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Abstract
Background and objective  Phenytoin is extensively protein bound with a narrow therapeutic range. The unbound phenytoin 
is pharmacologically active, but total concentrations are routinely measured in clinical practice. The relationship between 
free and total phenytoin has been described by various binding models with inconsistent findings. Systematic comparison 
of these binding models in a single experimental setting is warranted to determine the optimal binding behaviors.
Methods  Non-linear mixed-effects modeling was conducted on retrospectively collected data (n = 37 adults receiving oral 
or intravenous phenytoin) using a stochastic approximation expectation–maximization algorithm in MonolixSuite-2019R2. 
The optimal base structural model was initially developed and utilized to compare four binding models: Winter–Tozer, linear 
binding, non-linear single-binding site, and non-linear multiple-binding site. Each binding model was subjected to error 
and covariate modeling. The final model was evaluated using relative standard errors (RSEs), goodness-of-fit plots, visual 
predictive check, and bootstrapping.
Results  A one-compartment, first-order absorption, Michaelis–Menten elimination, and linear protein-binding model best 
described the population pharmacokinetics of free phenytoin at typical clinical concentrations. The non-linear single-binding-
site model also adequately described phenytoin binding but generated larger RSEs. The non-linear multiple-binding-site 
model performed the worst, with no identified covariates. The optimal linear binding model suggested a relatively high bind-
ing capacity using a single albumin site. Covariate modeling indicated a positive relationship between albumin concentration 
and the binding proportionality constant.
Conclusions  The linear binding model best described the population pharmacokinetics of unbound phenytoin in adult subjects 
and may be used to improve the prediction of free phenytoin concentrations.

Key Points 

A systematic comparison of four binding-dissociation 
models (i.e. Winter-Tozer, linear binding, non-linear 
single-binding site, and non-linear multiple-binding site) 
within a fully developed population pharmacokinetic 
model indicated that phenytoin binding to serum albu-
min is non-saturable and affected by albumin concentra-
tion in adult patients at typical clinical free concentra-
tions.

The final model suggested that phenytoin might be 
bound to a single site on albumin with a relatively high 
binding capacity.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​8-020-00323​-2) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Phenytoin has been one of the most widely prescribed anti-
convulsants since its initial approval in the 1950s, although 
its usage has been slowly declining with the availability of 
newer-generation antiepileptic drugs with lower risks of 
drug–drug interactions [1–3]. Phenytoin is highly bound 
to plasma albumin (~ 90%) in healthy adults [4, 5], where 
unbound phenytoin is primarily eliminated by hepatic 
intrinsic clearance mediated by cytochrome P450 (CYP)-
2C9 and CYP2C19 [5–8]. Only minimal amounts of phe-
nytoin (~ 1.2%) are excreted unchanged into the urine [9]. 
The CYP2C9/19-mediated oxidation of phenytoin is usu-
ally saturated at the typical phenytoin plasma concentrations 
observed clinically, leading to non-linear (i.e., Michae-
lis–Menten) elimination [6, 10]. Moreover, phenytoin is a 
broad spectrum inducer of metabolism enzymes [11, 12], 
which can increase the intrinsic clearance of coadministered 
drugs.

Therapeutic drug monitoring of phenytoin is recom-
mended because of its narrow therapeutic range (i.e., 
10–20 mg/L based on total concentrations), non-linear kinet-
ics, and potential for drug–drug interactions [4, 13]. Loss 
of antiepileptic effect is typically evident at total phenytoin 
serum concentrations < 10 mg/L [14], whereas phenytoin-
induced neurotoxicity (e.g., nystagmus, fatigue) can usu-
ally be observed in patients with total serum concentra-
tions > 20 mg/L [15, 16]. Hence, a delicate balance within 
this narrow therapeutic window is required. However, the 
attainment of phenytoin concentrations within the narrow 
target can be complicated by non-linear kinetics and other 
factors known to influence phenytoin’s protein binding or 
intrinsic clearance (e.g., [4, 10, 13, 17]).

Pharmacologically active unbound phenytoin is the 
ideal marker for therapeutic drug monitoring. However, 
free phenytoin concentrations are not routinely measured 
because of the complexity of the analysis and the higher 
costs [13, 18]. Therefore, phenytoin therapeutic drug moni-
toring is commonly conducted with the total concentration, 
and free concentrations are only estimated in patients with 
renal dysfunction and/or reduced albumin [13, 18]. Several 
approaches have been proposed to describe the relationship 
between free and total phenytoin by characterizing the bind-
ing of free phenytoin with serum albumin. The most widely 
used approach is the Winter–Tozer equation, which has been 
modified by many others to better tailor to individual patient 
populations [19–23]. Moreover, non-linear mixed-effects 
modeling has been used to predict unbound phenytoin con-
centrations and characterize the nature of protein binding. 
For example, Hennig et al. [24] used a proportional linear 
binding model in critically ill pediatric subjects, ter Heine 
et al. [25] validated a non-linear binding model in various 

populations, and various investigative groups examined 
clinical covariates influencing the protein binding or free 
fraction of phenytoin [24–27]. However, to our knowledge, 
individual phenytoin protein-binding models have never 
been directly compared in a single experimental setting, so 
the optimal binding model remains equivocal. The objective 
of this study was to systematically compare four individual 
protein-binding models (i.e., Winter–Tozer, linear binding, 
non-linear single-binding site, and non-linear multiple-bind-
ing site) within a fully developed population pharmacoki-
netic model to identify the optimal albumin-binding charac-
teristics of phenytoin and the influence of clinical covariates.

2 � Methods

2.1 � Patients and Study Design

The study protocol was approved by the University of Brit-
ish Columbia (H18-02215) and the University of Alberta 
(Pro00100357) research ethics boards. Non-linear mixed-
effects modeling was conducted on retrospectively collected 
data from Vancouver General Hospital in Vancouver, Brit-
ish Columbia, Canada. Data from patients aged > 18 years 
receiving oral or intravenous phenytoin were included. 
Paired measurements of free and total phenytoin concentra-
tions were extracted from the hospital electronic database 
between 31 August 2014 and 31 August 2018. All included 
patients received at least 5 days of the same phenytoin regi-
men. Patients were excluded if they were admitted to the 
emergency department at the time of receiving phenytoin 
or lacked clinical laboratory values. A total of 37 patients 
with 37 paired free and total phenytoin concentrations were 
included in this study. The following data were collected: 
sex, critical care status (i.e., admission to the general or 
neurosurgical intensive care units), age, actual body weight, 
serum albumin, alanine transaminase (ALT), aspartate 
transaminase (AST), total bilirubin, international normalized 
ratio (INR), serum creatinine (SCr), hemodialysis status, and 
concomitant medications (i.e., low-dose aspirin, carbamaze-
pine, heparin, phenobarbital, sulfonamides, valproic acid, or 
warfarin). The majority of laboratory values were gathered 
on the same day, and all values were obtained within 1 week 
of phenytoin concentration collection. Glomerular filtration 
rate (GFR) was estimated using the chronic kidney disease 
epidemiology collaboration equation [28]. Phenytoin plasma 
samples were collected 3–24 h after dose administration. 
Free and total phenytoin plasma concentrations were ana-
lyzed at the Vancouver General Hospital clinical laboratory 
as part of routine care using a validated immunoassay [29]. 
Throughout the entire manuscript, all phenytoin concentra-
tions are designated as the free (unbound) concentration 
unless otherwise specified (i.e., total, bound).
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2.2 � Model Development

2.2.1 � Software

Modeling was conducted using a stochastic approximation 
expectation–maximization algorithm in MonolixSuite-
2019R2 (Lixoft SAS, Antony, France). For covariate and 
bootstrapping analyses, we used the Rsmlx package (Rsmlx, 
version 2.0.2, Xpop Inria Team) with R software v3.6.3 (R 
Core Team, Vienna, Austria).

2.2.2 � Base Model Selection

First-order extravascular absorption with and without lag 
time or transit compartments were tested to describe phe-
nytoin oral absorption. One- or two-compartment struc-
tural models were evaluated to obtain the best fit for free 
phenytoin concentration–time profiles. To describe the 
elimination of free phenytoin, we examined linear and 
Michaelis–Menten models. Based on the literature [19–25, 
30–32], protein-binding relationships of phenytoin could be 
characterized by four types of binding-dissociation models, 
described as follows:

(1) Empiric Winter–Tozer equation [19] with an albumin 
coefficient [20–23],

where Cfree (mg/L) is the free phenytoin concentration, Ctotal 
(mg/L) is the total concentration, CF is the albumin coef-
ficient, and albumin is expressed in g/dL.

(2) Linear binding model with the assumption that Cbound 
is directly proportional to Cfree with no saturable mechanism 
[24, 33],

where Cbound (mg/L) is the bound concentration and Kb is the 
binding proportionality constant (i.e., Cbound/Cfree).

(3) Non-linear binding model with the assumption that 
phenytoin binds to a single site on albumin [25, 31],

where Bmax (mg/L) represents the maximal binding capacity 
and KD (mg/L) defines the equilibrium dissociation constant 
(i.e., free concentration at which 50% of the binding site is 
occupied).

(4) Non-linear binding model with the assumption that 
phenytoin binds to more than one saturable binding site 
[30–32],

(1)Ctotal = Cfree × (CF × albumin + 0.1) × 10

(2)Ctotal = Cfree + Cbound = Cfree + Kb × Cfree

(3)Ctotal = Cfree +
Bmax × Cfree

KD + Cfree

where Bmax,i and KD,i are the binding-dissociation parameters 
of the i th binding site of albumin.

Combined, proportional, or constant error models with 
normal, lognormal, or logit-normal distributions were 
tested. The most suitable structural, protein binding, and 
error models were selected based on biological plausibility, 
objective function values (OFVs), Akaike information cri-
terion (AIC), Bayesian information criterion (BIC), relative 
standard errors (RSEs), and η-shrinkage values. A reduction 
in OFVs by more than 3.84 (i.e., p < 0.05) was considered a 
significant improvement in modeling.

2.2.3 � Covariate Model Selection

The four protein-binding models were further subjected 
to covariate analyses under identical pre-conditions (i.e., 
same structural model, error model, and initial parameter 
estimates) to identify the best final protein-binding model. 
The effects of an oral formulation (extended-release cap-
sule or suspension) and clinical factors listed in Sect. 2.1 
were assessed. For continuous factors, both original and 
natural log-transformed values were tested. The relation-
ship between population pharmacokinetic parameters and 
covariates are provided in electronic supplementary mate-
rial (ESM) 1 [34]. Clinical factors were identified as poten-
tial covariates by Pearson’s correlation test (p < 0.05), the 
Wald test (p < 0.05), or stepwise forward inclusion using 
the R software (e.g., [35, 36]). All potential covariates were 
included in the base model and further subjected to step-
wise backward elimination. The biological plausibility of all 
included covariates was assessed [4, 5, 13, 37, 38].

2.3 � Model Validation

The final model was internally validated using goodness-
of-fit plots, prediction-corrected visual predictive checks 
(pcVPC), and bootstrap analysis, as described previously 
[35, 36, 39, 40] (summarized in ESM 1).

3 � Results

3.1 � Sample Population

Data from 37 adult patients (mean age 61.1 ± standard devia-
tion 17.9 years) were available for analysis (Table 1). The 
majority (73.0%) of the patients were male and classified as 
non-critical care (56.8%). The average weight, AST, total 
bilirubin, INR, and SCr values (Table 1) were within the nor-
mal reference ranges [41, 42]. However, a substantial portion 

(4)Ctotal = Cfree +
∑ Bmax,i × Cfree

KD,i + Cfree
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of patients (32.4%) had increased ALT (i.e., > 53 IU/L), and 
a small portion of patients (5.4%) had severe renal dys-
function (i.e., GFR < 30 mL/min/1.73 m2). Moreover, the 
majority of patients (94.6%) had mild hypoalbuminemia 
(i.e., serum albumin < 3.5 g/dL), but the unbound fraction 
(12.4 ± 3.1%) was within the expected range [13]. On aver-
age, patients received 378.5 ± 148.3 mg/day of phenytoin 
in one to three divided doses, corresponding to a standard 
maintenance dose of 200–600 mg/day [43]. The reported 
total and free plasma phenytoin concentrations were also 
within the proposed monitoring targets (Table 1) [4, 18]. A 
small number of patients received co-medications (Table 1).

3.2 � Base Model Selection

Several combinations of structural, protein binding, and 
error models were tested (Table 2). A systematic approach 

was implemented to identify the most suitable base model: 
(1) initial search of the best model without considering pro-
tein binding (i.e., models 1–12 in Table 2), (2) screening 
of four different binding models that best complemented 
the identified structural model (i.e., models 13–16), and (3) 
testing for the optimal residual error models (i.e., models 
13–28). For the structural model, the Michaelis–Menten 
elimination model was used because the free phenytoin 
concentrations in our dataset (1.4 ± 0.7 mg/L) exceeded the 
literature-estimated (0.40–0.73 mg/L [26, 44]) and model-
estimated Km values (Table 3). Furthermore, a one-compart-
ment structural model with first-order absorption without lag 
time best complemented the Michaelis–Menten elimination 
model (model 7) in our dataset based on likelihood estima-
tions. Proportional errors were superior to both constant and 
combined models based on likelihood estimations (models 
13–28) and goodness-of-fit plots (data not shown). 

Table 1   Patient demographics 
(n = 37)

ALT alanine transaminase, AST aspartate transaminase, INR international normalized ratio, IV intravenous, 
N no, PO oral, SCr serum creatinine, SD standard deviation, Y yes
a Patients were considered under the category of “critical care” when admitted to either the general or the 
neurosurgical intensive care unit
b Records were missing for some patients
c Dose confirmed as 80 mg orally daily in nine of ten subjects

Parameter Mean ± SD or count Median (range)

Sex (female/male) 10/27
Critical care (Y/N)a 16/21
Age (years) 61.1 ± 17.9 62 (20–93)
Weight (kg) 68.5 ± 15.6 70 (30–102)
Albumin (g/dL) 2.64 ± 0.52 2.7 (1.7–3.6)
ALT (IU/L) 71.6 ± 116.2 36 (13–693)
AST (IU/L) 42.8 ± 37.1 28 (13–161)
Total bilirubin (μmol/L) 14.6 ± 39.9 6 (2–249)
INR 1.1 ± 0.1 1.0 (0.8–1.5)
SCr (μmol/L) 96.8 ± 91.6 78 (29–570)
Hemodialysis (Y/N)b 1/34
Current medicationsb

 Aspirin (Y/N)c 10/26
 Carbamazepine (Y/N) 1/23
 Heparin (Y/N) 1/34
 Phenobarbital (Y/N) 1/34
 Sulfonamides (Y/N) 1/34
 Valproic acid (Y/N) 2/33
 Warfarin (Y/N) 1/34

Phenytoin dosage and measurements
 Phenytoin dose (mg/day) 378.5 ± 148.3 300 (120–850)
 Administration route (IV/PO) 16/21
 Time between dose/test (h) 12.9 ± 7.3 10.5 (3.0–24.0)
 Total phenytoin concentration (mg/L) 11.4 ± 5.3 9.8 (5.3–23.5)
 Free phenytoin concentration (mg/L) 1.4 ± 0.7 1.1 (0.5–3.5)
 Unbound fraction (%) 12.4 ± 3.1 11.8 (7.1–19.4)
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The structural model (i.e., model 7 in Table  2) was 
parameterized as bioavailability (F), absorption rate con-
stant (ka, h−1), volume of distribution (Vd, L), maximal elimi-
nation rate (Vmax, mg/h), and Michaelis–Menten constant 
(i.e., free phenytoin concentration at which the elimination 
rate reaches 50% of Vmax) (Km, mg/L). Moreover, additional 
parameters tailored to each protein-binding model were con-
sidered: CF for the Winter–Tozer model (model 13); Kb for 
the linear binding model (model 14); and Bmax and KD for 

the non-linear binding models (models 15 and 16). Neither 
F nor ka could be precisely estimated in our dataset because 
of the limited sample size, and these values were fixed to 
0.859 and 0.225 h−1, respectively (e.g., [24, 45]). To obtain 
biologically reasonable parameter estimates, Vmax and Km 
were initially fixed to 25 ± 0.2 mg/h and 0.5 ± 0.1 mg/L, 
respectively, using reference data collected in prior studies 
[26, 44]. Because of the computational complexity of the 

Table 2   Base model selection history

AIC Akaike information criterion, BIC Bayesian information criterion, NA not applicable, OFV objective function value
a The fisher information matrix was not correctly estimated (i.e., the models failed to converge using stochastic approximation expectation–maxi-
mization algorithm)

Model Structural model Protein-binding model Error model OFV AIC BIC

Elimination Distribution Absorption

1 Linear One-compartment First-order with no delay NA Proportional 72.08 82.08 90.14
2 Linear One-compartment First-order with lag time NA Proportional 72.12 86.12 97.39
3 Linear One-compartment Transit-compartment NA Proportional 70.84a 88.84a 103.33a

4 Linear Two-compartment First-order with no delay NA Proportional 71.58 89.58 104.08
5 Linear Two-compartment First-order with lag time NA Proportional 71.51a 93.51a 111.23a

6 Linear Two-compartment Transit-compartment NA Proportional 70.95a 96.95a 117.89a

7 Michaelis–Menten One-compartment First-order with no delay NA Proportional 89.21 103.21 114.48
8 Michaelis–Menten One-compartment First-order with lag time NA Proportional 87.02a 105.02a 119.52a

9 Michaelis–Menten One-compartment Transit-compartment NA Proportional 87.40a 109.40a 127.12a

10 Michaelis–Menten Two-compartment First-order with no delay NA Proportional 89.24a 111.24a 128.96a

11 Michaelis–Menten Two-compartment First-order with lag time NA Proportional 87.39a 113.39a 134.33a

12 Michaelis–Menten Two-compartment Transit-compartment NA Proportional 86.67a 116.67a 140.84a

13 Michaelis–Menten One-compartment First-order with no delay Winter–Tozer Proportional 244.00 264.00 280.11
14 Michaelis–Menten One-compartment First-order with no delay Linear binding Proportional 259.54 279.54 295.65
15 Michaelis–Menten One-compartment First-order with no delay Non-linear single-bind-

ing site
Proportional 258.31 282.31 301.64

16 Michaelis–Menten One-compartment First-order with no delay Non-linear multiple-
binding site

Proportional 256.21 280.21 299.54

17 Michaelis–Menten One-compartment First-order with no delay Winter–Tozer Combined 1 238.02a 264.02a 284.96a

18 Michaelis–Menten One-compartment First-order with no delay Linear binding Combined 1 262.07a 286.07a 305.41a

19 Michaelis–Menten One-compartment First-order with no delay Non-linear single-bind-
ing site

Combined 1 253.33a 281.33a 303.88a

20 Michaelis–Menten One-compartment First-order with no delay Non-linear multiple-
binding site

Combined 1 254.20a 282.20a 304.75a

21 Michaelis–Menten One-compartment First-order with no delay Winter–Tozer Combined 2 242.40a 268.40a 289.34a

22 Michaelis–Menten One-compartment First-order with no delay Linear binding Combined 2 263.18a 287.18a 306.51a

23 Michaelis–Menten One-compartment First-order with no delay Non-linear single-bind-
ing site

Combined 2 254.96a 282.96a 305.51a

24 Michaelis–Menten One-compartment First-order with no delay Non-linear multiple-
binding site

Combined 2 260.93a 288.93a 311.48a

25 Michaelis–Menten One-compartment First-order with no delay Winter–Tozer Constant 245.84 267.84 285.56
26 Michaelis–Menten One-compartment First-order with no delay Linear binding Constant 260.23 280.23 296.34
27 Michaelis–Menten One-compartment First-order with no delay Non-linear single-bind-

ing site
Constant 257.24a 281.24a 300.58a

28 Michaelis–Menten One-compartment First-order with no delay Non-linear multiple-
binding site

Constant 258.35a 282.35a 301.68a
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non-linear multiple-binding-site model, two KD values were 
also fixed to 38.8 and 24.3 mg/L [30].

3.3 � Covariate Model Selection

Covariate analyses were conducted on all four protein-bind-
ing models. For the linear binding model, log-transformed 
weight (positive relationship) and total bilirubin (negative 
relationship) independently affected Vmax, whereas log-
transformed albumin positively affected Kb. The inclusion 
of these covariates reduced the overall OFV by 27.06 com-
pared with the base model. OFV was increased by 14.08 
(p < 0.001), 6.21 (p < 0.05), and 6.77 (p < 0.01) when albu-
min, weight, and total bilirubin were sequentially eliminated. 
Vmax and Kb can be estimated as follows:

where Vmaxj and Kbj are the estimated Vmax and Kb of the 
j th individual with weightj (kg), bilirubinj (μmol/L), and 
albuminj (g/dL). �j represents the random effects of the j th 
individual. The results of covariate analyses conducted 
on other protein-binding models are provided in ESM 1 
[21–23].

3.4 � Final Model

The population pharmacokinetic parameters from each 
model are summarized in Tables 3 and 4. Significantly 
higher OFV, AIC, and BIC values observed in the final 
non-linear multiple-binding site model indicated poor fit-
ting. AIC and BIC were comparable in other protein-binding 
models, but the linear binding model showed significantly 
lower OFV (ΔOFV =  − 4.68, p < 0.05) than the Win-
ter–Tozer model and relatively smaller RSEs in fixed-effects 
estimates compared with the non-linear single-binding-site 
model. Overall assessments of likelihood estimations, physi-
ological relevance, and RSEs indicated that the linear bind-
ing model best described the protein binding of phenytoin 
in this adult population (please see Sect. 4). This result is 
supported by the linear relationship between actual free 
and total phenytoin concentrations (R2 = 0.95, p < 0.0001; 
Fig. 1). Figure 2 represents the final structural model incor-
porating the linear binding model.

3.5 � Model Evaluation

Diagnostic plots for the final model with linear protein bind-
ing are shown in Figs. 3, 4, 5. The plots of observed free 

(5)
log(Vmaxj) = 2.73 + 2.04 × log(

weightj

70
) − 0.0355 × bilirubinj + �j

(6)log(Kbj) = 2.04 + 0.799 × log(
albuminj

2.7
) + �j

plasma concentrations versus population- or individual-pre-
dicted free concentrations showed uniformly scattered data 
along the line of identity, indicating the lack of significant 
bias and relatively good precision (Fig. 3) [40, 46]. Except 
for slight positive bias, the data generally centered around 
the line of zero identity without major systematic bias in the 
population- and individual-weighted residual plots of free 
phenytoin (Fig. 4), confirming the lack of obvious defects in 
the structural (Fig. 4a,c) and error (Fig. 4b,d) models [46]. 
The pcVPC plot of free phenytoin (Fig. 5) indicated the 
lack of apparent model misspecifications [40, 46], and all 
population parameter estimates were within the 95% con-
fidence interval generated by bootstrap analysis (Table 3), 
verifying the robustness of the final model [40, 46]. The 
η-shrinkage values were < 15% in the final linear binding 
model (Table 3), confirming adequate model parameteriza-
tion [46, 47].

4 � Discussion

Therapeutic drug monitoring of phenytoin is typically con-
ducted by measuring total concentrations, whereas free con-
centrations are usually estimated with predictive equations 
[13, 18]. The original Winter–Tozer equation provided reli-
able estimations of free phenytoin for patients with normal 
serum albumin [19] but exhibited bias and imprecision in 
patients with compromised renal function or hypoalbumine-
mia [48]. Modified Winter–Tozer equations with revised 
albumin coefficients have been proposed to improve pre-
dictability in various patient populations [20–23]. Popu-
lation pharmacokinetic modeling has also been used to 
characterize the binding of phenytoin, with apparently 
improved prediction of free concentrations compared with 
the original Winter–Tozer equation. Hennig et al. [24] uti-
lized a linear partition coefficient for protein binding and 
reported enhanced predictive performance in critically ill 
children. ter Heine et al. [25] used a non-linear single-site-
specific binding model and also found increased accuracy 
and precision in a variety of patient populations. In addition, 
clinical covariates influencing the free fraction or binding 
of phenytoin have been reported in a patient cohort with a 
large age distribution (e.g., albumin, severe renal dysfunc-
tion, valproic acid) [25], in adult patients with cancer (e.g., 
albumin, carbamazepine, valproic acid) [26], in pediatric 
patients (e.g., albumin, serum urea, valproic acid) [27], and 
in critically ill children (e.g., albumin) [24] using non-linear 
mixed-effects modeling. Based on these findings, it remains 
equivocal which binding model best described the interac-
tion between phenytoin and albumin and whether additional 
covariates can influence the binding process.

A one-compartment, first-order absorption, and Michae-
lis–Menten elimination structural model provided the best 
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fit for free phenytoin pharmacokinetic profiles in our dataset. 
Although the majority of the population pharmacokinetic 
studies for phenytoin have only focused on estimating Vmax 
and Km without providing additional structural components 
(e.g., [44, 49, 50]), our findings are consistent with those that 
have employed the one-compartment (e.g., [24, 51–53]) and 
first-order absorption models (e.g., [24, 51, 52]). However, 
because insufficient data were collected during early post-
dose periods in our study, it was not possible to precisely 
estimate the absorption process in our model; therefore, the 
bioavailability and absorption rate constant values had to 
be fixed to literature data (e.g., [24, 45]). This is a general 
limitation for other published phenytoin models (e.g., [24, 
51, 53]). Moreover, phenytoin clearance was described by 
Michaelis–Menten kinetics in our model, which is consistent 
with capacity-limiting metabolism at therapeutic concentra-
tions of phenytoin [4, 6] demonstrated in the literature (e.g., 
[44, 49, 50, 54, 55]). The only exception to our knowledge 
is Hennig et al. [24] who used a linear elimination model in 
critically ill children, possibly because of increased Km val-
ues in their patients with head trauma [56]. The population 
pharmacokinetic parameter estimates for Km (0.532 mg/L; 
Table 3) and Vmax (5.36 mg/day/kg; converted from data 
presented in Table 3) obtained in the final linear binding 
model were generally in agreement with reported ranges 
(i.e., 0.40–0.73 mg/L and 7.9–9.1 mg/day/kg, respectively 
[26, 44]) for free phenytoin. However, the estimated Vd for 
free phenytoin in our model (24.1 L/kg; converted from data 
presented in Table 3) was larger than previously reported 
in adult patients with cancer (0.15 L/kg) [26] and children 
(6.39 L/kg) [24]. Given the lipophilic nature of phenytoin 
[57], this observation may be attributed to decreased fat tis-
sue distribution in these patient groups [58, 59].

Four protein-binding models were directly compared 
in this study. The CF of the Winter–Tozer model was esti-
mated to be 0.276 (Table 3), which is consistent with the 
coefficients reported by Anderson et al. [21] (0.25, hypoal-
buminemia), Cheng et al. [22] (0.275, hypoalbuminemia), 
and Kane et al. [23] (0.29, neurosurgical intensive care) 
but inconsistent with Soriano et al. [20] (0.20, severe renal 
impairment with a different assay temperature) and the 
original Winter–Tozer equation  (0.20, normal albumin) 
[19]. This observation might be explained by similarities of 
our patient population (i.e. with [21–23]), where the major-
ity of subjects (94.6%) had mild hypoalbuminemia (i.e., 
albumin < 3.5 g/dL), and a substantial portion (43.2%) was 
admitted to critical care wards (Table 1). The Winter–Tozer 
model was not the optimal protein-binding model in this 
study possibly because it was originally developed with the 
assumptions of a normal phenytoin free fraction of 10% 
and serum albumin of 4.4 g/dL [19]. However, as evident 
by Cheng et al. [22], optimizing the albumin coefficient of 
the Winter–Tozer equation alone did not fully improve the AI
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accuracy and precision of the prediction, indicating addi-
tional limitations of the model.

The non-linear single-binding-site model also adequately 
described phenytoin binding, but it generated relatively 
larger RSEs in fixed-effects estimates, possibly because only 
the non-saturable portion of the non-linear binding model 
was used in our dataset. This is evident mathematically, 
where the estimated KD value (11.1 mg/L) was larger than 
the free phenytoin concentrations observed in our subjects 
(1.4 ± 0.7 mg/L). In this scenario, Eq. (3) (i.e., the non-linear 
binding model) can be simplified as follows:

Equation (7) is essentially a linear binding model (Eq. 2) 
where Kb is characterized as Bmax/KD, suggesting that the 
linear binding model provides a more precise and “par-
simonious” characterization of phenytoin binding at the 
typical free concentrations observed clinically. On the 
other hand, in patients exhibiting relatively high concen-
trations of free phenytoin, the non-linear single-binding-
site model may be more suitable. This observation may 
also explain the discrepancy in the protein-binding models 
utilized by Hennig et al. [24] (i.e., linear binding model) 
and ter Heine et al. [25] (i.e., non-linear binding model), 
where the documented free phenytoin concentrations were 
relatively low (0.88 ± 0.79 mg/L) and high (up to ~ 9 mg/L 
reported in the study), respectively. Moreover, the Bmax value 
(94.1 mg/L [RSE 8.23%]) in our non-linear single-binding-
site model was lower than that reported in ter Heine et al. 
[25] (117 mg/L [14%]). The discrepancy may be attributed 
to the mild hypoalbuminemia observed in the majority of 
our patients. Supporting this observation, covariate analysis 
identified albumin as a positive modulator of Bmax in our 
non-linear single-binding-site model, although the interin-
dividual variability of Bmax and its RSE was not improved 
with the inclusion of albumin ( Table 4). On the other hand, 
the non-linear multiple-binding-site model was the worst 
performing of the four binding models, possibly because 
of over parametrization in the setting of a relatively small 
number of subjects and that phenytoin may only bind to a 
single site on albumin (discussed below in Sect. 4).

Overall, our analysis indicated that the linear binding 
model provided the best description of phenytoin–albumin 
binding in this patient population (i.e., better diagnostics, 
improved RSE values for fixed-effects estimates, physiologi-
cal relevance, and reduced parametrization). In the linear 
binding model, the relationship between Kb (Cbound/Cfree) 
and free fraction (fu, Cfree/Ctotal) can be expressed as follows:

The estimated Kb was 7.66 (Table 3) in this study popula-
tion, with a median fu of 0.118 (Table 1). As phenytoin is 
extensively bound to albumin (~ 90%) [5, 13], reduced albu-
min concentrations can decrease the percentage of bound 
phenytoin, followed by decreased Kb and increased fu. This 
observation is consistent with that demonstrated by several 
investigators [24, 26, 27]. In the clinic, reduced albumin 
concentration leading to increased free fraction may result 
in reduced total phenytoin concentration, which should be 
interpreted with caution because the free, pharmacologically 
active concentration would, in theory, remain the same. In 

(7)Ctotal = Cfree +
Bmax

KD

× Cfree

(8)Kb =
1

fu
− 1

Fig. 1   Linear correlation between actual free and total phenytoin con-
centrations observed in 37 subjects

Fig. 2   Final population pharmacokinetic structural model of pheny-
toin incorporating the linear binding model. Cfree free phenytoin con-
centration, Ctotal total phenytoin concentration, F bioavailability, IV 
intravenous, ka absorption rate constant, Kb binding proportionality 
constant, Km Michaelis–Menten constant, PO oral, Vd volume of dis-
tribution, Vmax maximal elimination rate
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concordance with this, the inclusion of albumin further 
reduced both the RSE (from 6.81 to 4.82%) and the interin-
dividual variability (from 19.2 to 6.71%) of Kb in the final 
model compared with the base model (Table 3). In general, 
linear binding models are typically supported by high bind-
ing capacities [60], as evident in our model, with a relatively 
high Bmax of 373 μM (i.e., based on estimates obtained in 
the non-linear single-binding-site model; converted to 
molar units; Table 4). Maximal binding capacity is in turn 
reflective of the concentration of the binding protein (i.e., 
albumin) and the number of available binding sites [61]. As 
the average albumin concentration in our sample popula-
tion was 397 μM (converted to molar units; Table 1), it may 
be reasoned that the number of phenytoin binding sites on 
albumin would be ~ 0.940 (i.e., 373 µM/391 µM). This pro-
vides indirect evidence that phenytoin might be primarily 
bound to only one site on albumin in the clinical setting, 
which is inconsistent with Chen et al. [30], who suggested 
the presence of two binding sites using an in vitro model. 
Further investigations are required to determine the clinical 
relevance of this information.

In the linear binding model, weight and total bilirubin 
independently influenced Vmax. Weight was positively asso-
ciated with Vmax (Table 3, Eq. 5), an effect also observed 
in studies that estimated Vmax based on the total concentra-
tion [52, 53]. Furthermore, increased total bilirubin con-
centration (representative of compromised hepatic excretory 
function) was correlated with decreased Vmax, which may 
be attributed to intrahepatic accumulation of toxic biliary 
substances, potentially leading to the impairment of hepatic 

metabolism [62]. On the other hand, clinical factors such 
as renal function and co-medications were not found to be 
significant covariates in this dataset. Uremic toxins accu-
mulated in end-stage renal disease may alter protein binding 
[63, 64] and reduce the intrinsic clearance of phenytoin [65]; 
however, renal function (measured by SCr) was not identi-
fied as a significant covariate in this study, possibly because 
only a small number of patients had severe renal disease 
(i.e., GFR < 30 mL/min/1.73 m2). Furthermore, concomi-
tant low-dose aspirin did not impact phenytoin binding in 
this study, presumably because aspirin’s effect is only evi-
dent at relatively higher doses [66]. Carbamazepine, hepa-
rin, phenobarbital, sulfonamides, valproic acid, and warfa-
rin also did not affect the pharmacokinetics of phenytoin 
despite known interacting mechanisms [38, 67–69], which 
may likely be because of the insufficient study sample size 
(Table 1).

Despite successfully identifying the optimal phenytoin 
protein-binding model within a fully developed population 
pharmacokinetic model, this study has the following limi-
tations. The developed linear binding model can only be 
applied to patients who have plasma free phenytoin con-
centrations much less than ~ 11.1 mg/L (i.e., Cfree <  < KD), 
where the assumption of linearity is still valid. Further 
validations are also required to ensure the applicability of 
our model in patient populations with different degrees of 
hypoalbuminemia, renal dysfunction, or concurrent protein-
binding-displacing drugs, as these variables were not char-
acterized systematically in this study. As the study was con-
ducted retrospectively, data on patient ethnicity and genetic 

Fig. 3   a Observed plasma concentration of free phenytoin vs. popula-
tion predicted free concentration; b observed plasma concentration of 
free phenytoin vs. individual-predicted free concentration in the final 

population pharmacokinetic structural model of phenytoin incorpo-
rating the linear binding model
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polymorphisms (e.g., CYP2C9*3) were not available. Ethnic 
variations in minor allele frequencies have been reported 
for CYP2C9 [70], and these polymorphic alleles have been 
associated with reduced metabolism [71–73] and increased 
adverse effects of phenytoin [74–76]. Although polymorphic 
forms of albumin may exhibit altered binding affinity [77], 
the pharmacogenomics of phenytoin binding was not charac-
terized in this study. Finally, there may be additional binding 
models that were not investigated in this study.

5 � Conclusion

Systematic comparisons of four common protein-binding 
models describing the relationships between free and total 
phenytoin have been conducted using non-linear mixed-
effects modeling. We report the novel finding that the lin-
ear binding model best characterized phenytoin binding 
under typical clinical conditions in a process affected by 
albumin concentration. In patients with higher phenytoin 

Fig. 4   a Population-weighted residuals of free phenytoin (PWRES) 
vs. time; b PWRES vs. predicted plasma concentration of free pheny-
toin; c Individual-weighted residuals of free phenytoin (IWRES) vs. 

time; and d IWRES vs. predicted plasma concentration of free pheny-
toin in the final population pharmacokinetic structural model of phe-
nytoin incorporating the linear binding model
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concentrations, the non-linear single-binding-site model 
might be more suitable. Further validations are required to 
determine the predictive performances of these models for 
the estimation of free phenytoin concentrations in the clini-
cal setting.
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