urine collection. A compartmental 

nonlinear mixed-effects model has been developed to overcome these limitations by 

incorporating serum and urine data with arbitrary timings and explicitly accounting for residual 

errors.55 This dynamic model was shown to outperform traditional equations, such as 

Cockcroft-Gault and the MDRD, in assessing CrCL and describing drug elimination in 

critically ill patients.55 The model-based approach, combined with population 

pharmacokinetics, allows for a more flexible and accurate estimation of renal function during 

non-steady-state conditions, providing valuable information for appropriate dose adjustments 

of renally eliminated drugs. 
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The use of PBPK and mixed-effects modeling not only improves GFR estimation in 

populations with fluctuating renal function but also enables a better understanding of the impact 

of disease processes and drug interactions on creatinine dynamics. However, a limitation of 

both PBPK and mixed-effects modeling in these studies is the assumption that the volume of 

distribution (Vd) for creatinine is 60% of TBW, which is not well founded on experimental data 

in humans. This assumption may introduce errors in estimating other parameters, potentially 

affecting the accuracy of the models. The magnitude of creatinine Vd is important because it 

determines how fast changes in CrCL are reflected by changes in plasma concentrations. 

Despite these limitations, the modelling approach shows promise for improving precision in 

clinical care, particularly for patients with rapidly changing kidney function, such as those with 

CKD or critical illnesses. This field of modeling helps connect laboratory research with clinical 

practice, leading to better patient outcomes through personalized drug dosing and improved 

monitoring of kidney function. 

1.2 Tubular secretion 

Beyond glomerular filtration, tubular secretion also plays a crucial role in drug elimination by 

actively transporting substances from the peritubular capillaries into the renal tubular lumen. 

Unlike glomerular filtration, which is a passive process driven by blood pressure, tubular 

secretion is an energy-dependent process that selectively removes specific compounds from 

the bloodstream. 

In renal tubular cells, drug and metabolite transport often occurs through transporter chains 

spanning the basolateral and apical membranes.56 These chains typically involve two distinct 

transporters working in tandem to facilitate the movement of substances from the bloodstream 

into the tubular lumen.56 On the basolateral side, uptake transporters such as organic anion 

transporters (OAT1/OAT3) or organic cation transporter (OCT2) mediate the entry of 

substrates into tubular cells.56 Subsequently, on the apical side, efflux transporters like 

multidrug and toxin extrusion proteins (MATE1/MATE2-K) or multidrug resistance-

associated proteins (MRP2) actively expel these compounds into the urine, completing their 

renal excretion.56 This coordinated action ensures efficient clearance of endogenous waste 

products and xenobiotics, including uric acid,57 creatinine,58 and drugs such as penicillin.59 

Additionally, the interplay between these transporters significantly influences drug-drug 

interactions and the risk of nephrotoxicity.56 



Introduction 

11 

1.2.1 Tubular secretion in drug elimination 

Tubular secretion is essential for the elimination of many drugs, such as furosemide,60 

digoxin,61 and certain antibiotics. These drugs are secreted via this pathway, which 

significantly impacts their pharmacological and toxicological responses. In some cases, tubular 

secretion contributes more to overall renal clearance than glomerular filtration. For instance, 

the renal clearance of cimetidine has been observed to be three times higher than CrCL, 

indicating a major role of tubular secretion in its elimination.62 Similarly, tubular secretion is 

critical in tenofovir elimination, as renal clearance being 2- to 3- fold higher than CrCL.63 

Tubular secretion has important clinical implications, particularly in renal clearance and drug-

drug interactions. Certain drugs can affect renal transporters, altering the plasma concentrations 

of substrate drugs, potentially leading to reduced efficacy or increased toxicity.  For instance, 

probenecid, a known OAT1 and OAT3 inhibitor, can reduce the renal clearance of 

methotrexate by inhibiting its uptake into renal tubular cells,64 thereby elevating methotrexate 

plasma concentrations and increasing the risk of adverse effects, including nephrotoxicity and 

hepatotoxicity.65 On the other hand, probenecid has also been used therapeutically to prolong 

the half-life of penicillin by inhibiting its tubular secretion, thereby increasing penicillin 

concentrations.66 

1.2.2 Assessment of tubular secretion 

Renal function is typically assessed using GFR and urinary albumin excretion, while tubular 

secretion often remains unquantified. However, tubular secretion does not always perfectly 

correlate with GFR and has been found to be highly variable among CKD patients.67 

Additionally, independent of GFR and albuminuria, reduced tubular secretion has been 

associated with a higher risk of adverse effects in patients with hypertension and cardiovascular 

disease.68 Therefore, assessing tubular secretion may offer new insights into kidney function 

and aid in optimizing treatment strategies. 

One commonly used method for assessing tubular secretion is to measure the clearance of 

endogenous compounds known to be secreted by the renal tubules. An ideal endogenous 

marker for secretion should be excreted into the urine intact, without undergoing metabolic 

degradation within the body, and should be quantifiable with ease, accuracy, and cost-

efficiency.69 
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Table 6 Studied markers for assessment of tubular secretion. 

Compound  PPB ratio (%) Ratio of CLr to eGFR/eCrCL Responsible transporters 

Endogenous     

Hippurate70-72 ~40 10.3 OAT1 and OAT3 

Pyridoxic acid70,71,73 87 10.1 OAT1 and OAT3 

Dimethyluric acid70,71 ~70 10.0 OAT1 

Trimethyluric acid70,71 80 3.9, 5.8 OAT1 

Isovalerylglycine70,71 4 5.0 OAT1 and OAT3 

Kynurenic acid70,71,74 96 2.04 OAT1 and OAT3 

N1-methylnicotinamide75,76 0 1.5-3 OCT2 and MATE 

Creatinine77-79 ~4 1.1-1.4 OCT2 and MATE 

Exogenous     

Adefovir80,81 <10% 2.3 OAT1  

Ciprofloxacin82-84 0.2-0.3 1.1-3.1 OAT3 

Metformin39,85,86 0 4.3 OCT2 and MATE 

PPB, plasma protein binding; CLr, renal clearance; eGFR, estimated glomerular filtration; eCrCL, estimated creatinine 
clearance; OAT, organic anion transporter; OCT, organic cation transporter; MATE, multidrug and toxin extrusion. 

Table 6 lists previously studied markers for assessment of tubular secretion. Among these, 

endogenous compounds such as pyridoxic acid, dimethyluric acid, trimethyluric acid, and 

kynurenic acid exhibited high secretory clearance, attributed to their elevated plasma protein 

binding ratios, which effectively limit glomerular filtration.58 In contrast, other endogenous 

compounds exhibited renal clearance rates substantially exceeding the GFR, providing 

evidence of active renal tubular secretion. Another method is to use specific drugs as probes, 

such as adefovir, ciprofloxacin, or metformin, which are eliminated largely through tubular 

secretion.81,84,86 More examples of drugs used to assess transporter activity can be found in the 

FDA guidelines.87 By monitoring the renal clearance of these probe drugs in the presence and 

absence of transporter inhibitors, such as probenecid or cimetidine, it is possible to evaluate 

the extent of tubular secretion.88,89    

1.3 Vancomycin 

Vancomycin is a glycopeptide antibiotic (structure displayed in Figure 1) widely used to treat 

severe infections caused by Gram-positive bacteria such as Staphylococcus aureus (MRSA).90 

Due to its potent antibacterial activity, vancomycin has been used as a drug last resort in critical 

care settings where other options have failed.91 Given its wide use, vancomycin has become an 

essential tool in combating healthcare-associated infections, despite the challenges associated 

with its pharmacokinetics and toxicity.92 
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Figure 1 Chemical structure of vancomycin. 

1.3.1 Clinical applications and adverse effects 

Vancomycin is used to treat a variety of infections caused by Gram-positive bacteria, including 

endocarditis, pneumonia, osteomyelitis, and bloodstream infections.93 The oral form of 

vancomycin is specifically utilized for Clostridium difficile infections in the gastrointestinal 

tract, as its poor systemic absorption allows it to achieve high local concentrations in the gut.94 

Vancomycin is also used as part of empirical therapy for febrile neutropenia and as prophylaxis 

in surgical settings for patients with prosthetic implants or known MRSA colonization.95,96 

In addition to its therapeutic effects, vancomycin requires careful monitoring due to its narrow 

therapeutic index and the associated risks of nephrotoxicity and ototoxicity. A retrospective 

cohort study involving 5,000 patients demonstrated that vancomycin, when used to treat MRSA 

infections, had an 80% clinical success rate but was associated with a 15% incidence of 

nephrotoxicity, underscoring the need for careful dosing and monitoring.97 Another 

randomized controlled trial comparing the treatment of MRSA pneumonia with linezolid and 

vancomycin reported a higher incidence of nephrotoxicity with vancomycin (18.2% vs. 

8.4%).98 Ototoxicity, though less common, can lead to irreversible hearing loss, particularly 

with prolonged therapy or in patients receiving concomitant ototoxic drugs. A study found that 

ototoxicity, including symptoms such as tinnitus and hearing loss, occurred in 12% of patients 

treated with high doses of vancomycin, particularly when used in combination with other 

ototoxic agents.99 The risk was notably higher in patients receiving vancomycin monotherapy. 
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1.3.2 Pharmacokinetics and dosing challenges 

Vancomycin pharmacokinetics and dosing present significant challenges due to the narrow 

therapeutic index and significant inter-individual variability (IIV) among patients.92 

Vancomycin is usually administered intravenously for systemic infections because its oral 

absorption is negligible, with bioavailability close to 0.100 After administration, the drug 

distributes well into body fluids and tissues but is primarily confined to the extracellular fluid 

as the Vd is typically reported as 0.4–1.0 L/kg.101 Vancomycin has a low plasma protein binding 

ratio of approximately 30% and is primarily eliminated via glomerular filtration, with about 

80–90% excreted unchanged in the urine in individuals with normal renal function.101 The 

elimination half-life of vancomycin is typically 3–9 hours in patients with normal renal 

function and can be significantly prolonged up to 7.5 days in patients with impaired renal 

function.100,102 Therefore, vancomycin dosing requires a cautious and individualized approach 

in patients with renal impairment. Dosing adjustments should be based on eCrCL or eGFR, 

and TDM is critical to ensure trough concentrations (Ctrough) or the daily area under the curve 

(AUC24) remain within the target therapeutic range while minimizing the risk of adverse effects. 

A previous pharmacokinetic/pharmacodynamic (PK/PD) target tentatively suggested for 

vancomycin TDM was a plasma Ctrough of 15–20 mg/L for adult patients; however, data 

supporting this target are very limited.103 Recent evidence indicates that a more reliable PK/PD 

target in plasma is an AUC24 to minimum inhibitory concentration (AUC24:MIC) ratio of ≥400, 

considering both efficacy and safety,104 as the risk of AKI with AUC-guided monitoring is 

significantly lower than with Ctrough-guided monitoring.105 Furthermore, studies evaluating the 

relationship between AUC24 and AKI suggest that maintaining an AUC24 in plasma between 

400–600 mg·h/L optimizes efficacy while minimizing toxicity.104  

Despite its effectiveness, vancomycin therapy faces dosing challenges due to IIV in 

pharmacokinetics, influenced by factors such as age, body weight, renal function, illness, and 

associated comorbidities.106 In critically ill patients, augmented renal clearance can lead to 

subtherapeutic vancomycin concentrations, necessitating higher doses to achieve target 

concentrations.107 The increasing prevalence of obesity further complicates vancomycin dosing 

due to altered drug distribution and clearance, often requiring weight-based dosing 

adjustments.108 In pediatric and neonatal populations, immature renal function and rapid 

physiological changes require careful consideration in vancomycin dose adjustments to avoid 

toxicity or suboptimal efficacy.109,110 
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The implementation of TDM improves therapeutic precision but is not without limitations, 

including logistical challenges in sampling and delays in laboratory reporting.111 The 

integration of population pharmacokinetic (popPK) models and Bayesian dosing tools has 

emerged as a promising approach to address these issues. However, popPK models developed 

using data from limited or specific patient groups may not accurately predict drug behavior in 

other populations, reducing their applicability to individual patients with different 

characteristics. Therefore, addressing these challenges is critical for achieving optimal clinical 

outcomes while minimizing the risks associated with vancomycin use.  

1.3.3 Previous population pharmacokinetic models of vancomycin 

Vancomycin exhibits significant inter-individual pharmacokinetic variability, necessitating 

individualized dosing strategies to achieve optimal therapeutic outcomes.92 To better achieve 

this, popPK models have been extensively developed across diverse populations, including 

adults,112 pediatric patients,113 neonates,114 elder patients, obese patients,115 critically ill 

patients,116 and those with renal impairment.117 

Across studies, one- and two-compartment models with first-order elimination are commonly 

used in vancomycin popPK models.118 Given its predominant renal elimination, vancomycin 

clearance is strongly correlated with CrCL or eGFR, making these key covariates in most 

popPK models.112-117 In pediatric and neonatal populations, additional covariates such as 

postmenstrual age and Scr are used to account for renal maturation.113 While traditional models 

rely on Scr-based renal function estimates, recent studies have explored alternative markers 

like cystatin C to enhance clearance predictions.119 These models help quantify IIV and refine 

dosing regimens to achieve therapeutic targets while minimizing toxicity. 

Advancements in popPK modeling have increasingly incorporated Monte Carlo simulations to 

evaluate the probability of achieving AUC-based therapeutic targets (AUC/MIC ≥ 400 for 

efficacy and ≤ 600 to avoid toxicity).119 Furthermore, popPK models are now being integrated 

into clinical decision support tools and Bayesian forecasting software, supporting model-

informed precision dosing approaches in real-world practice.120,121 These developments 

highlight the growing role of vancomycin popPK models in optimizing individualized therapy 

across diverse patient populations. 

1.3.4 Applications in patients with external ventricular drain 

Vancomycin is a standard therapy for central nervous system (CNS) infections, such as 

ventriculitis and meningitis.122 External ventricular drains (EVDs) are commonly used to 
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manage elevated intracranial pressure or drain cerebrospinal fluid (CSF) in conditions like 

hydrocephalus or traumatic brain injury. However, due to their invasive nature, EVDs 

significantly increase the risk of CNS infections.123 To prevent or treat these infections, 

vancomycin is frequently administered in patients with EVDs. 

In addition to the challenges of individualizing vancomycin therapy due to variable renal 

function, its use in treating CNS infections is further complicated by its inconsistent penetration 

into the CSF, with CSF-to-serum ratio of vancomycin varied from 0.00 to 0.81 in 13 identified 

studies.124 This variability is primarily attributed to vancomycin's hydrophilic nature and large 

molecular size, which hinder its ability to traverse the blood-brain barrier (BBB).125 

Consequently, vancomycin CSF concentrations are highly variable and unpredictable, largely 

depending on the integrity of the BBB.125 Vancomycin CSF concentrations are highly variable 

and unpredictable in most cases because the extent of vancomycin penetration depends much 

on the integrity of the BBB.124,126,127 The BBB damage caused by the inflamed meninges has 

also been proven to enhance the penetration of vancomycin into the CSF. So far, only a few 

studies investigated the pharmacokinetics of vancomycin in CSF, reporting several validated 

popPK models, in which CSF albumin or lactate concentrations were related to the distribution 

of vancomycin into the CSF, thus helping to predict CSF concentration after intravenous 

administration.128-130 Available data in individual studies is sparse, validation of developed 

predictors is limited, and there is still insufficient knowledge on vancomycin CSF penetration 

and the respective covariates in neurological/neurosurgical patients.
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2 Aim and objectives 

2.1 Refinement and application of creatinine population pharmacokinetic model 

The aim of this study is to develop and refine a popPK model for creatinine to enhance the 

understanding of its kinetics and its utility in assessing renal function and transporter activity. 

The specific objectives are: 

a) To estimate the PK parameters of creatinine using a popPK approach based on published 

data; 

b) To refine the existing creatinine model and reduce bias in PK parameter estimation using 

new data from dense plasma and urine sampling in healthy volunteers; 

c) To improve the characterization of creatinine kinetics through a joint model with iohexol, 

enabling more reliable assessments of renal function and/or OCT/MATE transporter 

activity; 

d) To investigate the influence of creatinine Vd on the prediction of GFR following AKI; 

e) To evaluate a limited sampling strategy for simultaneous assessment of GFR and 

OCT/MATE transporter activity. 

2.2 Vancomycin pharmacokinetics investigation in patients with external 

ventricular drains 

As a renally excreted drug, vancomycin pharmacokinetics are highly dependent on renal 

function, making an accurate assessment of kidney function essential for optimizing its dosing. 

This section aims to investigate vancomycin pharmacokinetics in patients with EVDs using 

popPK approach. The specific objectives are: 

a) To describe the systemic pharmacokinetics of vancomycin including the influence of renal 

function in patients with EDV; 

b) To describe the link between systemic and CSF pharmacokinetics of vancomycin in 

patients with EDV; 

c) To identify predictors of vancomycin penetration into CSF; 

d) To assess the feasibility of collecting CSF samples from the distal port of EVDs for TDM 

using a newly developed popPK model; 

e) To evaluate the benefits of different infusion modes and dosages through model-based 

simulations. 
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3 Methods  

3.1 Retrospective analysis on published creatinine pharmacokinetic data in 

healthy participants following ingestion of meat 

The PK data for creatinine were captured from the publication by Mayersohn et al.131 Both 

plasma and urine data during 24 hours following a breakfast containing 225 g boiled beef or 

no beef ingestion in 6 healthy male subjects were obtained to establish the model. A creatinine 

popPK model was developed, incorporating a zero-order creatinine generation rate (CGR) and 

first-order clearance (CL). The individual creatinine "dose" for each subject was estimated 

using a predefined arbitrary population dose, with post-hoc estimates of apparent 

bioavailability (F1) serving as an individual correction factor for this dose. A schematic 

diagram of the creatinine model is shown in Figure 2. 

 
Figure 2 Schematic diagram of the creatinine model.  

The structural model for creatinine was parameterized in terms of absorption rate constant (Ka), clearance (CL), volume of 
distribution (Vd), and creatinine generation rate (CGR). Creatinine from boiled beef entered the depot compartment (A1) and 

was absorbed into the central compartment (A2). Meanwhile, endogenously produced creatinine entered the central 
compartment directly at a zero-order CGR. Finally, creatinine was eliminated into the urine compartment (A3) through first-

order elimination. 

For further details, please refer to the publication below. 

Chen Z, Chen C, Taubert M, Mayersohn M, Fuhr U. A population pharmacokinetic model for 

creatinine with and without ingestion of a cooked meat meal. Eur J Clin Pharmacol. 2022. 

78:1945-1947. https://doi.org/10.1007/s00228-022-03398-9  

3.2 A new clinical study in healthy volunteers following iohexol administration 

and meat ingestion with simultaneous population pharmacokinetic modelling 

on iohexol and creatinine data 

A crossover clinical study was designed, with participants receiving either iohexol 

intravenously without breakfast (non-meat period) or 250 g cooked beef as a breakfast 25 

minutes after intravenous administration of iohexol (meat period). A dense time-sampling 

strategy was implemented for both plasma and urine samples following iohexol administration. 

A new liquid chromatography with tandem mass spectrometry (LC-MS/MS) method was 

developed, validated, and applied for measurement of creatinine concentrations in plasma and 

A1
Depot

A2
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A3
Urine

F1×DOSE CGR

Ka CL
Lag time

Creatinine model

Vd

https://doi.org/10.1007/s00228-022-03398-9
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urine. A joint pharmacometric model for iohexol and creatinine was developed using dense 

plasma and urine sampling. A schematic diagram of the creatinine model is shown in Figure 3. 

 
Figure 3 Schematic diagram of the joint model of iohexol and creatinine.  

Iohexol was modelled using a three-compartment linear elimination model, and creatinine with a one-compartment model. A 
first-order process with lag time and a zero-order process described creatinine uptake from meat and endogenous production, 

respectively. In this joint model, iohexol clearance represented GFR and creatinine clearance represented the sum of 
glomerular filtration and net creatinine tubular secretion. 

The popPK modeling was conducted using a nonlinear mixed-effects approach with 

NONMEM version 7.4.0 (ICON Development Solutions, USA), Perl-speaks-NONMEM (PsN) 

version 5.3.0 (Uppsala University, Sweden), using the first-order conditional estimation with 

interaction method throughout model development. The following assumptions were made for 

all participants: 1) no changes in typical value of iohexol clearance (IoCL), CrCL, and CGR 

throughout the study; 2) iohexol and creatinine are solely eliminated via the kidneys; and 3) 

the circadian rhythms of IoCL and CrCL follow a consistent sine function pattern within a day.3 

Simulations were used to evaluate the effect of different creatinine Vd values on CrCL 

estimation after AKI and to assess the impact of limited sampling strategies on GFR and nCTS 

(net creatinine tubular secretion) estimation. 

A detailed description of the bioanalysis method is provided in Section 3.2.1. For additional 

details on this study, please refer to the publication below. 

Chen Z, Dong Q, Dokos C, Boland J, Fuhr U, Taubert M. A joint pharmacometric model of 

iohexol and creatinine administered through a meat meal to assess GFR and renal 

OCT2/MATE activity. Clin Pharmacol Ther. 2025. Epub ahead of print. 

https://doi.org/10.1002/cpt.3612  
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3.2.1 Determination of plasma and urine concentrations by liquid chromatography with 

tandem mass spectrometry 

3.2.1.1 Chemicals and reagents 

Creatinine (C4H7N3O) and creatinine-d3 (C4H4D3N3O) were bought from Cayman Chemical 

Company. (Ann Arbor, Michigan). HPLC-grade acetonitrile, methanol, and ammonium acetate 

were prepared from Merck (Darmstadt, Germany). Utilizing Milli-Q gradient purification 

system, water was purified and deionized (Millipore, Molsheim, France). 

3.2.1.2 Preparation of calibration standards and quality control samples 

Two stock solutions, each containing 8 mg/mL of creatinine in acetonitrile:water (1:1, v/v), 

were prepared independently and subsequently diluted with acetonitrile:water (1:1, v/v) to 

produce working solutions. Calibration working solutions for plasma/urine, with the following 

concentrations – 40.0/200, 80.0/400, 160/800, 240/2000, 320/4000, 480/8000, 640/16000, and 

800/20000 µg/mL – were prepared by further dilution of the first stock solutions. Quality 

control (QC) working solutions were prepared by diluting the second stock solution at 

concentrations of 120/600 (lower quality control, LQC), 300/3000 (middle quality control, 

LQC), and 600/15000 (higher quality control, HQC) µg/mL for plasma/urine QC standards. 

Following this, all working solutions of 10 µL were added to a blank human plasma (more than 

95%) of 190 µL to obtain the calibration standards and QC samples of creatinine. Creatinine-

d3 was used as the internal standard (IS). The IS solution, at a concentration of 10.0 µg/mL, 

was prepared by diluting the stock solution with acetonitrile:water (1:1, v/v) at concentration. 

All stock and working solutions and samples required for analysis were stored at -20°C. 

3.2.1.3 Sample pretreatment  

Human plasma (50.0 µL) or urine (10.0 µL) samples were dispensed into separate 96-well 

plates, followed by the addition of creatinine-d3 (IS) working solution (10.0 µg/mL) in volumes 

of 50.0 µL for plasma and 10.0 µL for urine. The samples were deproteinized using 200 µL of 

acetonitrile, vortexed for 30 seconds, and centrifuged at 4000 rpm for 15 minutes at room 

temperature. 

For plasma samples, a 100-µL aliquot of the resulting supernatant was transferred to a new 96-

well plate and mixed with 100 µL of acetonitrile. For urine samples, a 20.0-µL aliquot of the 

supernatant was transferred and mixed with 200 µL of acetonitrile. All prepared samples were 

analyzed using LC-MS/MS. 
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3.2.1.4 Quantification of creatinine via liquid chromatography with tandem 

mass spectrometry 

Quantitative analysis was performed using an Agilent 1200 liquid chromatography system, 

which includes a binary pump and a 1260 autosampler (Agilent Technologies Deutschland 

GmbH, Waldbronn, Germany), coupled with an API 5000 triple quadrupole mass spectrometer 

equipped with an electrospray ionization source (AB Sciex Germany GmbH, Darmstadt, 

Germany). The data were analyzed using Analyst (version 1.6.2) software. 

Creatinine was separated on a ZIC-HILIC HPLC Column (5 μm, 2.1×100 mm, Merck, 

Germany) at a column temperature of 40°C using mobile phases of water containing 0.1% 

formic acid (A) and acetonitrile containing 0.1% formic acid (B). The gradient elution mode 

was set as follow: 0–0.3 min, 15%A; 0.3–1.0 min, 15–70%A; 1.0–2.5 min, 70%A; 2.5–2.51 

min, 70%–15%A; 2.51–4.00 min, 15%A, with a flow rate of 0.6 mL/min. The settings for 

IonSpray voltage and temperature were 4500 V and 400°C, respectively. The ion-pair 

transitions of 114.0→86.0 and 117.0→89.0 were used to monitor creatinine and creatinine-d3 

(IS), respectively. 

3.2.1.5 Method validation 

3.2.1.5.1 Matrix effect in plasma and assessment of surrogate matrix 

for urine 

To evaluate the matrix effect of creatinine in plasma, creatinine and IS solutions were spiked 

into post-extracted plasma. Their peak areas, after baseline subtraction, were compared with 

those of pure solutions at equivalent concentrations.132 The matrix effect was evaluated using 

the IS normalized matrix factor (IMF), calculated as follows: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑅𝑅𝑅𝑅𝑅𝑅) =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑅𝑅𝑅𝑅𝑅𝑅(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑄𝑄𝑄𝑄 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑅𝑅𝑅𝑅𝑅𝑅 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

𝑅𝑅𝑅𝑅𝑅𝑅 (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)
 

The appropriateness of using deionized water as a surrogate matrix for urine was investigated 

by assessing the creatinine-to-IS ratio in mixtures (v/v, 1:1) of pure creatinine and IS with six 

urine sample aliquots. A percentage difference within ±20% between this ratio in the mixed 

samples and the theoretical value is deemed acceptable as a potential matrix.133 
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3.2.1.5.2 Linearity 

Calibration curves covering concentrations ranging from 2.00 to 40.0 μg/mL (plasma) and 10.0 

to 1000 μg/mL (urine) were constructed by analyzing spiked calibration samples over three 

consecutive batches. Each calibration curve was individually evaluated using weighted (1/x) 

linear regression, where x represented the nominal analyte concentration. The value of r2 (a 

measure of the goodness of fit) was considered to be more than 0.9900. 

3.2.1.5.3 Accuracy and precision 

Accuracy is defined as the degree of closeness between a measured value and the actual 

concentration of the analyte and was assessed as the relative error (RE) at four different 

concentrations. Precision refers to the closeness of repeated measurements of the same analyte 

and is estimated using the coefficient of variation (CV).  

Intra-batch precision and accuracy were evaluated by analyzing the lowest limit of 

quantification (LLOQ), LQC, MQC, and HQC samples (2.00, 6.00, 15.0, and 30.0 μg/mL in 

plasma samples; 10.0, 30.0, 150, and 750 μg/mL in urine samples), with six determinations per 

concentration. The analytical run was repeated over three separate batches to assess inter-batch 

precision and accuracy. Accuracy (%) and precision (CV, %) were calculated using the 

following formulas: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑅𝑅𝑅𝑅, %)  = (
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 –  1)  ×  100 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝐶𝐶𝐶𝐶, %)  =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑆𝑆𝑆𝑆)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 ×  100 

The accuracy was classified as good when RE fell within ±20% and ±15% for the theoretical 

values of LLOQ and remaining concentration levels, respectively. Both intra- and inter-batch 

precision fell within the predefined limits if CV was <20% and <15% for the LLOQ and 

remaining concentration levels, respectively. 

3.2.1.5.4 Recovery 

Recovery refers to the efficiency with which an analytical method extracts and measures an 

analyte from a biological matrix (such as plasma or urine), compared to the analyte's true 

concentration. It should be consistent and reproducible across different concentration levels of 

the analyte. The recovery of creatinine is assessed using LQC, MQC, and HQC samples and 

matrix samples extract spiked with target analyte and IS at the same concentrations. Every QC 
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and post-extraction spiked sample is analyzed six times. The recovery is calculated using the 

following equation:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) =
𝑅𝑅𝑅𝑅𝑅𝑅 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑄𝑄𝑄𝑄 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑅𝑅𝑅𝑅𝑅𝑅 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

𝑅𝑅𝑅𝑅𝑅𝑅 (𝑄𝑄𝑄𝑄 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑅𝑅𝑅𝑅𝑅𝑅 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) × 100 

3.2.1.5.5 Stability  

The stability of creatinine in human plasma and urine was assessed by analyzing six QC 

samples at two different concentration levels (LQC and HQC), exposed to various time and 

temperature conditions. The results were compared with those of freshly prepared stock 

solutions and QC samples. The storage conditions included short-term stability (room 

temperature for 6 hours), auto-sampler stability (4°C for 27 hours), three freeze-thaw cycles 

(from -20°C to room temperature), and long-term storage at -20°C. Creatinine was considered 

stable if the measured concentrations at LQC and HQC levels were within ±15% of the 

theoretical values. 

3.3 Retrospective analysis on creatinine data in patients following cardiac 

surgery using established creatinine model 

3.3.1 Study design and data organization 

Creatinine serum concentration-time profiles in patients after cardiac surgeries, along with 

demographic information, were obtained from two clinical trials, separately. The first clinical 

study (KCH) was designed to investigate the impact of short-term diet restriction (DR) on the 

prevention of AKI in at-risk patients undergoing cardiac surgery.134 The second clinical study 

(KMN) aimed to investigate the ability of dietary restriction to prevent contrast-induced AKI 

in patients undergoing percutaneous coronary angiography.135 For both studies, creatinine 

serum concentrations before surgery and at 24 and 48 hours after surgery, the time of 

concentration measurement, surgery start and end times, diet group (1 for the DR group and 2 

for the control group), calorie intake before surgery, CKD stages, iohexol dose, AKI risk 

factors (frisk), and demographic information were extracted from the raw data. Surgery duration, 

TBW, body mass index (BMI), and lean body mass were subsequently calculated for further 

evaluation using reported equations. Patients without documented concentration measurement 

times and/or surgery start and end times were excluded from the study (4 from KCH and 6 

from KMN). It was assumed that AKI occurred with an immediate change in CrCL at the start 

of surgery and persisted throughout the observation period for all patients. The schematic 

diagram is shown in Figure 4. 
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Figure 4 Schematic diagram of the study protocol and occurrence of acute kidney injury. 

3.3.2 Creatinine model 

Model execution and diagnostic procedures were performed using PsN version 5.3.0 (Uppsala 

University, Sweden). The first-order conditional estimation with interaction method was used 

throughout model development. A statistical criterion based on a difference of >3.84 in the 

objective function value (OFV) between two nested models (p < 0.05) that differed by one 

parameter was employed for model selection.  

The structural model was developed based on creatinine plasma and urine data in healthy 

volunteers (see section 3.2). A one-compartment model with first-order elimination kinetics 

was applied in this model. The IIV for PK parameters was modeled exponentially as following 

equation: 𝜃𝜃𝑖𝑖 = 𝜃𝜃 × 𝑒𝑒𝜂𝜂𝑖𝑖 , where 𝜃𝜃𝑖𝑖  represents the value of the individual parameter, 𝜃𝜃 

represents the population point estimate of the parameter, and 𝜂𝜂𝑖𝑖  represents a normally 

distributed random variable with a mean of 0 and variance of ω2. A proportional residual error 

model was used for creatinine concentrations. The relative change in creatinine clearance 

following surgery (rCrCL%) (indicating AKI degree) for each patient was assessed using an 

established creatinine model. 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟% = (
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

− 1) × 100% 

For the purpose of the present evaluation, parameters including CrCL, IIV of CrCL, rCrCL%, 

IIV of rCrCL%, and residual error for creatinine concentration were estimated, while the Vd 

and CGR along with the IIV of CGR were fixed at estimated values from healthy volunteers. 

Covariate analysis was performed on the structural model using forward addition method. In 

this procedure, variables are incorporated to the model one at a time, starting with the variable 

that has the strongest correlation with the dependent variable until no more variables meet the 

criteria for inclusion. A significance level of 0.05 (ΔOFV ≤ -3.84) was employed in this 

procedure. For covariate relationships, continuous covariates were modeled with mean-

centered exponential models and categorical covariates were modeled with conditional effects. 

24 h 24 h

Creatinine test Creatinine test Creatinine test

Cardiac surgery
Mean duration: 3.22 h

Assume that AKI occurred immediately after the surgery began.
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Following this, potential relationships between the rCrCL% and the collected information were 

illustrated through correlation plots. Subgroup analysis was conducted for sex, BMI, and CKD 

stage in KCH study, and sex, BMI, iohexol dose, and AKI risk factor in KMN study. 

3.4 Plasma and cerebrospinal fluid population pharmacokinetics of vancomycin 

in patients with external ventricular drain 

This study was conducted in patients with EVDs who received vancomycin treatment. Blood 

and CSF samples were collected from the proximal or distal port of the EVDs to measure 

vancomycin concentrations and clinical parameters.136 Patients were classified based on 

whether the primary infection was a CNS infection or not. 

The popPK model was developed and diagnosed based on vancomycin plasma and CSF 

concentrations using NONMEM and PsN. Model development employed the first-order 

conditional estimation with interaction method, using a decrease of >3.84 in the OFV between 

two nested models (p < 0.05) as the statistical criterion for parameter inclusion. Covariates 

were assessed through stepwise forward inclusion (p < 0.05) using the PsN tool. 

Model-based simulations were conducted to evaluate different dosing regimens in virtual 

patients with primary CNS infection. Three infusion strategies—intermittent infusion, 

continuous infusion with a loading dose, and continuous infusion without a loading dose—

were compared based on the daily area under the plasma concentration-time curve and the CSF 

trough concentration, both of which are commonly used PK/PD targets for vancomycin 

therapy.104,137 

For further details on this study, please refer to the publication below. 

Chen Z, Taubert M, Chen C, Dokos C, Fuhr U, Weig T, Zoller M, Heck S, Dimitriadis K, 

Terpolilli N, Kinast C, Scharf C, Lier C, Dorn C, Liebchen U. Plasma and cerebrospinal fluid 

population pharmacokinetics of vancomycin in patients with external ventricular drain. 

Antimicrob Agents Chemother. 2023. 67:e0024123. https://doi.org/10.1128/aac.00241-23 

https://doi.org/10.1128/aac.00241-23
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4 Results 

4.1 Retrospective analysis on published creatinine pharmacokinetic data in 

healthy participants following ingestion of meat 

The popPK model was developed using a dataset comprising 133 serial plasma values and 11 

urine values. A one-compartment PK model with linear elimination, first-order absorption, and 

zero-order creatinine generation provided a good fit for the creatinine PK data. Diagnostic plots 

demonstrated an overall good fit of the final model to the data, and bootstrap results confirmed 

its stability. Finally, the PK parameters estimated from the creatinine model included apparent 

absorption rate (Ka, 1.76 1/h), CL (7.59 L/h), Vd (53.9 L), F1 (157%), CGR (67.9 mg/h), and 

lag time (0.344 h). The estimated Vd of creatinine was 53.9 L, corresponding to 73.8% of TBW, 

which is close to but higher than the fraction of total body water. 

For comprehensive results of this study, please refer to the publication below. 

Chen Z, Chen C, Taubert M, Mayersohn M, Fuhr U. A population pharmacokinetic model for 

creatinine with and without ingestion of a cooked meat meal. Eur J Clin Pharmacol. 2022. 

78:1945-1947. https://doi.org/10.1007/s00228-022-03398-9  

4.2 A new clinical study in healthy volunteers following iohexol administration 

and meat ingestion with simultaneous population pharmacokinetic modelling 

on iohexol and creatinine data 

Fourteen participants, mean age 33 years (range: 23–48), were enrolled, including 2 in the pilot 

and 12 in the main study. The dataset includes 771 iohexol and 826 creatinine plasma 

concentrations, and 439 measurements for both iohexol and creatinine in urine. A joint model 

for iohexol and creatinine was developed to accurately describe plasma and urine 

concentrations, incorporating CrCL as the sum of GFR (equivalent to IoCL) and nCTS, while 

accounting for TBW effects and circadian variation. Pharmacokinetic parameters for iohexol 

and creatinine aligned with reported values, but a lower Vd of 41% of TBW and a nCTS fraction 

of 31% relative to overall CrCL were observed. Additionally, sex was identified as a 

statistically significant covariate on nCTS. Commonly used equations based on single-point 

creatinine measurement all overestimated GFR, with the MDRD equation performing best, 

followed by CKD-EPI 2009 equation. Simulations demonstrate the effect of Vd estimate 

accuracy on detecting AKI from creatinine plasma concentrations only. Following low-dose 

iohexol administration of 259 mg, a single plasma sample at 5 hours and a urine sample from 

https://doi.org/10.1007/s00228-022-03398-9


Results 

27 

0–5 hours provided accurate estimates of both GFR and nCTS using the joint model and even 

enabled adequate correction for possibly incomplete urine collection. 

A detailed description of the LC-MS/MS method validation results is provided in Section 4.2.1. 

For comprehensive results of this study, please refer to the publication below. 

Chen Z, Dong Q, Dokos C, Boland J, Fuhr U, Taubert M. A joint pharmacometric model of 

iohexol and creatinine administered through a meat meal to assess GFR and renal 

OCT2/MATE activity. Clin Pharmacol Ther. 2025. Epub ahead of print. 

https://doi.org/10.1002/cpt.3612  

4.2.1 Validation of the quantification method for determining plasma and 

urine concentrations 

4.2.1.1 Matrix effect in plasma and assessment of surrogate matrix for urine 

The mean IMF for creatinine was 0.83 in the plasma. The CV of IMF was within 8.1–10.0% 

(Table 7). The chromatogram of creatinine is shown in Figure 5. 

Table 7 Matrix effect of plasma. 

Matrix Theoretical concentration IMF (mean ± SD) IMF (CV) 

Plasma LQC (6.00 µg/mL) 0.77 ± 0.07 10.0% 

 HQC (30.0 µg/mL) 0.88 ± 0.07 8.1% 

IMF, IS normalized matrix factor; SD, standard deviation; CV, coefficient of variation; LQC, lower quality control; HQC, 
higher quality control. 

 
Figure 5 Chromatogram of creatinine at a concentration of 2 mg/L with a retention time of 2.07 min. 

(Creatinine concentration: 2 mg/L) Max. 5.3e4 cps.
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The appropriateness of using deionized water as a surrogate matrix for urine was confirmed by 

obtaining percentage differences within the range of -1% to 6% between the creatinine-to-IS 

ratio in the mixed samples and the theoretical value. 

4.2.1.2 Linearity 

The calibration curves demonstrated good linearity over the concentration ranges of 2.00–40.0 

μg/mL for plasma and of 10.0–1000 μg/mL for urine. The correlation coefficients of the 

calibration curves were >0.99. Additionally, the linear regression equations for plasma and 

urine were calculated as follows: y = 0.0786x – 0.0149 (r² = 0.9977) and y = 0.0804x + 0.357 

(r² = 0.9980), respectively. 

4.2.1.3 Accuracy and precision 

The REs for accuracy ranged from -14.8% to 13.0% in plasma and -13.2% to 11.0% in urine, 

while the CVs for precision ranged from 0.9% to 6.9% in plasma and 0.7% to 7.9% in urine. 

The mean REs and CVs for different concentration levels during intra- and inter-batch analyses 

are presented in Table 8. 

Table 8 Intra- and inter-batch accuracy and precision. 

Theoretical 

Concentration 

Intra-batch accuracy 

(%) 

Intra-batch CV 

(%) 

Inter-batch accuracy 

(%) 

Inter-batch CV 

(%) 

Plasma 
LLOQ (2.00 μg/mL) 6.4 6.6 1.0 4.0 

LQC (6.00 μg/mL) 5.7 4.6 1.9 4.3 

MQC (15.0 μg/mL) 5.7 3.0 3.1 3.2 

HQC (30.0 μg/mL) 5.6 5.7 4.6 0.9 

Urine 
LLOQ (10.0 μg/mL) -4.7 7.5 -5.3 0.5 

LQC (30.0 μg/mL) -6.0 5.3 -6.8 0.7 

MQC (150 μg/mL) 10.3 1.8 6.6 2.8 

HQC (750 μg/mL) 4.8 2.1 -0.3 4.2 

LLOQ, lowest limit of quantification; LQC, lower quality control; MQC, middle quality control; HQC, higher quality control. 

4.2.1.4 Recovery 

The mean recoveries of creatinine were 87.4% and 99.1% in plasma and urine, respectively 

(Table 9). 
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Table 9 Recoveries for different concentration levels of quality control samples. 

Matrix Theoretical concentration Peak area ratio (mean ± SD) Recovery (%) 

Pre-extraction spiked Post-extraction spiked 

Plasma LQC (6.00 μg/mL) 1.15 ± 0.03 1.04 ± 0.01 90.6 

MQC (15.0 μg/mL) 2.00 ± 0.05 1.78 ± 0.02 88.8 

HQC (30.0 μg/mL) 3.38 ± 0.06 2.80 ± 0.03 82.7 

Urine LQC (30.0 μg/mL) 2.13 ± 0.04 2.09 ± 0.58 97.8 

MQC (150 μg/mL) 12.1 ± 0.2 11.3 ± 1.1 93.4 

HQC (750 μg/mL) 56.5 ± 0.9 59.9 ± 4.0 106 

SD, standard deviation; LQC, lower quality control; MQC, middle quality control; HQC, higher quality control. 

4.2.1.5 Stability  

Creatinine in plasma and urine samples was stable at room temperature for 27 hours, in a 

refrigerator at -20°C, and after four freeze/thaw cycles between -20°C and room temperature 

(Table 10). 

Table 10 Creatinine stability in different conditions. 

Stability Theoretical 

concentration 

Measured Concentration 

(μg/mL) 

Accuracy 

(%) 

Precision 

(CV%) 

Plasma 
Freeze-thaw LQC (6.00 μg/mL) 6.01 ± 0.44  100 7.2 

HQC (30.0 μg/mL) 32.0 ± 0.9 107 2.7 

Room temperature LQC (6.00 μg/mL) 5.40 ± 0.10 89.6 2.2 

HQC (30.0 μg/mL) 29.7 ± 0.7 99.0 2.3 

Short-term (-20°C) LQC (6.00 μg/mL) 6.64 ± 1.40 111 6.0 

HQC (30.0 μg/mL) 33.1 ± 0.9 110 2.7 

Urine 
Freeze-thaw LQC (30.0 μg/mL) 28.2 ± 0.5 94.0 1.9 

HQC (750 μg/mL) 710 ± 14 94.6 2.0 

Room temperature LQC (30.0 μg/mL) 25.0 ± 0.7 96.7 2.7 

HQC (750 μg/mL) 654 ± 14 87.2 2.2 

Short-term (-20°C) LQC (30.0 μg/mL) 26.1 ± 0.6 86.9 2.1 

HQC (750 μg/mL) 748 ± 12 99.7 1.6 

CV, coefficient of variation; LQC, lower quality control; MQC, middle quality control; HQC, higher quality control. 

4.3 Retrospective analysis on creatinine data in patients following cardiac 

surgery using the established creatinine model 

Estimates of CrCL and rCrCL% by the creatinine model are listed in Table 11. Correlation 

between post-hoc rCrCL% estimated by creatinine model and investigated factors for KCH 

and KMN studies are shown in Figure 6 and Figure 7, respectively. The covariate analysis 

results for all patients and investigated subgroups are listed in Table 12. In the KMN study, 

including frisk and surgery duration as covariates on rCrCL% led to a reduction in OFV by -
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9.79 and -4.84, respectively. However, the covariate of surgery duration was no longer 

significant after including the frisk. Therefore, only the frisk was retained in the final model. 

Table 11 Estimates of creatinine clearance and factor by which creatinine clearance changes following surgery 
(rCrCL%) by creatinine model. 

 KCH study KMN study 

Parametera Estimate RSE (%)b Estimate RSE (%)b 

CrCL (L/h) 3.49 4.1 3.05 3.8 

rCrCL% -5.9 3.0 -2.1 (frisk ≤ 2) 1.9 

-12.3 (frisk > 2) 3.0 

Vd (L) 28.9 ×
𝑇𝑇𝑇𝑇𝑇𝑇

70  

CGR (mg/h) (140 − 𝑎𝑎𝑎𝑎𝑎𝑎) ×
𝑇𝑇𝑇𝑇𝑇𝑇

72 × 0.85(𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) × 0.6 

Inter-individual variability (%)     

CL 33.1 (7%)c 11.5 28.6 (10%) 10.4 

rCrCL% 26.8 (2%) 26.5 7.6 (39%) 35.8 

Vd 15.1 (fixed) 

CGR 12.7 (fixed) 

Residual variability     

Proportional error 6.8 (15%)c 10.0 8.5 (26%)c  
aCrCL, creatinine clearance; rCrCL%, relative change in creatinine clearance following surgery; frisk, AKI risk factor; Vd, 
volume of distribution; TBW, total body weight; CGR, creatinine generation rate. 
bRSE, relative standard error. 
cShrinkage estimates of random effects are shown in respective parentheses.  

Calorie restriction was found a notably beneficial impact in the subgroup of patients with ≤2 

frisk, resulting in a significant reduction of 4.44 in the OFV when incorporated as a covariate on 

rCrCL% (p < 0.05). Following this, estimates of rCrCL% for DR group and control group were 

1.0% and -6.2%, respectively.  

The comparison between published findings and popPK results are listed in Table 13. 

Published findings were concluded based on change in creatinine concentrations 24 h and/or 

48 h after surgery, and conclusions from popPK approach based on post-hoc estimate of 

rCrCL%. For the KCH study, no differences between groups were found via both methods. 

However, subgroup analysis in popPK approach did not show any significant impact of calorie 

restriction on rCrCL%. For the KMN study, the same findings were obtained for all patients 

and the subgroup of patients with ≤2 frisk. Additionally, popPK analysis revealed a typical value 

of about 2.1-12.3% reduction in CrCL after surgery in both KCH and KMN studies. Moreover, 

there was an increase in rCrCL% in patients with frisk more than 2 in the KMN study. 
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Table 12 Covariate analysis on the relative change in creatinine clearance following surgery (reflecting the degree of 
acute kidney injury). 

Covariate  OFV decrease  

 KCH study KMN study 

All patients (n = 72) (n = 74) 

Calorie restriction -0.002 -0.483 

Surgery duration -0.206 -4.84* 

Iohexol dose - -1.61 

AKI risk factor - -9.79* 

Subgroups Male (n = 57) Risk factor ≤ 2 (n = 52) 

Calorie restriction -0.0580 -4.44* 

Subgroups Female (n = 15) Risk factor > 2 (n = 22) 

Calorie restriction -0.219 -0.991 

Subgroups BMI > 25 (n = 49) Iohexol dose ≤ 100 ml (n = 46) 

Calorie restriction -0.0170 -1.79 

Subgroups BMI ≤ 25 (n = 23) Iohexol dose > 100 ml (n = 28) 

Calorie restriction -0.0330 -1.15 

Subgroups CKD stage = 1 (n = 28)  

Calorie restriction -0.475  

Subgroups CKD stage = 2 (n = 34)  

Calorie restriction -0.878  

Subgroups CKD stage = 3 (n = 9)  

Calorie restriction -0.922  

* ΔOFV ≤ -3.84 was considered as statistically significant (p < 0.05). 

Table 13 Summary of the published findings and population pharmacokinetic results. 

 Published findings popPK results 

KCH study   

All patients No difference between two diet groups No difference between groups 

Male patients Significanta No difference between groups 

Patients with BMI >25 Significanta No difference between groups 

Patients have CKD stage 1 Significanta No difference between groups 

KMN study   

All patients No difference between two diet groups No difference between groups 

AKI risk factor has significant impact on rCrCL%c 

Patients with ≤2 risk factor  Significanta, b Significantc 

Patients received ≤100 ml iohexol Significanta No difference between groups 

CKD, chronic kidney disease; rCrCL%, relative change in creatinine clearance following surgery. 
aStatistical significance was achieved based on change in creatinine concentration from baseline to 48 hours. 
bStatistical significance was achieved based on change in creatinine concentration from baseline to 24 hours. 
cStatistical significance was achieved based on change in estimated creatinine clearance after surgery.  
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Figure 6 Correlation between AKI degree, indicated by the post-hoc relative change in creatinine clearance following 

surgery (rCrCL%), and investigated factors for KCH study (n = 72).  
Upper right: correlation coefficient for continuous variables or bar charts for categorical variable (diet group, CKD stage, 
and sex); lower left: scatterplots for both continuous variables or density count for categorical variable; diagonal: kernel 

density estimation for continuous variables and normalized histogram statistics for categorical variable. DR, diet restriction; 
eGFR, estimated glomerular filtration rate by CKD-EPI (2009) equation. The first y-axis represents the density of variables 
for all plots on the diagonal, while the other y-axis and x-axis represent the numbers or the values of respective variables. 
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Figure 7 Correlation between AKI degree, indicated by the post-hoc relative change in creatinine clearance following 

surgery (rCrCL%), and investigated factors for KMN study (n = 74).  
Upper right: correlation coefficient for continuous variables or bar charts for categorical variables (diet group, risk factor and 

sex); lower left: scatterplots for continuous variables or density count for categorical variables; diagonal: kernel density 
estimation for continuous variables and normalized histogram statistics for categorical variables. DR, diet restriction; eGFR, 
estimated glomerular filtration rate by CKD-EPI (2009) equation. Risk factor, represents the number of risk factors for AKI 
(factors including old age (>70 years), chronic kidney disease with a pre-existing serum creatinine above the normal range 

(i.e. >1.1 mg/dL in men, >0.9 mg/dL in women), diabetes mellitus, congestive heart failure, reduced left ventricular ejection 
fraction (<50%), or peripheral vascular disease). The first y-axis represents the density of variables for all plots on the 

diagonal, while the other y-axis and x-axis represent the numbers or the values of respective variables. 
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4.4 Plasma and cerebrospinal fluid population pharmacokinetics of vancomycin 

in patients with external ventricular drain 

A three-compartment model with first-order elimination best described the vancomycin data. 

The estimated parameters included clearance (CL, 4.53 L/h), central compartment volume (Vc, 

24.0 L), inter-compartmental clearance between central and peripheral compartments (Qp, 5.69 

L/h), peripheral compartment volume (Vp, 38.7 L), apparent CSF compartment volume (VCSF, 

0.445 L), and clearance between central and CSF compartments (QCSF, 0.00322 L/h and 

0.00135 L/h for patients with and without primary CNS infection, respectively). CrCL was 

identified as a significant covariate affecting vancomycin CL. Three CSF-related covariates—

CSF protein, glucose, and lactate concentrations—were found to significantly influence QCSF, 

with ΔOFV values of -29.8, -9.39, and -6.59, respectively. No significant difference was 

observed between samples collected from the proximal and distal ports.  

Intermittent infusion and continuous infusion with a loading dose achieved CSF target 

concentrations more rapidly than continuous infusion alone. However, all infusion regimens 

ultimately reached similar CSF trough concentrations. In addition to dose adjustments based 

on renal function, initiating treatment with a loading dose is recommended for patients with 

primary CSF infection. 

For comprehensive results of this study, please refer to the publication below. 

Chen Z, Taubert M, Chen C, Dokos C, Fuhr U, Weig T, Zoller M, Heck S, Dimitriadis K, 

Terpolilli N, Kinast C, Scharf C, Lier C, Dorn C, Liebchen U. Plasma and cerebrospinal fluid 

population pharmacokinetics of vancomycin in patients with external ventricular drain. 

Antimicrob Agents Chemother. 2023. 67:e0024123. https://doi.org/10.1128/aac.00241-23 

https://doi.org/10.1128/aac.00241-23
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5 Summary 

Creatinine is a widely used endogenous biomarker for eGFR and was studied through a refined 

popPK model that estimated CGR and Vd using data from retrospective and prospective studies. 

A key advancement of this work is the development of a joint creatinine/iohexol model, which 

enabled more precise assessment of renal function by incorporating nCTS as a parameter to 

evaluate OCT2/MATE-mediated tubular secretion. This approach may improve differentiation 

between glomerular and tubular function in clinical settings, offering a more accurate method 

for renal function assessment compared to traditional creatinine-based equations. However, the 

accuracy of the joint model remains constrained by external factors, such as uncertainties in 

creatinine absorption and the small clinical sample size. 

The refined creatinine model was successfully applied to patients undergoing cardiac surgery 

to evaluate the degree of AKI and its association with potential contributing factors. However, 

the once-daily sampling schedule was not sufficient to generate substantial additional 

information on renal function using the model compared to raw concentration data. To enhance 

the utility of the model, more samples should be taken early after surgery, and it may be 

beneficial to administer iohexol before and shortly after surgery to assess AKI. Furthermore, 

the degree of AKI in these patients was limited in extent and duration, suggesting that more 

detailed monitoring may be relevant only in patients with risk factors. 

Vancomycin is primarily excreted renally, making accurate renal function assessment crucial 

for optimizing dosing. This dissertation developed a vancomycin popPK model, incorporating 

estimated CrCL as a predictor for systemic clearance and CSF protein concentration as a 

predictor for CSF penetration. Monte Carlo simulations were employed to evaluate the 

probability of achieving PK/PD targets while ensuring systemic exposure remained within the 

therapeutic range across various dosing regimens. Additionally, the model confirmed the 

feasibility of using distal port CSF sampling for TDM in patients with EVDs. However, the 

study was limited by sparse sampling, small sample size, and absence of measured GFR, which 

restricted exploration of the relationship between renal function and vancomycin clearance.  

Overall, this dissertation demonstrates the value of popPK modeling in improving renal 

function assessment and vancomycin dosing optimization, particularly through creatinine-

based approaches. Future research should focus on refining these models with larger, more 

diverse datasets, and exploring simpler, more practical sampling strategies to improve accuracy 

and clinical applicability. 
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6 Zusammenfassung 

Kreatinin ist ein weit verbreiteter endogener Biomarker zur Schätzung der glomerulären 

Filtrationsrate und wurde mithilfe eines verfeinerten populationspharmakokinetischen Modells 

untersucht, das die Kreatinin-Generationsrate und das Verteilungsvolumen anhand von Daten 

aus retrospektiven und prospektiven Studien schätzte. Ein wesentlicher Fortschritt dieser 

Arbeit ist die Entwicklung eines kombinierten Kreatinin-/Iohexol-Modells, das eine genauere 

Beurteilung der Nierenfunktion ermöglichte, indem die nicht-creatininvermittelte tubuläre 

Sekretion als Parameter zur Bewertung der Transporter-vermittelten tubulären Sekretion 

einbezogen wurde. Dieser Ansatz kann die Unterscheidung zwischen glomerulärer und 

tubulärer Funktion in klinischen Anwendungen verbessern und bietet eine genauere Methode 

zur Beurteilung der Nierenfunktion im Vergleich zu herkömmlichen kreatininbasierten 

Gleichungen. Die Genauigkeit des kombinierten Modells bleibt jedoch durch externe Faktoren 

eingeschränkt, beispielsweise durch Unsicherheiten bei der Absorption von Kreatinin und die 

geringe klinische Stichprobengröße. 

Das verfeinerte Kreatininmodell wurde erfolgreich bei Patienten nach einer Herzoperation 

angewendet, um das Ausmaß der akuten Nierenschädigung und deren Zusammenhang mit 

möglichen beitragenden Faktoren zu bewerten. Der einmal tägliche Probenahmeplan war 

jedoch nicht ausreichend, um im Vergleich zu den reinen Konzentrationsdaten wesentliche 

zusätzliche Informationen über die Nierenfunktion zu generieren. Um den Nutzen des Modells 

zu erhöhen, sollten mehr Proben früh nach der Operation entnommen werden. Zudem könnte 

es vorteilhaft sein, Iohexol vor und kurz nach der Operation zu verabreichen, um 

Veränderungen der Nierenfunktion zu erfassen. Darüber hinaus war die akute 

Nierenschädigung bei diesen Patienten in Umfang und Dauer begrenzt, was darauf hindeutet, 

dass eine detailliertere Überwachung nur bei Patienten mit Risikofaktoren von Bedeutung ist. 

Vancomycin wird hauptsächlich über die Niere ausgeschieden, was eine genaue Beurteilung 

der Nierenfunktion entscheidend für eine optimierte Dosierung macht. In dieser Dissertation 

wurde ein populationspharmakokinetisches Modell für Vancomycin entwickelt, das die 

geschätzte Kreatinin-Clearance als Prädiktor für die systemische Clearance sowie die 

Konzentration von Proteinen in der Rückenmarksflüssigkeit als Prädiktor für die 

Durchlässigkeit in dieses Kompartiment einbezieht. Monte-Carlo-Simulationen wurden 

eingesetzt, um die Wahrscheinlichkeit des Erreichens von pharmakokinetisch-

pharmakodynamischen Zielwerten zu bewerten und gleichzeitig sicherzustellen, dass die 

systemische Exposition bei verschiedenen Dosierungsregimen im therapeutischen Bereich 
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blieb. Dar ü ber hinaus bestätigte das Modell die Machbarkeit der therapeutischen 

Arzneimittelüberwachung durch Entnahme der Rückenmarksflüssigkeit über einen distalen 

Zugang bei Patienten mit externer Ventrikeldrainage. Die Aussagekraft der Studie war jedoch 

durch eine geringe Probenanzahl, eine kleine Stichprobengröße sowie das Fehlen gemessener 

glomerulärer Filtrationsraten eingeschränkt, was eine detaillierte Untersuchung des 

Zusammenhangs zwischen Nierenfunktion und Vancomycin-Clearance erschwerte. 

Insgesamt zeigt diese Dissertation den Nutzen der populationspharmakokinetischen 

Modellierung zur Verbesserung der Beurteilung der Nierenfunktion und zur Optimierung der 

Vancomycin-Dosierung, insbesondere durch kreatininbasierte Ansätze. Zukünftige Forschung 

sollte sich auf die Verfeinerung dieser Modelle mit größeren und vielfältigeren Datensätzen 

konzentrieren sowie auf die Entwicklung einfacherer und praxisnaher Probenahmestrategien 

zur Verbesserung von Genauigkeit und klinischer Anwendbarkeit. 
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To the Editor,

Commonly used equations for estimating creatinine clear-
ance (CL) and/or glomerular filtration rate (GFR) from 
serum creatinine are based on steady-state assumptions 
regarding creatinine formation and elimination and are 
therefore less applicable to patients with unstable renal 
function [1–3]. A compartmental creatinine model that can 
describe the dynamics in creatinine parameters over time 
was previously introduced by Ullah et al. to estimate cre-
atinine clearance [4]. In this model, volume of distribution 
(Vd) of creatinine was fixed at 60% of total body weight, cor-
responding to total body water (TBW). This approximation 
ignores variability, which may lead to biased estimates of 
other pharmacokinetic (PK) parameters [4]. Therefore, there 
is a need to enrich the estimation of creatinine PK parame-
ters with experimental data, in the case of Vd including exog-
enous administration of creatinine. Creatinine PK profiles 
in healthy subjects with and without ingestion of a cooked 
meat meal as a creatinine source were previously reported 
by Mayersohn et al. [5]. Data from this study were reana-
lyzed using a population pharmacokinetic (PPK) approach 
to estimate PK parameters for creatinine, refine the dynamic 

creatinine model, and reduce bias in the estimation of other 
kinetic parameters.

A one-compartment PK model with linear elimination, 
first-order absorption, and zero-order creatinine generation 
was constructed based on the dataset composed of 133 
serial creatinine plasma concentrations and 11 creatinine 
amounts excreted in urine during 24 h. Exponential models 
were most suitable to describe inter-individual variability 
(IIV), while two separate proportional errors were best 
to describe residual variability of plasma concentrations 
and amounts excreted in urine, respectively. The indi-
vidual bioavailable creatinine dose for each subject was 
estimated using a pre-defined arbitrary population dose 
(180 mg) multiplied by individual post hoc estimates for 
apparent bioavailability (F1). Both the goodness of fit and 
visual predictive check plots (Supplemental Figs. 1 and 2) 
and the bootstrap results showed that the final model was 
reliable and stable.

Table 1 lists the PK parameters estimated from the final 
model and the 95% confidence intervals derived from 994 
successful bootstrap samples. The typical values for CL 
and Vd of creatinine were estimated to be 7.92 L/h and 53.9 
L (73.8% of the total body weight), which were similar to 
the reported values [5–7]. Incorporating variability on CL 
and Vd did not significantly improve the model, which may 
be attributable to the relative homogeneity of the small 
population studied. As a comparison, when fixing the 
value of Vd to the estimated TBW, which is 43.8 L (60% 
of 73 kg), the OFV will increase by 3.230, which does 
not represent a significant difference, while values of other 
parameters do not change much. Deciding between various 
error models was not straightforward due to the limited 
number of data points, but the point estimates for phar-
macokinetic parameters remained essentially unchanged 
regardless of the error model chosen and are therefore con-
sidered as reliable.
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The typical value of the creatinine generation rate 
(CGR) in healthy volunteers was 68.0 mg/h, which is con-
sistent with the value of 65.8 mg/h (male, 31 years, 73 kg) 
calculated based on the reported equation [2], but higher 
than the value of 42.8 mg/h and 43.8 mg/h in patients 
reported by Ullah et al. and Daugirdas et al., respectively 
[5, 8]. The estimated dose (293 ± 62.0 mg, n = 6) was 
not fully consistent with the increased creatinine amount 
excreted in urine after beef ingestion (180 ± 102  mg, 
n = 5). This does not exclude the possibility that these 
discrepancies are related to the accuracy of the raw data; 
furthermore, no demographic information is available in 
the publication to better define the PPK model.

In this evaluation, a PPK creatinine model was devel-
oped using creatinine data with and without ingestion of 
boiled beef in healthy volunteers. Reasonable parameter 
estimates including CGR and Vd were obtained from the 
final well-structured model. The model is a useful starting 
point for further experimental approaches to improve the 
understanding of creatinine kinetics, which may involve 
creatinine “dosing” accompanied by independent methods 
to assess GFR, e.g., by a test dose of iohexol.
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A Joint Pharmacometric Model of Iohexol and 
Creatinine Administered through a Meat Meal 
to Assess GFR and Renal OCT2/MATE Activity
Zhendong Chen* , Qian Dong , Charalambos Dokos , Jana Boland , Uwe Fuhr  and Max Taubert

Accurately assessing glomerular filtration rate (GFR) from plasma creatinine concentrations is challenging in 
patients with unstable renal function. This study aimed to refine the understanding of creatinine kinetics for more 
reliable assessments of GFR and net creatinine tubular secretion (nCTS) via OCT2/MATE in humans. In a clinical 
study of 14 healthy volunteers, iohexol was administered intravenously as a reference GFR marker, and creatinine 
was introduced through a meat meal. A joint pharmacometric model was developed using dense plasma and urine 
sampling. Simulations were used to evaluate the effect of different creatinine volume of distribution (Vd) values 
on GFR estimation after acute kidney injury (AKI) and to assess the impact of limited sampling strategies on GFR 
and nCTS estimation. Pharmacokinetic parameters for iohexol and creatinine aligned with reported values, but 
a lower Vd of 41% of total body weight and a nCTS fraction of 31% relative to overall creatinine clearance were 
observed. Commonly used equations based on single-point creatinine measurement all overestimated GFR, with 
the Modification of Diet in Renal Disease (MDRD) equation performing best, followed by Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) 2009 equation. Simulations demonstrate the effect of Vd estimate accuracy 
on detecting AKI from creatinine plasma concentrations only. Following low-dose iohexol administration, a single 
plasma sample at 5 hours and a urine sample from 0 to 5 hours provided accurate estimates of both GFR and nCTS 
using the joint model and enabled adequate correction for incomplete urine collection. This approach shows promise 
for assessing renal transporter activity based on estimated nCTS.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Creatinine volume of distribution (Vd) plays a key role in 

estimating unstable glomerular filtration rate and is typically 
assumed to be 60% of total body weight (TBW), but was es-
timated at 73.8% of TBW in a previous study. Apart from glo-
merular filtration, creatinine undergoes tubular secretion via 
OCT2/MATE and tubular reabsorption. The net creatinine 
tubular secretion (nCTS) accounts for 10–40% of its renal 
excretion and has the potential for assessing renal transporter 
activity.
WHAT QUESTION DID THIS STUDY ADDRESS?
	;What is the true value of Vd, and to what extent does it affect 

the estimation of unstable renal function? Additionally, how 
many samples are required to accurately estimate both GFR 
and nCTS following a low-dose iohexol administration?
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	; A joint pharmacometric model of iohexol and creatinine 

was developed and validated, confirming key pharmacokinetic 

parameters but identifying a lower Vd of 41.3% of total body 
weight and a higher nCTS fraction of 31% relative to creatinine 
clearance. The model demonstrated that varying Vd values can 
introduce significant bias in GFR estimation. Using a single 
plasma sample at 5 hours and a urine sample from 0 to 5 hours 
after low-dose iohexol administration, the joint model accu-
rately predicted both GFR and nCTS.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; The joint model of iohexol and creatinine can serve as an 

effective tool for estimating unstable GFR and nCTS, with 
nCTS potentially acting as a marker for assessing renal OCT2/
MATE activity.
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Estimated creatinine clearance (CrCL) and/or estimated glo-
merular filtration rate (eGFR) based on serum creatinine are 
commonly used in clinical laboratories to assess kidney function 
and guide drug dosing adjustments in chronic renal impairment.1 
However, these estimates assume steady-state conditions for cre-
atinine formation and elimination, making them less reliable for 
patients with fluctuating renal function.2–4 Although measured 
CrCL using a collection of urine can be used when a steady state 
has not been reached and there is no change in kinetics, it assumes 
that the observed data are free of error and ignores common mis-
takes in urine collection.5 A study by van Acker et  al. showed a 
circadian rhythm in GFR, with higher rates during the day and 
lower rates at night, which cannot be detected from relatively sta-
ble creatinine plasma concentrations.6 A slight post-meal decrease 
in creatinine at 1.5 hours aligns with previously reported intra-
individual creatinine variation throughout the day.7–9 Therefore, 
GFR estimates based on a single time-point creatinine plasma 
concentration under non-steady-state conditions are expected to 
be biased.

In contrast, compartmental nonlinear mixed-effects modeling 
offers a feasible method to more accurately assess unstable CrCL 
and account for measurement errors. Ullah et al. proposed a com-
partmental creatinine model using plasma and urine creatinine 
data from critically ill patients, effectively describing renal function 
changes and outperforming standard methods.10 However, fur-
ther evaluation of this model through an independent assessment 
of GFR is desirable before application. Additionally, the study 
assumed a creatinine volume of distribution (Vd) of 60% of total 
body weight (TBW),10 which neglected variability and may result 
in biased estimates of other kinetic parameters. The magnitude of 
creatinine Vd is important because it determines how fast changes 
in CrCL are reflected by changes in plasma concentrations. Our 
prior analysis of published creatinine data in healthy volunteers, 
both with and without the ingestion of cooked meat,11 yielded 
an estimation of creatinine Vd close to total body water.12 It also 
provided an approximate estimate of the creatinine generation rate 
(CGR) consistent with reported values for healthy individuals. 
However, the absence of demographic information in this study 
limited further investigation into creatinine pharmacokinetics 
(PK).

Beyond the use of creatinine to assess global renal function, it 
may also serve as an endogenous marker to assess transporter activ-
ity. It is well-known that creatinine is eliminated not only through 
glomerular filtration but also undergoes tubular secretion and re-
absorption. The net contribution of tubular secretion, accounting 
for reabsorption, represents 10–40% of its total renal excretion.13 
The transporter chain mediating this secretion has been identified 
as basolateral organic cation transporter 2 (OCT2) and apical mul-
tidrug and toxin extrusion proteins (MATE1 and MATE2-K) by 
in vitro experiments as well as by clinical studies with the selective 
inhibitors cimetidine (MATEs), trimethoprim (MATEs), dolute-
gravir (OCT2) and pyrimethamine (OCT2 and MATEs).14 The 
effects of these inhibitors were much larger on renal metformin 
excretion, a drug also secreted by OCT2/MATE, because the frac-
tion of metformin eliminated by tubular secretion is also much 

larger.14 Therefore, using overall renal excretion of creatinine to as-
sess OCT2/MATE activity in vivo is not very informative.15 Still, 
when assessing net creatinine tubular secretion (nCTS) separately 
instead of overall excretion,16 creatinine may provide valuable in-
formation on renal OCT2/MATE activity including its inhibition 
by drug–drug interactions (DDIs).

The present study aims at improving the description of cre-
atinine kinetics as a prerequisite for a more reliable creatinine-
based assessment of renal function and/or OCT/MATE 
activity in humans. To this end, we evaluated a dynamic creat-
inine model in a clinical trial in healthy volunteers by analyzing 
creatinine data from dense plasma and urine sampling and com-
paring the results to those obtained with iohexol as an inde-
pendent GFR probe. The importance of correct creatinine Vd 
estimates was investigated by simulations. Finally, a limited sam-
pling strategy was evaluated for simultaneous assessment of GFR  
and nCTS.

METHODS
Ethical approval
The clinical study was registered with the German Clinical Trials 
Register under the identification code DRKS00029908 and approved by 
the Ethics Committee of the Faculty of Medicine at the University of 
Cologne, Germany, on November 21, 2022 (No. 22-1347_1). The study 
was conducted in accordance with Good Clinical Practice guidelines 
and the Declaration of Helsinki (64th WMA General Assembly, Brazil, 
October 2013).17 All volunteers provided informed written consent.

Study design

Pilot study. A pilot study was conducted with two healthy adult partic-
ipants, aged over 18 years with a body mass index (BMI) ranging from 
18.5 to 30 kg/m2, to assess the feasibility of administering creatinine via 
cooked beef. Participants were enrolled after a pre-screening evaluation 
of their health status. Key exclusion criteria included hypersensitivity to 
iohexol, previous reactions to contrast media, any relevant clinical or lab-
oratory abnormality, concurrent medication use, smoking, drug addic-
tion, and pregnancy or breastfeeding.

A two-period crossover design was used, with participants receiving 
either 259 mg iohexol intravenously without food (test period) or 250 g 
cooked beef as a breakfast 25 minutes after intravenous administration 
of 259 mg iohexol (meat period). Beef was vacuum-sealed and cooked at 
70°C for 1.5 hours. Approximately 200 mg of cooked beef was collected 
in three aliquots for the measurement of creatinine content. Both par-
ticipants received lunch (13.2 g non-meat protein) and dinner (11.3 g 
non-meat protein), and approximately 240 ml of plain water before and 
after urine collection. For pharmacokinetic analysis, blood samples were 
collected using EDTA-K tubes at baseline and 0.17, 0.33, 0.5, 0.75, 1, 1.5, 
2, 3, 4, 5, 6, 8, 10, 12, 16, 20, and 24 hours after iohexol administration in 
the non-meat period. In the meat period, additional blood samples were 
obtained at 1.25, 2.5, 28, 32, and 36 hours post-iohexol administration. 
Urine samples were collected during intervals of 0–2, 2–4, 4–6, 6–8, 
8–10, 10–12, 12–16, 16–20, 20–24 hours in the non-meat period, with 
additional samples at 24–28, 28–32, and 32–36 hours in the meat pe-
riod. The wash-out period was at least 7 days.

Main study. Twelve additional volunteers were included based on the 
same inclusion/exclusion criteria as the pilot study. The main study 
used a crossover design with six random sequences, where participants 
received three treatments: 3,235 mg iohexol under fasting conditions 
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(reference period); 259 mg iohexol under fasting conditions (test pe-
riod); and 3,235 mg iohexol with 250 g cooked beef (meat period). 
The inclusion of two iohexol dose levels aimed to assess a possible dose 
effect on iohexol clearance (IoCL); however, it is not the primary ob-
jective of this study and will be reported separately.18 The beef steak 
was minced in a blender and then vacuum-sealed in a plastic bag. 
The minced beef was cooked in a water bath at 90°C for 1.5 hours 
to generate a significant amount of creatinine. All other conditions 
and procedures were identical with those employed in the pilot study. 
Quantification methods for iohexol and creatinine are available in the 
supplementary materials.

Population pharmacokinetic analysis
Population pharmacokinetic (popPK) modeling was conducted using 
a nonlinear mixed-effects approach with NONMEM version 7.4.0 
(ICON Development Solutions, USA), Perl-speaks-NONMEM 
(PsN) version 5.3.0 (Uppsala University, Sweden), using the first-
order conditional estimation with interaction (FOCE-I) method 
throughout model development. Post-processing and plotting of 
NONMEM data were done using R version 4.3.0 (https://​www.​R-​
proje​ct.​org/​). To compare nested models differing by one parameter, 
a statistical criterion of 3.84 in the objective function value (OFV) 
was used (equivalent to P < 0.05). The final model was evaluated using 
goodness-of-fit (GOF) plots, non-parametric bootstrap analysis, and 
prediction-corrected visual predictive check (pcVPC). Model esti-
mates were compared to non-compartmental analysis results (method 
described in supplementary material) to ensure no bias in parameter 
estimates.

The following assumptions were made for all participants: (1) no 
changes in the typical value of IoCL, CrCL, and CGR throughout the 
study; (2) iohexol and creatinine are solely eliminated via kidney; and (3) 
the circadian rhythms of iohexol and CrCL follow a consistent sine func-
tion pattern within a day.6

Joint population pharmacokinetic model for iohexol and cre-
atinine. Based on prior knowledge, iohexol was modeled using a 
three-compartment linear elimination model, and creatinine with a 
one-compartment model.10,12,19 A first-order process with lag time and 
a zero-order process described creatinine uptake from meat and en-
dogenous production, respectively.12 Different settings for creatinine 

dose assessment/bioavailability (F1) and creatinine Vd were evaluated 
for model performance and physiological plausibility (Table 1). After 
establishing stable models for iohexol and creatinine, a joint model 
was developed where IoCL represented GFR and CrCL represented 
the sum of GFR and nCTS. The inter-individual variability (IIV) and 
inter-occasion variability (IOV) for PK parameters were modeled ex-
ponentially as the following equation: �i = � × e�i, where �i represents 
the value of the individual parameter value, � represents the population 
point estimate, and �i is a normally distributed random variable with 
a mean of 0 and variance of ω2. Four independent proportional resid-
ual error models were used for plasma and urine data of iohexol and 
creatinine.

Covariate model. The circadian rhythm of both GFR and nCTS was 
first using the joint model based on the following equation:

where CL represents GFR or nCTS, CLTV is the typical value of 
GFR or nCTS, “time” was adjusted to start as 0, and “interval” is 
14 hours for daytime and 10 hours for night. The food effect was 
assessed using a proportional model at 2-hour intervals after a non-
meat protein meal. PK parameters were allometrically scaled to a 
TBW of 70 kg, using a power of 0.75 for GFR, nCTS, and inter-
compartmental clearances of iohexol (Qp1 and Qp2) and of 1.0 
for iohexol central compartment volume (Vc), creatinine Vd, and 
iohexol peripheral compartment volumes (Vp1 and Vp2).20 In com-
parison, using other body size-related covariates or estimating scal-
ing factors for clearance and volume were subsequently assessed. 
The estimation of CGR was replaced by the Cockcroft-Gault 
equation.3 Subsequent covariate analysis employed forward addi-
tion and backward elimination methods, with significance levels 
of 0.05 (ΔOFV <= −3.84) and 0.01 (ΔOFV <= −6.63), respec-
tively. The effects of sex, age, height, TBW, BMI, lean body mass,21 
estimated total body water,22 and plasma albumin concentration 
from laboratory test results on appropriate PK parameters were 

CL = CLTV ×
(
1 + sin

(
time

interval
× π

)
× θdaytime∕night

)

Table 1  Different settings for creatinine dose, bioavailability (F1), and volume of distribution (Vd) as well as the parameter 
estimates and objective function value (OFV) from the respective models

Model

Dose input in the dataset

Mean 
(mg)

F1

Value

Vd

Mean  
(L)

CL CGR

OFVSetting Setting Setting
Value 

(mL/min)
Value 

(mg/h)

1 Creatinine content in ingested beef 401 Fixed 100% Estimated 76.6 136 67.9 3,809

2 Individual differences in creatinine 
excretion over 24 h between meat 
and non-meat periods

335 Fixed 100% Estimated 53.4 136 67.7 3,536

3 Individual differences in creatinine 
excretion over 16 h between meat 
and non-meat periods

273 Fixed 100% Estimated 44.7 135 67.8 3,502

4 Creatinine content in ingested beef 401 Estimated 61.9% Fixed at “individual 
estimated total 
body weight × 0.6”

47.1 134 67.3 3,461

5 Creatinine content in ingested beef 401 Estimated 57.9% Fixed at “individual 
estimated total 
body water”22

42.3 133 67.1 3,418

6 Creatinine content in ingested beef 401 Estimated 48.7% Estimated 27.1 132 66.7 3,364
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investigated. Covariate relationships were modeled based on the 
following equations:

(1)	Continuous covariate:

(2)	 Categorical covariate:

where PTV  represents the typical value of parameter, Cij rep-
resents the covariate value of participant i  for parameter P, and 
mean

(
Cj

)
 represents the mean of covariate j in the investigated 

population.

Simulation of creatinine profiles after presumed AKI
Creatinine plasma concentration profiles were simulated in 1000 
virtual patients using the final model, with reductions in both GFR 
and nCTS evenly distributed from 25% to 75% across the population. 
Circadian rhythms of GFR and nCTS were not taken into account. 
The simulation data were subsequently re-analyzed with different set-
tings for creatinine Vd (from 41.3% to 73.8% of TBW).10,11 For early 
diagnosis of acute kidney injury (AKI), estimating the changed GFR 
using first 1, 2, or 3 concentrations (assuming hourly sampling post-
AKI), as well as concentrations measured after 24 and 48 hours, were 
compared using the different Vd values described above. While using 
41.3% as a reference, the relative error (RE) was calculated by the fol-
lowing equation:

Creatinine plasma concentrations following a 75% reduction in both 
GFR and nCTS were simulated for an individual with median dataset 
covariates, using three different settings for creatinine Vd. Based on the 

RIFLE (Risk, Injury, Failure, Loss of kidney function, and End-stage kid-
ney disease) classification for AKI definition, the times when plasma con-
centrations reach 1.5-fold (risk), 2.0-fold (injury), and 3.0-fold (failure) of 
baseline level after AKI were calculate for each model.23

Limited sampling strategy
Iohexol and creatinine plasma concentrations, along with amounts ex-
creted in urine (Ae), were simulated in 1,000 virtual individuals follow-
ing a 259 mg intravenous dose of iohexol, using final model estimates of 
GFR and nCTS with a predefined 30% coefficient of variation. A ran-
dom 10%–50% urine loss was applied to both iohexol and urine data over 
the 0–5 hours interval post-dose, generating datasets (urine.loss) with 
incomplete urine collection. Various limited sampling strategies for esti-
mating GFR were evaluated, based on 1 to 4 plasma samples collected at 
10 minutes, 30 minutes, 2 hours, and 5 hours, with later samples included 
as sample numbers were reduced.24 The respective individual GFR esti-
mates were then used to predict iohexol Ae over the 0–5 hours post-dose 
interval. To account for incomplete urine collection, creatinine Ae was 
corrected by multiplying it by the ratio of predicted to incomplete iohexol 
Ae, generating datasets (urine.corrected) with correction. Finally, iohexol 
plasma data, creatinine plasma data, and corrected urine data were used 
to estimate GFR and nCTS using the final model. The RE and root mean 
squared error (RMSE) of GFR and nCTS were calculated for each model.

RESULTS
Demographics
Fourteen participants, mean age 33 years (range: 23–48), were en-
rolled, including two in the pilot and 12 in the main study. The data-
set includes 771 iohexol and 826 creatinine plasma concentrations, 
and 439 measurements for both iohexol and creatinine in urine. 
Observations with missing data (< 5%) were discarded. Detailed 
demographics and baseline characteristics are provided in Table 2.

Population pharmacokinetic analysis
A three-compartment model for iohexol and a one-compartment 
model for creatinine fitted the data well. No further refinement 
was explored for the iohexol model since it provided a fully 
adequate description of the data. Table 1 lists the parameter 

Pi = PTV ×

⎛
⎜⎜⎜⎝

Cij

mean
�
Cj

�
⎞
⎟⎟⎟⎠

�

Pi = PTV × �
Cij

RE(%) =

(
Estimated changed GFR

True changed GFR
− 1

)
× 100%

Table 2  Demographics and baseline characteristics of enrolled participants

Demographics/Characteristic

Male Female All

RangeMean (SD) Mean (SD) Mean (SD)

Number 9 5 14 –

Age (years) 31 (6) 37 (8) 33 (8) 23–48

Height (cm) 183 (6) 169 (6) 178 (9) 163–196

Total body weight (kg) 86.2 (7.1) 64.5 (4.7) 78.5 (12.2) 59.1–95.8

Body mass index (kg/m2) 25.9 (2.1) 22.6 (0.9) 24.7 (2.4) 21.2–28.9

Body surface area (m2) 2.08 (0.10) 1.74 (0.09) 1.96 (0.19) 1.63–2.22

Plasma albumin (g/L) 45.7 (1.6) 45.4 (3.6) 45.6 (2.5) 40.0–50.0

Plasma creatinine concentration (mg/dL)a 1.00 (0.08) 0.73 (0.09) 0.90 (0.15) 0.60–1.17

Estimated creatinine generation rate 
(mg/h)3

78.4 (7.2) 48.0 (4.9) 67.3 (16.3) 41.0–92.6

Estimated lean body mass (kg)21 64.6 (3.7) 47.8 (3.7) 58.6 (8.9) 43.7–69.7

Estimated total body water (L)22 48.1 (2.6) 31.9 (1.7) 42.3 (8.1) 29.9–52.5

Estimated glomerular filtration rate  
(mL/min/1.73 m2)27

101 (9) 104 (12) 102 (10) 80.0–116

aCreatinine plasma concentration was measured from a laboratory test at the screening visit.
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estimates and OFV for models tested with different dose inputs 
(written in the datasets), F1, and creatinine Vd. The creatinine 
amount in beef (mean: 401 mg) was higher than the differences 
in creatinine excretion between non-meat and meat periods over 
24 h (mean: 335 mg) or 16 h (mean: 273 mg), indicating less than 
100% bioavailability. Meanwhile, a high correlation of 0.96 was 
observed between estimates of the calculated dose (dose input 
× F1) and creatinine Vd. The creatinine model estimating both 
F1 and Vd yielded the best performance compared with other 
models, which all overestimated plasma concentrations during 
the meat period (Figure S1). This model provided estimates of 
F1 and Vd with low relative standard errors (RSE) of 9% and 
6%, respectively, while the point estimates of CrCL and CGR 
remained stable across all tested models. IOV for CrCL and 
CGR was estimated at 3.1% and 3.3%, respectively, and was not 
included in the final model due to a lack of clinical significance.

In the joint model, all estimates of iohexol and creatinine PK 
parameters were consistent with those from separate models 
(Table S1). The schematic diagram of the joint model is pre-
sented in Figure S2. Circadian rhythms of GFR and nCTS were 
merged, resulting in better estimations with lower RSEs and en-
hanced model stability compared to estimating them separately. 
Subsequently, circadian rhythms during daytime and nighttime 
were assessed using the joint model, reducing OFV by 53.5 and 
29.7, respectively. IIV on GFR, iohexol Vc, nCTS, and creati-
nine Vd were estimated at 14.6%, 18.7%, 43.6%, and 18.4%, re-
spectively. After including TBW as a covariate for all parameters 
by standard allometric scaling,20 IIV decreased to 11.8%, 14.5%, 
32.3%, and 15.4%, respectively. Additional tests using other 
body size-related covariates or estimating scaling factors for 
clearance and volume did not show significant improvement and 
thus standard allometric scaling was kept (Table S2). Replacing 
CGR with the Cockcroft-Gault equation decreased the OFV by 
21.5 and reduced the IIV for CGR by 17.6%, from 30.4% to 
12.8%. Further covariate analysis found that sex significantly af-
fected nCTS, reducing the OFV by 7.48.

GOF plots (Figures S3 and S4) suggest that the final model 
fits the iohexol and creatinine data well overall, despite some slight 
overestimation in both creatinine plasma and urine data at early 
time points. Creatinine plasma data were better captured by the 
model with circadian rhythm. The pcVPC (Figure S5) also indi-
cates a good fit for both iohexol and creatinine data. Estimates of 
all PK parameters in the final model, along with the 95% confi-
dence intervals from bootstrap results, are listed in Table 3. Fixed 
and random effects showed sufficient precision, with RSEs below 
21.0% and 63.9%, respectively.

Final estimates for GFR (IoCL) and CrCL (GFR plus nCTS), 
scaled to the mean weight of 78.5 kg, were 94.8 mL/min and 
138 mL/min, respectively. These estimates are consistent with 
non-compartmental analysis results (results shown in supple-
mentary material). In healthy participants, GFR accounted for 
approximately 69% of total CrCL, with 31% mediated by nCTS. 
Due to circadian rhythm, GFR and nCTS fluctuated between 
104% and 91.6% of the mean over 24 hours. Creatinine Vd was esti-
mated at 28.9 L, accounting for 41.3% of TBW in the investigated 
population.

Comparison of post hoc estimates of IoCL and CrCL with 
eGFR using different equations, including Cockcroft-Gault equa-
tion,3 CKD-EPI 2021 (creatinine and cystatin C),25 CKD-EPI 
2012 (creatinine and cystatin C),26 CKD-EPI 2021 (creatinine 
only), CKD-EPI 2009 (creatinine only),27 and four-variable mod-
ification of diet in renal disease (MDRD) equation,28 is presented 
in Figure 1. The eGFRs based on single time-point concentration 
prior to administration from commonly used equations all overes-
timate GFR, with the MDRD equation performing best, followed 
by CKD-EPI 2009. Conversely, CKD-EPI 2021 (creatinine and 
cystatin C) and Cockcroft-Gault equations provided the closest 
CrCL estimates.

AKI simulation for different creatinine Vd values
The final model was used to generate the simulation data for pa-
tients with sudden AKI. Prediction accuracy for different creat-
inine Vd settings and with 1–3 initial samples post-AKI onset is 
shown in Figure 2a. When using the reference value of 41.3%, the 
model captured the overall trend but was less accurate and precise 
with fewer concentrations. In contrast, models with Vd values of 
60.0% and 73.8% of total body weight underestimated GFR by 
35.7% and 65.7% with one concentration, by 32.2% and 59.4% 
with two concentrations, and by 28.9% and 53.3% with three con-
centrations. However, when using 2 concentrations after 24 hours 
and 48 hours, models showed minor differences in prediction ac-
curacy with mean RE <1%. Concentration-time curves following 
a reduction of 75% in both GFR and nCTS in one individual are 
illustrated in Figure 2b. The timing of AKI diagnosis based on 
RIFLE criteria corresponds to the used values of creatinine Vd in 
ascending order, and the ratio of the times is approximately equal 
to the ratio of Vd used. Therefore, the timing to diagnose AKI 
risk (from 4.1 to 6.5 h after onset of AKI) is less dependent on 
the values for creatinine Vd, but it significantly varies for definitely 
diagnosing kidney failure (from 19.6 to 34.0 h after onset of AKI).

Limited sampling strategy
Figure 3 illustrates prediction accuracy for GFR and nCTS across 
models with varying numbers of plasma concentrations, with 
and without urine data. Including urine data and using more 
than a single plasma sample at 5 h post-dose provided only minor 
improvements in GFR estimation (mean RE: −0.3 to 1.2%). 
However, urine data were critical for nCTS prediction accuracy, 
with mean RE for nCTS at −19.2% when 10–50% random urine 
loss occurred. Based on these findings, individual eGFR estimates 
derived from a single plasma sample at 5 h post-dose were used to 
predict iohexol Ae and calculate correction factors for incomplete 
urine collection. Applying the correction factor to creatinine Ae 
improved nCTS prediction accuracy and reduced RMSE com-
pared to using uncorrected “urine.loss” data.

DISCUSSION
In this study, the dynamic creatinine model reliably described the 
kinetics of creatinine and essentially confirmed previous evalua-
tions, while a lower Vd of 41.3% of TBW was found. Simulations 
to assess the impact of different Vd values illustrated the relevance 
of a proper Vd estimate to accurate diagnosis of AKI. nCTS, 
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Table 3  Parameter estimates and bootstrap (n = 1,000) results for creatinine and iohexol

Parameters Estimate RSE (%) 95% confidence interval CV (%) Shrinkage (%)

Fixed effect

Iohexol

GFR (mL/min) 87.0 3.4 (81.0, 92.7) – –

Vc (L) 8.69 4.7 (7.91, 9.54) – –

Qp1 (L/h) 0.131 9.2 (0.107, 0.163) – –

Vp1 (L) 1.15 5.2 (1.05, 1.33) – –

Qp2 (L/h) 4.01 8.0 (3.37, 4.78) – –

Vp2 (L) 4.22 3.1 (3.93, 4.53) – –

Creatinine

Ka (1/h) 1.71 13.3 (1.35, 2.19) – –

nCTS (mL/min) 39.7 10.2 (31.2, 46.8) – –

Vd (L) 28.9 6.5 (25.6, 33.4) – –

F1 (%) 52.3 5.2 (47.7, 58.4) – –

Lag time (h) 0.291 3.0 (0.277, 0.308) – –

CGR (mg/h) (140–age) × TBW/72 × 0.85 (if female) × 60/100 – –

Covariates

Circadian rhythm during 
daytime (%)

3.70 21.0 (2.12, 5.72) – –

Circadian rhythm during 
nighttime (%)

8.42 17.7 (5.10, 11.1) – –

SEX on CTSa 0.627 15.0 (0.455, 0.857) – –

TBW on GFR, Qp1, Qp2, and 
nCTS

0.75 FIX – – –

TBW on iohexol Vc and 
creatinine Vd

1 FIX – – –

Random effect (IIV)

Iohexol

GFR 0.0226 43.6 (0.00379, 0.0246) 11.9 0.1

Vc 0.0211 38.2 (0.00585, 0.0390) 14.6 18.8

Vp1 0.0121 63.9 (0.00164, 0.0259) 11.0 6.2

Vp2 0.0113 33.8 (0.00304, 0.0187) 10.7 9.7

Creatinine

nCTS 0.0506 56.7 (0.00333, 0.102) 23.1 10.6

Vd 0.0211 40.7 (0.00284, 0.0375) 15.1 2.3

CGR 0.0163 31.2 (0.00710, 0.0278) 12.7 0.7

F1 0.00810 53.5 (0.00145, 0.0205) 10.4 22.8

Random effect (RV)

Iohexol

Plasma concentration 0.0171 18.4 (0.0118, 0.0240) 13.3 2.6

Excreted amount in urine 0.0617 27.2 (0.0330, 0.0970) 25.2 0.7

Creatinine

Plasma concentration 0.00255 7.3 (0.00221, 0.00291) 5.1 1.8

Excreted amount in urine 0.0413 41.4 (0.0142, 0.0770) 20.5 1.2

GFR, iohexol clearance was assumed as GFR; nCTS, net tubular secretion part of creatinine clearance; Vc, iohexol central compartment volume; Qp1, inter–
compartment clearance between central and first peripheral compartment; Vp1 first peripheral compartment volume; Qp2, inter–compartment clearance 
between central and second peripheral compartment; Ka, apparent absorption rate; Vd, creatinine volume of distribution; CGR, creatinine generation rate; F1, 
bioavailability; TBW, total body weight; RSE, relative standard error; CV, coefficient variance; IIV, inter-individual variability; RV, residual variability.
aSEX is a categorical covariate of 0 for male and 1 for female.
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quantified by the joint creatinine/iohexol model, accounted for 
31% of renal CrCL and shows promise as a tool for assessing 
OCT2/MATE activity in vivo at least in healthy individuals.

A primary objective of this study was to precisely estimate cre-
atinine Vd in order to refine the creatinine PK model. Based on 
previous studies,11,12 boiled beef was selected as an external source 
of oral creatinine to induce a perturbation in creatinine PK away 
from the steady-state baseline (as with the usual single-point 
method), and with frequent sampling, to allow modeling the time 
course of creatinine PK. Fitting the creatinine time-course profile 
in plasma, along with the amounts excreted in urine, informed the 
estimation of the absorption rate, bioavailability, and Vd, based on 
the assumption that all systemically available creatinine is excreted 
renally. An overall recovery of 104% for iohexol over 24-hours 
post-dose (data will be reported separately) indicated the com-
pleteness of the urine collection.18 However, determining the true 
creatinine dose was challenging due to the incomplete absorption 
of creatinine from beef and inconsistent differences in creatinine 
excretion between meat and non-meat periods of this study over 
16 and 24 hours. This discrepancy may be due to the significant in-
terference from the large amount of endogenous creatinine. Even 
a small fraction of daily creatinine production (~2000 mg) could 
introduce substantial errors in estimating the external creatinine 
dose, especially when the external amount is as low as ~300 mg. 
Given lower residual errors in plasma data compared to urine data, 
simultaneous estimation of F1 and Vd provided the best model fit.

In the covariate assessment, TBW and estimates of the Cockcroft-
Gault equation were included as covariates based on prior knowl-
edge.20 Additionally, sex was identified as a statistically significant 
covariate on nCTS, potentially due to a higher abundance and 

expression of transporters in males compared to females.29 However, 
the effect of sex on nCTS remains uncertain, as the small sample size 
in this study limits the robustness of this finding. Age is used as a 
key factor in eGFR equations but was not identified as significant in 
this study, likely because of the small sample size and the limited age 
range.30 The food effect on GFR and nCTS was not significant, pos-
sibly due to the limited amounts of non-meat protein in the meals 
provided. A lower serum albumin level corresponding to a higher 
level of nCTS was observed in previous studies.31,32 However, it was 
not found as a significant covariate on nCTS maybe due to only 
healthy participants included in the current study.

The estimated nCTS in this study accounts for approximately 
31% of the total CrCL, which falls within the reported range of 
10–40%.13 The ratios of 32.0% and 4.8% have been reported in 
healthy individuals in rehydrated and dehydrated states, respec-
tively.33 To stimulate urine production, 240 mL of water was ad-
ministered during every urine collection interval in this study, 
which may have kept participants in a rehydrated state and thus led 
to a relatively high contribution of nCTS to CrCL.

Among evaluated eGFR equations, including cystatin C did 
not improve predictive performance compared to creatinine-only 
equations, thus failing to provide additional evidence to support 
the broader use of cystatin C. A possible explanation for this find-
ing is that the study included only healthy Caucasian participants 
because Cystatin C has shown a greater sensitivity in patients 
with impaired kidney function and is less influenced by race.34,35

The assumption that creatinine Vd equals to total body water 
(60% of TBW) has been widely used in creatinine models.10,36–38 
In contrast, the previous analysis estimated it at 73.8%,12 while the 
current study estimated it at 41.3%. These results suggested a close 

Figure 1  Comparison between post hoc estimates of iohexol clearance (“true GFR”) and creatinine clearance in the present model, estimated 
GFR (eGFR) or estimated creatinine clearance (eCrCL) calculated using commonly used equations (n = 14). All individual values were normalized 
by dividing eGFR/eCrCL by iohexol clearance. From top to bottom, the items are creatinine clearance using the popPK approach, eCrCL by 
Cockcroft-Gault equation, eGFR by CKD-EPI 2021 (based on creatinine and cystatin C), CKD-EPI 2012 (based on creatinine and cystatin C), 
CKD-EPI 2021 (based on creatinine only), CKD-EPI 2009 (based on creatinine only), and MDRD equation.
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relationship between assumed and true values, but also highlighted 
potential discrepancies. Simulations (Figure 3) using a final model 
with different Vd values (41.3% as a reference value) revealed signifi-
cant uncertainty in predicting GFR following AKI, with substantial 
discrepancies observed when using “biased” Vd values, such as 60% 
or 73.8%. This highlights the critical importance of accurately se-
lecting the Vd, underscoring the need for caution when assuming a 
value for creatinine Vd.

Previous studies have shown that 1 to 4 plasma samples within 
5 hour post-dose are sufficient to accurately estimate IoCL follow-
ing a 3,235 mg iohexol dose.24,39,40 However, incomplete urine col-
lection may result in an underestimation of CrCL, thus leading to 

an underestimation of nCTS.41 Applying a correction factor based 
on the ratio of predicted to observed iohexol excretion can resolve 
this discrepancy. This study demonstrated the feasibility of a joint 
model for iohexol and creatinine, using a single plasma sample 
at 5 hours and a urine sample from the 0–5-hour interval after a 
259 mg iohexol dose, to accurately predict both GFR and nCTS. 
Therefore, this approach also shows the potential for assessing 
renal OCT2/MATE activity based on estimated nCTS.

Apart from the limitations discussed above, renal elimination 
was assumed to be the sole pathway for creatinine, though minor 
pathways such as gut metabolism may exist.42 The small sample 
size and the narrow range of demographics in this study in healthy 

Figure 2  Simulations for AKI diagnosis using different values for creatinine volume of distribution (Vd). (a) prediction accuracy of changed GFR 
after onset of acute kidney injury (AKI) comparing models with different number of concentrations. (b) concentration-time curves following a 
75% reduction in both GFR and nCTS and the timing to diagnose AKI risk, injury, and failure based on RIFLE criteria.
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volunteers limited the ability to accurately assess covariate relation-
ships and to extrapolate the results to other populations, such as the 
elderly or those with impaired kidney function. Early in each study 
period, highly variable plasma concentrations and unexplained 
outliers in urinary excretion were observed, likely due to the study 
design requiring early morning arrival at the ward, potentially sus-
taining elevated physiological activity. A proportional error model 
best fit creatinine plasma data measured via LC–MS/MS but may 
not apply to clinical samples measured using the Jaffe method, 
leading to potential bias in simulated data versus real-world data.

In conclusion, the joint model for iohexol and creatinine, in-
corporating CrCL as the sum of GFR (equivalent to IoCL) and 
nCTS, while accounting for TBW effects and circadian variation, 
accurately described plasma and urine concentrations. The es-
timated creatinine Vd was 28.9 L or 41.3% of TBW. Simulations 
revealed significant differences in predicting GFR changes after 
AKI based on varying creatinine Vd, emphasizing the importance 
of careful selection. Following a low-dose iohexol administration, 
a single plasma and urine sample was proven sufficient to predict 
GFR and nCTS even for incomplete urine collection, demonstrat-
ing potential use in assessing renal OCT2/MATE activity.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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Figure 3  Comparison of prediction accuracy for GFR and nCTS between models using different numbers of plasma concentrations with or 
without urine data.
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ABSTRACT Vancomycin is a commonly used antibacterial agent in patients with pri-
mary central nervous system (CNS) infection. This study aims to examine predictors of
vancomycin penetration into cerebrospinal fluid (CSF) in patients with external ventric-
ular drainage and the feasibility of CSF sampling from the distal drainage port for ther-
apeutic drug monitoring. Fourteen adult patients (9 with primary CNS infection) were
treated with vancomycin intravenously. The vancomycin concentrations in blood and
CSF (from proximal [CSF_P] and distal [CSF_D] drainage ports) were evaluated by popu-
lation pharmacokinetics. Model-based simulations were conducted to compare various
infusion modes. A three-compartment model with first-order elimination best described
the vancomycin data. Estimated parameters included clearance (CL, 4.53 L/h), central
compartment volume (Vc, 24.0 L), apparent CSF compartment volume (VCSF, 0.445 L), and
clearance between central and CSF compartments (QCSF, 0.00322 L/h and 0.00135 L/h for
patients with and without primary CNS infection, respectively). Creatinine clearance was
a significant covariate on vancomycin CL. CSF protein was the primary covariate to
explain the variability of QCSF. There was no detectable difference between the data for
sampling from the proximal and the distal port. Intermittent infusion and continuous
infusion with a loading dose reached the CSF target concentration faster than continuous
infusion only. All infusion schedules reached similar CSF trough concentrations. Beyond
adjusting doses according to renal function, starting treatment with a loading dose in
patients with primary CSF infection is recommended. Occasionally, very high and possibly
toxic doses would be required to achieve adequate CSF concentrations, which calls for
more investigation of direct intraventricular administration of vancomycin. (This study has
been registered at ClinicalTrials.gov under registration no. NCT04426383).

KEYWORDS vancomycin, population pharmacokinetics model, distal port, CSF protein,
central nervous system infection, ventriculitis

External ventricular drainage (EVD) is a common procedure in neurocritical care units
to monitor and treat intracranial pressure by draining cerebrospinal fluid (CSF) (1).

However, an EVD-associated infection is a serious nosocomial complication and is associ-
ated with significant morbidity and mortality in neurocritical patients (1). Insufficient pen-
etration of antimicrobials into the CSF after intravenous administration could contribute
to therapeutic failure (2). This often results in the selection of high doses, which in turn
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increases the risk for systemic adverse effects. It is therefore particularly important in
patients suffering from EVD-related infections to individualize the dose of antibiotics to
achieve a timely effective concentration in the CSF.

Due to the occurrence of Gram-positive penicillin-resistant pathogens, vancomycin is
a standard therapy for central nervous system (CNS) infections, specifically, nosocomial
infections (3). Nowadays, the plasma pharmacokinetics (PK) of vancomycin have been
well investigated by many studies (4–9), and various population pharmacokinetics
(PopPK) models based on plasma concentrations have also been reported for different
populations, including adults, critically ill patients, pediatric patients, neonate patients,
etc. (10). In most of these models, total body weight (TBW) and/or creatinine clearance
(CrCL) were confirmed as significant covariates on vancomycin clearance, since vanco-
mycin is primarily eliminated by the kidney in unchanged form (10). Therefore, predict-
able vancomycin plasma concentrations can be obtained using these models (11).

However, vancomycin cannot easily penetrate the blood-brain barrier (BBB) into the
CSF due to its pronounced hydrophilicity and high molecular weight (12). Vancomycin
CSF concentrations are highly variable and unpredictable in most cases, because the
extent of vancomycin penetration depends greatly on the integrity of the BBB (13–15).
BBB damage caused by inflamed meninges has also been proven to enhance the penetra-
tion of vancomycin into the CSF. So far, only a few studies have investigated the pharma-
cokinetics of vancomycin, reporting several validated PopPK models in which CSF albumin
or lactate concentrations were related to the distribution of vancomycin into the CSF, thus
helping to predict CSF concentrations after intravenous administration (16–18). The avail-
able data in individual studies are sparse, the validation of developed predictors is limited,
and there is still insufficient knowledge about vancomycin CSF penetration and the re-
spective covariates in neurological/neurosurgical patients. Therefore, the main aim of this
study was to investigate predictors for vancomycin penetration into CSF. To this end, a
new PopPK model was developed and validated based on vancomycin plasma and CSF
data from patients who had an EVD. The feasibility of collecting CSF samples at the distal
port of the EVD system for therapeutic drug monitoring (TDM) was assessed using this
new PopPK model. Finally, the benefits of different infusion modes and dosages were
examined through model-based simulations.

RESULTS
Patient characteristics. A total of 190 plasma samples and 232 CSF samples, including

22 samples taken from the proximal port (CSF_P) and 210 samples taken from the distal port
(CSF_D), were collected from 14 patients with EVDs in this study (for an illustration of the
drainage system, see reference 19). Among the 14 patients, 9 with CNS infection and 5 with-
out primary CNS infection, 11 were men and 3 were women, with a mean age of 52 years
(range, 22 to 77 years). The main patient characteristics are shown in Table 1. Detailed infor-
mation on disease for each patient, as well as the vancomycin infusion mode and additional
covariate values, including the values for unbound fraction (fu), albumin, bilirubin, C-reactive
protein, leukocytes, and interleukin 6 and ferritin (CSF), erythrocytes (CSF), cell count (CSF),
and interleukin 6 (CSF), are shown in Tables S1 and S2 in the supplemental material.

Population pharmacokinetics model. A two-compartment model with first-order
elimination and proportional residual error best described the vancomycin plasma
data. The base plasma model was parameterized by vancomycin clearance (CL), central
compartment volume (Vc), intercompartment clearance (Qp), and peripheral compart-
ment volume (Vp). Before the inclusion of any covariates, the interindividual variables
(IIVs) of CL, Qp, and Vp were estimated to be 38.5%, 93.7%, and 53.8%, respectively.
Significant effects of CrCL on CL (change in objective function value [DOFV] = 24.073)
and of age on Qp (DOFV = 210.585) were found, resulting in reductions of IIVs to 30.8%
and 35.1% for CL and Qp, respectively. Other clinical characteristics, including sex, weight,
height, body surface area (BSA), estimated glomerular filtration rate (eGFR), and fu, were
eliminated due to showing no significant contribution to DOFV.

On the basis of the final plasma model, two different CSF models, including the transit
compartment model and the bulk flow model, were compared to fit the vancomycin CSF
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data separately. Little difference was found in either goodness-of-fit (GOF) plots or change
in Akaike information criterion (DAIC) (1.711) between two different CSF models, which
were subsequently analyzed for CSF-related covariates in parallel. However, the bulk flow
model showed better correlations between QCSF and all covariates than the transit com-
partment model, and it had a lower AIC when including a particular QCSF-related covariate.
Therefore, the bulk flow model was ultimately chosen for the base CSF model.

Five CSF-related covariates, including CSF protein, S100 protein, glucose, neuron-spe-
cific enolase (NSE), and lactate concentrations in CSF, were found to have significant
effects on QCSF separately, and the DOFVs were 229.755, 29.868, 29.394, 27.582, and
26.587, respectively. The regression plots of the QCSF versus the concentrations of each
CSF-related covariate are shown in Fig. S1. Due to the multicollinearity and reasonable
physiological considerations, only the CSF protein concentration was included in the final
CSF model, which led to a decrease from 165.6% to 36.6% in the IIV of QCSF. Primary CNS
infection was found to be a significant covariate both for QCSF and the protein covariate
effect, resulting in decreases in the OFVs of 5.152 and 6.959, respectively. Therefore, two
separate equations were generated to estimate the vancomycin penetration in patients
with and without primary CNS infection. The relationships between random effects (h )
and the significant covariates in the base model and the final model are shown in Fig. S2.

All parameter estimates remained essentially unchanged after the exclusion of
CSF_P data (not shown). The proportional residual errors for CSF_P and CSF_D samples
were estimated to be 25.2% and 27.8%, respectively, and the separation of the error
models for each of them did not improve the CSF model fitting (DOFV = 20.256). This
indicated little difference in the accuracy of vancomycin concentrations between the
two types of CSF samples. Therefore, only one proportional residual error model was
used for both the CSF_P and CSF_D samples in the final CSF model. The final model
equations for CL, Qp, and QCSF are presented below:

CL ¼ CrCL
170

� �0:461

� TVCL� eh 1

Qp ¼ age
48

� �2:61

� TVQp � eh 2

For patients with primary CNS infection,

TABLE 1 Demographics and covariates of subjects

Characteristica

No. or mean value (SD) for patients:

With primary CNS infection Without primary CNS infection
Demographics
Male 7 4
Female 2 1
Age (yr) 59.7 (11.8) 37.0 (10.2)
Body wt (kg) 84.2 (25.0) 88.6 (16.6)
Ht (cm) 174 (6) 179 (9)

Covariates
In plasma
Creatinine (mg/dL) 0.671 (0.138) 0.693 (0.287)
CrCL (mL/min) 142 (57) 194 (41)

In CSF
Protein (mg/dL) 108 (53) 27.4 (29.0)
S100 protein (mg/L) 3.88 (2.13) 30.0 (0.0)
Glucose (mg/dL) 51.4 (21.7) 80.4 (13.5)
NSE (mg/L) 15.6 (4.9) 326 (199)
Lactate (mmol/L) 4.63 (0.98) 1.78 (0.43)

aCrCL, creatinine clearance estimated by the Cockcroft-Gault equation; NSE, neuron-specific enolase
concentration. For further parameters, see Table S2.
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QCSF ¼ CSF protein
84

� �1:09

� TVQCSF 1� eh 3

For patients without primary CNS infection,

QCSF ¼ CSF protein
84

� �0:575

� TVQCSF 2� eh 3

where TVCL, TVQp, TVQCSF_1, and TVQCSF_2 are the typical population values for CL, Qp,
QCSF_1, and QCSF_2, respectively.

The final model parameter estimates and the 95% confidence intervals for the
results of 1,000 bootstrap analyses are displayed in Table 2. As shown, all relative
standard errors (RSEs) for PK parameters were less than 30%, which demonstrated ac-
ceptable precision. The IIV shrinkages of CL, Vp, QCSF, and VCSF both in the base model
and the final model (Table 2) were all below 30%, which was considered acceptable.
The consistency between original parameter estimates and median values estimated
from the bootstrap analysis proved the model was stable. The GOF plots for model di-
agnosis are displayed in Fig. 1. The inclusion of covariates significantly improved the
model diagnostic plots. A satisfactory fit was subsequently obtained between observed
and predicted values, with no trends of conditional weighted residuals over time for ei-
ther plasma or CSF samples. Figure 2 shows the prediction-corrected visual predictive
checks (pcVPCs) of the final model, which indicated that the model captured the cen-
tral tendency and distribution of most observed data points both in plasma and CSF.
However, the 95% percentile observed in the CSF lies at the inner boundary of the

TABLE 2 Parameter estimates and bootstrap results from the final model

Parametera

Value(s) for:

Final model
927 successful bootstrap
runs (n = 1,000)

Estimate RSE (%)b Median 95% CIc

CL (L/h) 4.53 7.5 4.52 3.74–5.29
Vc (L) 24.0 8.6 23.3 16.6–27.0
Qp (L/h) 5.69 12.2 5.70 4.43–8.64
Vp (L) 38.7 16.5 39.7 27.9–59.1
QCSF_1 (L/h) 0.00322 5.6 0.00331 0.00263–0.00390
QCSF_2 (L/h) 0.00135 29.9 0.00129 0.000938–0.00383
VCSF (L) 0.445 14.7 0.465 0.244–0.883

Covariates
CrCL on CL 0.453 27.6 0.452 0.150–0.830
Age on Qp 2.69 24.4 2.84 1.37–4.74
Protein (CSF) on QCSF_1 1.09 6.0 1.10 0.808–1.67
Protein (CSF) on QCSF_2 0.575 21.9 0.575 0.203–1.03

Interindividual variability (%)
CL 29.5 (0.1)d 18.7 27.9 15.9–38.1
Vp 54.3 (20.6) 25.1 54.9 21.4–93.7
QCSF 19.8 (17.7) 20.8 13.6 4.7–25.1
VCSF 94.2 (10.1) 20.8 105.0 36.1–175.7

Residual variability (proportional error) (%)e

Plasma 15.9 (5.3)d 15.5 15.4 10.7–20.4
CSF 27.5 (3.8) 5.6 26.5 17.3–34.7

aCL, clearance; Vc, central compartment volume; Qp, intercompartment clearance between central and peripheral compartments; Vp, peripheral compartment volume;
QCSF_1, intercompartment clearance between plasma and CSF compartment in patients with primary CNS infection; QCSF_2, intercompartment clearance between plasma
and CSF compartment in patients without primary CNS infection; VCSF, CSF compartment volume; CrCL, creatinine clearance.

bRSE, relative standard error.
cCI, confidence interval.
dShrinkage estimates of interindividual variability (IIV) and residual variability are shown in parentheses.
eProportional residual error is expressed as the coefficient of variation (CV).

Plasma and CSF Pharmacokinetics of Vancomycin Antimicrobial Agents and Chemotherapy

Month YYYY Volume XX Issue XX 10.1128/aac.00241-23 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
14

 J
un

e 
20

23
 b

y 
13

4.
95

.2
7.

12
9.

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00241-23


FIG 1 Combined goodness-of-fit plots of the final model for vancomycin plasma (A to D) and CSF (E to H)
concentrations. DV, observed concentrations; IPRED, individual predicted concentrations; PRED, population
predicted concentrations; CWRES, conditional weighted residuals; TIME, time after the first dose. Red lines
show the local polynomial regression fit.
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respective confidence intervals, which may be due to the large variability of the VCSF.
Individual plots of observed concentrations and concentrations predicted by the final
model in plasma and CSF are displayed in Fig. S3 and S4, respectively.

Comparisons of parameter estimates and calculations of probability of target attain-
ment (PTA) for the sensitivity analysis with individual adjustment of CSF_D sampling times
are shown in Tables S3 and S4. The parameter estimates remained nearly unchanged
except for VCSF, which had a lower estimate when using earlier sampling times for CSF_D
samples. The PTA ratios for both plasma and CSF targets between the two models ranged
from 0.83 to 1.29, indicating no relevant difference. When assuming a uniform CSF flow
rate of 12 or 36 mL/min (20), the respective adjustments in sampling times had essentially
no effect on any parameter estimates or on PTA calculations (data not shown). Therefore,
the uncertainty of the CSF flow rate and the related time delay for CSF_D samples is irrele-
vant for the model’s application, and assuming no delay between CSF_P and CSF_D sam-
ples in this study is justifiable.

Simulations. Changes in the vancomycin plasma area under the concentration-
time curve over 24 h (AUC24) and CSF trough concentration (Ctrough) in patients with dif-
ferent CrCL values and concentrations of CSF protein under different dosing regimens
are shown in Fig. S5 and S6, respectively. The simulation results suggested that CrCL
showed a moderate effect on CL but CSF protein had a large effect on QCSF. The multi-
tude of covariates did not allow standard dosing recommendations in this study.

The probabilities of target attainment (PTA) in simulated patients with primary CNS
infection after different dosing regimens of vancomycin are listed in Table 3. On the first
day of vancomycin treatment, there were only minor differences in plasma AUC24 values
between intermittent infusion and continuous infusion with a loading dose, but there
were relatively lower plasma AUC24 values for continuous infusion without a loading
dose. A daily dose of 2 g vancomycin was sufficient to achieve the target plasma ratio of
AUC24 to MIC (AUC24/MIC = 400) at MICs of #0.5 mg/L in .90% of simulated patients,
regardless of the renal function, whether administration was by intermittent infusion or
continuous infusion with a loading dose. If the MIC was 1 mg/L, a daily dose of 3 g was suf-
ficient for 84.4% of simulated patients with CrCL of ,150 mL/min, whereas patients with
CrCL of .150 mL/min might require a daily dose of 4 g, which was the recommended

FIG 2 Confidence interval prediction-corrected visual predictive check (n = 1,000) for the final model for plasma and CSF. Dots represent observed
concentrations. Black solid lines represent the median values, while dashed lines show the 5th and 95th percentiles of observed concentrations. Shaded
areas are the model-predicted 95% confidence intervals for the 5th (red), 50th (blue), and 95th (red) percentiles from 1,000 simulated data sets.
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daily dose for continuous infusion by Jalusic et al. (18) For different known pathogens, the
daily dose could be optimized to adapt the respective target AUC24/MIC for all populations.

Simulated time-concentration profiles in plasma and CSF after different dosing regi-
mens over 5 days are displayed in Fig. 3. The three infusion modes with the same daily
dose resulted in similar levels of Ctrough in CSF on day 1 and at steady state, but inter-
mittent infusion and continuous infusion with a loading dose allowed the presumed
same target concentrations in CSF to be reached faster than continuous infusion with-
out a loading dose did. In contrast, continuous infusion could keep plasma concentra-
tions relatively low during the therapy. Therefore, continuous infusion, especially at
high doses, is recommended to avoid higher vancomycin plasma concentrations, which
may help reduce renal toxicity (21). If the target Ctrough in CSF was 1 mg/L, adjustment of
doses according to CSF protein concentrations of $150, ,150 and $100, and ,100 mg/
dL resulted in daily doses of 2, 3, and 4 g vancomycin, which were then linked to PTAs of
90.4%, 90.8%, and 69.6%, respectively, in simulated patients. As a concern for patients
with primary CNS infection, a daily dose of 4 g vancomycin would cause at least 17.3% of
patients to face a potential plasma AUC24 above 600 mg � h/L, which may lead to a higher
risk of acute kidney injury (AKI) (22). Excessive systemic exposure would also prohibit
using even higher vancomycin doses in order to achieve higher CSF PTAs in patients with
low CSF protein concentrations.

DISCUSSION

In the present study, a PopPK model of vancomycin was successfully developed based
on 14 patients with EVDs to examine potential surrogate parameters for the vancomycin
penetration rate from plasma to CSF. The time courses of the plasma and CSF concentra-
tions of vancomycin were best described by a linear three-compartment model (contains
a CSF compartment). The difference in residual unexplained variability of CSF samples col-
lected at the proximal and the distal port of the EVD system as assessed by residual error
models showed that sampling at the distal port is feasible. The probability of PK/pharma-
codynamics (PD) target attainment by AUC24/MIC or MIC was subsequently evaluated
across different dosing regimens with Monte Carlo simulations.

The plasma PK of vancomycin in different populations have been well investigated
by a number of studies. Compared with the published models, the parameter estimate
for CL (4.54 L/h) in our model was consistent with reported values, and in accordance
with previous studies, CrCL showed a significant effect on CL (16–18, 23, 24). In addition,
an additional finding of this study was that age was well correlated with Qp, suggesting
faster distribution of vancomycin into tissues with increasing age. The difference from
the published models lies in the Vp, which was estimated at 38.6 L in this study, and no
significant covariate on Vp was found. In similar studies about PopPK models in patients
who underwent EVD, Li reported a value of 19.8 L for Vp and Jalusic fixed the value at

TABLE 3 Probability of target attainment in simulated patients with primary central nervous system infection after different dosing regimens
of vancomycin

PK/PD targeta

Values [day 1 (steady state)] for indicated type and amt (g) of dose/24 hb

II (q12h) CI_L CI

2 3 4 2 3 4 2 3 4
Plasma AUC24 (mg � h/L)
.200 96.0 (98.8) 99.9 (99.9) 100 (100) 94.5 (98.7) 99.9 (100) 100 (100) 84.1 (99.0) 99.7 (100) 100 (100)
.400 12.0 (56.9) 72.4 (91.3) 96.0 (98.8) 11.3 (59.6) 67.1 (92.1) 94.5 (98.7) 0.7 (61.7) 36.1 (92.7) 84.1 (99.0)
.600 0.1 (15.5) 12.0 (56.9) 54.0 (85.6) 0 (17.0) 11.3 (59.6) 48.2 (85.8) 0 (17.7) 0.7 (61.7) 17.3 (87.3)

CSF Ctrough (mg/L)
.0.5 87.5 (98.4) 94.0 (99.7) 96.7 (100) 87.1 (99.0) 94.1 (99.9) 96.8 (100) 86.4 (99.3) 93.4 (99.9) 96.6 (100)
.1.0 64.2 (89.2) 80.7 (96.0) 87.5 (98.4) 62.5 (92.0) 78.7 (97.4) 87.1 (99.1) 64.3 (92.4) 78.7 (97.8) 86.4 (99.3)
.2.0 27.6 (63.7) 49.9 (81.4) 64.2 (89.2) 23.5 (70.3) 47.6 (85.7) 62.5 (92.0) 29.7 (70.1) 51.0 (85.8) 64.3 (92.4)

aAUC24, daily area under the curve; Ctrough, the concentration at 24 h or 120 h after the first dose for day 1 or steady state, respectively.
bII, intermittent infusion; CI_L, continuous infusion with a loading dose same as the first does of II; CI, continuous infusion without a loading dose.
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86.2 L in their final model (17, 18). This discrepancy might be due to the different distri-
butions of sampling points in different studies (17). Compared with Jalusic’s model,
more time points close to the peak were used to build the model in this study, and thus,
the estimation of Vp may be closer to the true value.

In addition to the reported CSF lactate concentration, four additional potential surro-
gate parameters, CSF protein, S100 protein, glucose, and NSE, were identified as showing
good correlations with vancomycin penetration from plasma to CSF using the bulk flow
model. In accordance with the previous finding, the elevation of CSF protein and lactate
concentrations, as well as the reduction of CSF glucose concentration, can suggest CNS
infection with BBB damage, which could lead to easier penetration of vancomycin into
CSF (18, 25, 26). However, the correlations of increased CSF S100 protein and NSE con-
centrations to decreased QCSF are not in agreement with other findings, where higher
CSF S100 protein and NSE concentrations were found in patients with CNS infection (27,
28). This discrepancy may be due to the small sample size of this study or limitations of
the structural CSF model.

Typically, it is common to collect CSF samples at the proximal port of the EVD system,
which is closest to the head. In contrast, collecting CSF samples via a distal overflow sys-
tem is easier and safer for minimizing the infection risk (19, 29) but will cause a time delay
in drug concentrations for TDM. No delay between CSF_P and CSF_D samples was
assumed in the present study because the spaces were not fully separated and diffusion
might play a role in the propagation of vancomycin concentrations, in addition to flow
rate. Moreover, the concentration measured in a CSF_D sample represents an average
concentration over a period instead of the concentration at a certain time. Kinast et al.
and Wong confirmed no significant differences in the concentrations of substances,
including total protein, glucose, and lactate, between the CSF samples from the two sites
(19, 29). To our knowledge, no such studies so far have investigated the feasibility of
using CSF_D samples for TDM of vancomycin or other drugs. In this study, the residual
errors of CSF_P and CSF_D samples were compared using separate proportional residual
error models, and no statistically significant difference was found. In addition, the sensitiv-
ity analyses assuming various degrees of delay for CSF_D samples showed no meaningful

FIG 3 Median concentration-versus-time curves simulated in plasma and CSF after different dosing regimens of vancomycin over 5 days in patients with
CNS infection. II, intermittent infusion; q12h, every 12 h; CI_L, continuous infusion with a loading dose same as the first dose of q12h; CI, continuous
infusion without a loading dose.
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impact of the CSF sampling site. Therefore, collecting CSF samples at the distal port of
the EVD system for TDM or Bayesian dosing approaches of vancomycin could be a valua-
ble choice in the future. It is worth noting that careful documentation of the start and
end times of collecting CSF_D samples is critical to calculating the applicable time, thus
reducing potential error (30).

A previous PK/PD target tentatively suggested for vancomycin TDM was a plasma
Ctrough of 15 to 20 mg/L for adult patients, but data supporting this target are very lim-
ited (31). Recent evidence shows that a more reliable PK/PD target in plasma is an
AUC24/MIC of$400, taking into account efficacy and safety (22), as the AKI risk was sig-
nificantly less with AUC-guided monitoring than with Ctrough-guided monitoring (32).
Furthermore, there are also studies evaluating the relationship between the daily van-
comycin AUC and AKI, and these suggested that the AUC24 in plasma should be main-
tained between 400 and 600 mg � h/L to maximize efficacy and minimize toxicity (22).
However, an AUC24/MIC of $400 in CSF is hardly achievable, due to the limited vanco-
mycin penetration from plasma to CSF. Monitoring the AUC in CSF by a rich sampling
strategy during TDM is also cumbersome in practice for intermittent infusions, and an
AUC24 of $400 is not achievable in most cases (33). At the same time, no such relevant
PK/PD target in CSF was defined so far for optimizing dosing regimens for patients
with CNS infection (34). Therefore, simulations in this study were performed using
both the AUC24 in plasma and the Ctrough in CSF as PK/PD targets to obtain PTA in differ-
ent dosing regimens. Because there was no significant difference in vancomycin CL
between patients with and without primary CNS infection, subsequent simulations were
only conducted in patients with primary CNS infection. The reported protein binding
(PB) of vancomycin in plasma is approximately 50% (3), while the mean PB of the 14 sub-
jects in the present study was 70.1% (63.9 to 82.7%) and was highly variable. The inclu-
sion of individual fu as a covariate for the CSF volume of distribution or QCSF did not help
to improve the model fit and was therefore not considered. The PB of vancomycin in
CSF was also not taken into account, because the highest CSF protein concentration
(2.26 mg/mL) reported in the present study is still far from the normal protein concentra-
tion in plasma (60 to 70 mg/mL) (35), suggesting that the total CSF concentrations of
vancomycin are essentially equal to the unbound concentrations.

Based on our simulation results, a starting daily dose of 2, 3, or 4 g was recommended
for patients with a CSF protein concentration of$150,,150 and$100, or,100 mg/dL,
respectively. In the meantime, continuous infusion with a loading dose of vancomycin is
recommended for patients with CNS infection. On the first day of the treatment, inter-
mittent infusion could lead to a steep increase in the vancomycin concentration in CSF,
which is helpful to achieve a target concentration in CSF faster than by continuous infu-
sion. Afterwards, continuous infusion could be used to maintain an adequate plasma
concentration, to avoid potential AKI and nephrotoxicity (21, 34). In addition, a dose of van-
comycin such as 4 g/24 h was recommended for achieving an adequate CSF vancomycin
concentration in other studies, but this dose resulted in a plasma AUC24 exceeding 600 mg
� h/L on day 1 and at steady state in at least 17.3% and 85.6% of simulated patients, respec-
tively. Therefore, it is recommended that dose adjustment should be made in a timely man-
ner after adequate CSF concentrations have been obtained, based on TDM results and
Bayesian predictions via the PopPK method. The proposed final model in this study could
be employed after external evaluation and software integration.

For the treatment of patients with CNS infection, combined intravenous (i.v.) and intra-
ventricular (i.v.t.) administration of vancomycin is becoming increasingly popular for first
applications (22). The doses for i.v.t. reported in the literature ranged from 0.075 to
50 mg/day, and the CSF vancomycin concentrations varied widely, from 1.1 to 812.6 mg/L
(36). Tentatively, simulations using the same dosages as reported in the literature were
performed using our model established herein. The results showed that the predicted
plasma concentrations for combined administration at most time points were close to the
reported values, but the predicted CSF concentrations at all points in time were less than
the reported values. This underestimation may be caused by the predicted (empirical) VCSF
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(0.445 L) in this study being larger than the actual human VCSF (approximately 0.15 L).
Obstruction of CSF circulation due to hydrocephalus or surgery may also result in CSF con-
centrations in actual CSF samples being higher than expected if vancomycin was evenly
distributed in the CSF (36, 37). Therefore, our model using only data after intravenous
administration was unable to predict CSF concentrations after combined i.v. and i.v.t.
administration (36, 38). Despite the apparent underprediction of CSF concentrations com-
pared to those obtained with real combined i.v./i.v.t. administration, our predicted CSF
Ctrough would exceed 10 mg/L in most patients after 20 mg i.v.t. with 2 g i.v. every 24 h,
while the predicted plasma AUC would remain at a safe and effective level. This indicates
that the combined administration could be a better choice to improve the outcome of
patients with CNS infection in the future and should be further investigated.

Several limitations remain in this study. Only 14 patients were included and not all
covariates were available for all patients, and thus, correlations between different CSF-
related covariates and QCSF could not be compared. In addition, the small sample size
precluded the use of a more stringent backward-elimination strategy for the covari-
ance model. The final model still retains unexplained IIVs of 19.8% and 94.2% for QCSF

and VCSF, respectively. Relatively limited data for CSF_P samples were supported to
compare the residual error of CSF_P and CSF_D samples. No vancomycin data for i.v.t.
administration were available to refine the PopPK model and, thus, more precisely pre-
dict the CSF concentration after i.v.t. administration of vancomycin. In this study, stand-
ard dosing recommendations for all populations are unrealistic due to the multitude of
covariates, but dosing adjustment based on Bayesian prediction via the PopPK model
might be a better option.

In this study, a PopPK model for vancomycin was successfully established using
data from patients with EVD. Three substances quantified in CSF were identified as pre-
dictors associated with vancomycin CSF concentrations, and the relationship with CSF
protein was the closest. The model fully supported the feasibility of collecting CSF sam-
ples at the distal port of the EVD system for TDM. Recommendations on dosing regi-
men for patients with CNS infection were provided according to different CSF protein
levels. Beyond adjusting doses according to renal function, starting treatment with a
loading dose in patients with primary CSF infection was recommended.

MATERIALS ANDMETHODS
Ethical approval. This study protocol was approved by the Institutional Review Board of the Medical

Faculty of the Ludwig-Maximilians-Universität München (Munich, Germany) (approval number 20-169).
The study is registered at ClinicalTrials.gov under registration no. NCT04426383. Written informed consent
was obtained from all patients or their health care proxies.

Study design and data organization. This study was conducted at University Hospital of Munich,
Germany. Adult patients who underwent EVD due to, e.g., ventriculitis, traumatic brain injury, or subar-
achnoid hemorrhage and who received vancomycin were recruited from August 2020 to September
2021. EVD systems remained open and, thus, provided continuous CSF draining. Patients were classified
according to whether the primary infection was a CNS infection or not. Vancomycin was administered
by intermittent infusion and/or continuous infusion (with or without an initial loading dose), as deter-
mined by the physician in charge. Blood samples and CSF samples from the proximal port (CSF_P) or dis-
tal port (CSF_D) of the EVD system were collected for measurements of vancomycin concentrations and
clinical parameters (19). All samples were collected based on leftover materials from blood gas analyses,
routine blood sampling, routine CSF sampling, and remaining CSF in the drainage reservoir.

The sample volumes and collecting times of CSF samples were documented, as well as basic demo-
graphic information, including age, sex, weight, and height. The actual time of the CSF_P samples is the
respective recording time, while the actual time of the CSF_D samples was calculated with the following
formula: (recording time) 2 (sampling duration)/2. The estimated drainage rate of CSF_D samples was
then calculated with the formula (CSF_D sample volume)/(sample duration), and the estimated time
delay (applied for the sensitivity analysis only) was then calculated with the formula (dead volume
[7 mL])/(estimated drainage rate). The glomerular filtration rate (eGFR) was estimated using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) 2021 equation, creatinine clearance (CrCL) was
estimated using the Cockcroft-Gault equation (39, 40), and body surface area (BSA) was calculated using
the DuBois and DuBois equation (41).

Analytics. Vancomycin was quantified by high-performance liquid chromatography (HPLC)-UV spec-
troscopy using a Prominence LC20 modular HPLC system equipped with an SPD-M30A PDA detector
(detection wavelength, 240 nm) and LabSolution software (Shimadzu, Duisburg, Germany). The auto-
sampler was cooled to 6°C, and the column temperature was 40°C. Separation was performed using a
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CORTECS T3 2.7-mm particle size, 100- by 3-mm column (Waters, Eschborn, Germany) preceded by a
guard column (Nucleoshell RP 18, 2.7-mm particle size, 4 by 3 mm; Macherey-Nagel, Düren, Germany).
The mobile phase consisted of 0.05 M sodium phosphate buffer with 7.86% (vol/vol) acetonitrile, pH
adjusted to 3.6 or 2.9. At a flow rate of 0.4 mL/min, vancomycin eluted after 3.8 min at pH 3.6 or 5.1 min
at pH 2.9. The total vancomycin concentrations in plasma were determined following a repeatedly
described method for the analysis of beta-lactam antibiotics (42). The sample preparation included
diluted phosphoric acid instead of phosphate buffer, to achieve quantitative recovery (43). In brief,
plasma (100 mL) was acidified with 0.1 M o-phosphoric acid (200 mL) and mixed with acetonitrile (500 mL).
After separation of the precipitated proteins and extraction of acetonitrile into dichloromethane (1.3 mL),
an aliquot (2mL) of the aqueous layer was injected into the HPLC system. Free vancomycin concentrations
were determined after ultrafiltration as described previously (42). In brief, plasma (300 mL) was buffered
with 10 mL of 3 M potassium phosphate (pH 7.4) in a Vivafree 500 30-kDa Hydrosart centrifugal ultrafiltra-
tion device (Vivaproducts, Inc., Littleton, MA, USA) and then incubated in a microcentrifuge (Eppendorf
5417R; Eppendorf, Hamburg, Germany) for 10 min at 100 � g and 37°C and centrifuged for 20 min at
1,000� g and 37°C. An aliquot (0.5mL) of the ultrafiltrate was injected into the HPLC system. CSF was cen-
trifuged at 12,000� g for 3 min, and an aliquot (0.5mL) of the supernatant was injected into the HPLC sys-
tem. Calibration was performed by external standardization, as no matrix effect is observed when using
HPLC-UV, in contrast to liquid chromatography-tandem mass spectrometry (LC-MS/MS) (44). The linearity
of the assay (R . 0.998) has been proven from 300 mg/L down to 0.3 mg/L in plasma and 0.1 mg/L in sa-
line as a surrogate for CSF or ultrafiltrate, respectively. These lowest nonzero standards on the calibration
curves were defined as the lower limit of quantification (LLOQ). Based on in-process quality controls (QCs;
plasma of healthy subjects spiked with 80 mg/L, 25 mg/L, or 6.25 mg/L vancomycin) the coefficients of var-
iation (CVs) of intra- and interassay determinations of total drug in plasma were ,3% (imprecision), and
the accuracy was 99.1%. The fu of vancomycin in these QCs was 79.5% 6 1.6% (CV = 2.0%). The QCs were
analyzed as single samples, as in preliminary experiments, the difference between duplicates was as low
as 1%, i.e., in the range of the imprecision of the injection system. The accuracy regarding the determina-
tion of the free concentrations in plasma cannot be specified, as the extent of protein binding in a particu-
lar plasma sample is not known (45). The CVs of the intra- and interassay determinations of vancomycin in
saline as a surrogate for CSF or ultrafiltrate (QCs of 5 mg/L and 0.5 mg/L) were,4% (imprecision), and the
accuracy was 98.6%. The stability of the processed samples in the autosampler (16 to 18 h/6°C) was
98.3% 6 2.5% for total plasma concentrations, 99.4% 6 1.5% for free plasma concentrations, and
95.1% 6 7.2% for CSF concentrations.

Population pharmacokinetic modeling. The PopPK model was developed and diagnosed using the
nonlinear mixed-effects model software NONMEM (version 7.4.0; ICON Development Solutions, USA) and
Perl-speaks-NONMEM (PsN) (version 5.3.0; Uppsala University, Sweden) (46, 47). The model was developed
using first-order conditional estimation with interaction, where a decrease of .3.84 in the objective func-
tion value (OFV) between 2 nested models (P, 0.05) upon the inclusion of a parameter was used as a sta-
tistical criterion. The nonnested models were compared using the Akaike information criterion (AIC), and
the model with the lower AIC was selected (48). Covariates were assessed by stepwise forward inclusion
(P = 0.05) using the stepwise covariate modeling tool in PsN. Statistics and graphic visuals were performed
using R (version 4.2.0). The model was developed based on total vancomycin concentrations in plasma
and CSF. Samples with concentrations below the limit of quantification (BLQ) were omitted during model
development because the percentage of BLQ data was less than 2% (49).

The interindividual variables (IIVs) for PK parameters were described by the exponential equation
u i ¼ u � eh i , where u i is the value of the individual predicted parameter and u is the population point
estimate of the parameter. Different error models, including additive-only and proportional-only error
models and the combination thereof, were evaluated separately. The plasma data were initially used to
establish the basic model with one-, two-, and three-compartment model attempts. Subsequently, cova-
riates related to plasma PK parameters were tested, including age, sex, weight, height, BSA, primary CNS
infection, eGFR, and CrCL.

On the basis of the plasma model, a CSF compartment was directly linked to the central compartment
with the intercompartment clearance between plasma and CSF (QCSF), as well as the CSF compartment vol-
ume (VCSF). Two empirical methods to describe the elimination of the drug from the CSF compartment
were tested separately. The first was to introduce a transit compartment between the CSF compartment
and the central compartment with an independent parameter of transit compartment rate; in the mean-
time, the VCSF was fixed to be weight � 0.002 L/kg based on the reported value of human CSF volume (Fig.
4, left) (50, 51). The other was to introduce an additional clearance, i.e., bulk flow (QBULK = 0.025 L/h), when
the drug was eliminated from the CSF compartment to the central compartment (Fig. 4, right) (18, 52). The
following covariates were assessed using the two models described above in parallel: age, sex, weight,
height, BSA, primary CNS infection, drainage rate, CSF sample volume, unbound fraction (fu), albumin, biliru-
bin, C-reactive protein, leukocytes, and interleukin 6 and neuron-specific enolase (CSF), S100 protein (CSF),
ferritin (CSF), erythrocytes (CSF), cell count (CSF), protein (CSF), glucose (CSF), interleukin 6 (CSF), and lactate
(CSF). After the development of a reasonable CSF base model using all CSF sample data, the role of the two
types of CSF samples was investigated by comparison of parameter estimates when including and exclud-
ing the CSF_P samples and by separation of residual errors for CSF_P and CSF_D samples. Only forward
inclusion was used for covariates based on significant improvement of the model, because of the small
sample size and the exploratory type of evaluation. Exponential and proportional models were compared
for continuous covariates, and conditional effects was used for categorical covariates.

Internal model evaluation of the final model was performed by individual plots of predicted concentra-
tions and observed concentrations, goodness-of-fit (GOF) plots, and prediction-corrected visual predictive
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checks (pcVPC, n = 1,000) (53). Model stability and parameter precision were tested by a nonparametric
bootstrap approach (n = 1,000 bootstraps).

To further assess a potential effect of the CSF sampling site on the results of the model, a sensitivity
analysis was carried out. Although we were aware that the respective estimated time delay (calculated
as described in “Study design and data organization,” above) might not be reliable, to this end, CSF_D
sampling times were adjusted by the individual estimated time delay with censoring of any adjusted
times to the value of the previous shifted sampling time plus 0.01 h. Censoring was used to avoid dis-
turbing the order of samples by this procedure. Parameter estimates and PTA calculation were com-
pared between the final model and the model using data with adjusted times for CSF_D samples. We
repeated this exercise with uniformly shifted CSF_D sampling times, assuming CSF flow rates of 12 and
36 mL/h, which reflects the reported range of CSF production rates (20).

Simulations. Different dosing regimens were tested separately in 3,000 simulated subjects with pri-
mary CNS infection on the basis of Monte Carlo simulations, where age, CrCL, and CSF protein concen-
trations were generated according to covariate distributions in our observational data. Three infusion
modes, intermittent infusion, continuous infusion with a loading dose, and continuous infusion without
a loading dose, were compared in terms of the daily area under the curve (AUC24) in plasma and the
trough concentration (Ctrough; the concentration at 24 h or 120 h after the first dose for day 1 or steady
state, respectively) in CSF, which are common PK/PD targets for vancomycin therapy (22, 33). For contin-
uous infusion with a loading dose, the loading dose was chosen to be half of the daily dose on the first
day of treatment, and the remaining daily dose was administered immediately after the loading dose
was completed. From the second day, the daily dose was administered only by continuous infusion.
Only total vancomycin concentrations in plasma and CSF were applied for PTA calculations, as a total
vancomycin AUC/MIC of $400 has been advocated as a plasma target, while the protein binding of van-
comycin in CSF is currently unknown and protein concentrations in CSF are negligible (3, 33).

SUPPLEMENTAL MATERIAL
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