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ABSTRACT 

Objective: Digoxin, a cardiac glycoside with extensive clinical usage, poses challenges due to its narrow therapeutic index and wide interindividual 
variability. Population pharmacokinetic studies in healthy individuals are scarce despite their importance in understanding drug kinetics. This study 
aimed to characterize the population pharmacokinetics of oral digoxin in healthy volunteers.  

Methods: An open-label, single-dose pharmacokinetic study was conducted in 72 healthy Indian adults using digoxin tablets. Plasma samples were 
collected at various time points, and digoxin concentrations were quantified using Liquid Chromatography-Mass Spectrometry (LC-MS). Population 
pharmacokinetic analysis was performed using PUMAS® software, incorporating covariates such as creatinine clearance. 

Results: The two-compartment model best described the data, with a population estimate of clearance (CL/F) of 12.08 l/h in the base model and 8.3 
l/h in the final model. Creatinine clearance significantly influenced digoxin clearance. Goodness-of-fit plots indicated model appropriateness, and 
Monte Carlo simulation validated model performance. 

Conclusion: This study presents a novel population pharmacokinetic model for oral digoxin in healthy individuals. The model accurately pr edicts 
digoxin pharmacokinetics and can guide dosage regimen optimization for better therapeutic outcomes. Further research should explore drug  
interactions and validate the model in diverse populations. 

Keywords: Digoxin, Population pharmacokinetics, Healthy volunteers, Two-compartment model, Liquid chromatography-mass spectrometry, 
PUMAS®, Dosage optimization 
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INTRODUCTION 

Digoxin, a cardiac glycoside discovered in 1785 and formerly 
approved in the 1990s, has an extensive usage history for cardiac 
failure, atrial fibrillation, and supraventricular tachyarrhythmias [1]. 
In recent decades, several new treatment modalities have emerged 
for these cardiac conditions; even then, digoxin is still widely used 
clinically [2]. Its parasympathomimetic action helps control 
ventricular rate in atrial fibrillation. The sequential mechanism 
involves inhibition of sodium-potassium ATPase pump, reduction in 
transmembrane sodium gradient, inhibition of sodium-calcium 
exchanger, accumulation of myocyte calcium, and thus increase in 
contractile ability, exerting positive inotropic effects [3]. 

Digoxin often falls in the vigilant eyes of clinical practitioners, 
researchers, and regulators for its notorious toxicities, including 
cardiovascular, gastrointestinal, and other serious effects [4]. It 
possesses a narrow therapeutic index and wider interindividual 
variability, requiring optimal use through therapeutic drug monitoring 
as guided by an appropriate pharmacokinetic analysis method. 
Precision medicine seems vital as the drug behaves differently with 
various patient‐specific factors, including genetic type, body weight, 
kidney function, clearance, or age [5]. It also poses multiple interaction 
threats with several other drugs and food substances. Even genotypic 
variations affect the digoxin kinetics; for the first time, Du P et al. 
identified that drug elimination is affected by single nucleotide 
polymorphisms (rs3114660 and rs3114661) in SLCO4C1 [6]. With 
only one large randomized controlled trial by the Digitalis 
Investigation Group (DIG) available, there is an uncertainty of high-
quality clinical evidence on the justification of digoxin use in several 
cardiac conditions. The ENGAGE AF-TIMI 48 trial has observed a 
significant association between digoxin and sudden cardiac death in 
patients with atrial fibrillation [7]. A 2019 meta-analysis has 
concluded that digoxin use is linked to progressive disease and 
inferior prognosis. The results on digoxin-associated mortality have 
contradicted the neutral effect as showcased by the DIG trial [8]. 

Usually, for most conditions, 8-12µg/kg of body weight of digoxin is 
administered orally or intravenously in divided doses stretched 
throughout a day, keeping the onset of adverse effects into 
consideration. Patients with atrial fibrillation and flutter may 
require intensive regimens with a large dose, while digoxin loading 
is not advised for patients with heart failure. The genuine concern is 
the use of this critical drug in patients with renal impairment having 
a creatinine clearance of less than 20 ml/min, which requires a 
smaller loading dose. Digoxin bioavailability varies with dosage 
forms and administration routes [3]. The bioavailability of elixir and 
tablet dosage forms is 70–80%, while encapsulated solution 
(unmanufactured) and intravenous forms are ~100%. Its plasma 
binding is ~30% with about 7 l/kg distribution volume, following a 
two-compartment kinetic model [9]. Digoxin’s therapeutic range is 
said to be lowered and narrowed to 0.5–0.8 ng/ml after the DIG trial. 
Komatsu et al. determined the population pharmacokinetics of 
digoxin in the presence of concomitant medications used in clinical 
practice [10]. Similarly, a few more studies have explored the 
population pharmacokinetic approach to understanding digoxin 
kinetics, but all are on patients [11-15]. 

As of February 5, 2022, there are 233 clinical studies on digoxin 
listed in ClinicalTrials. gov. Of them, 91 trials study drug interactions 
of digoxin in different clinical settings, and studies focus primarily 
on the pharmacokinetic characteristics of digoxin in specific patient 
groups. Notably, no population pharmacokinetic studies on this drug 
are registered [16]. Only two systematic reviews have been 
published on digoxin population pharmacokinetics. Interestingly, 
both were from the same Jordan-based research group, and the 
included studies were in the patient population [17, 18]. The first 
review involved eight nonlinear mixed effect modeling (NLME) 
studies on digoxin in the paediatric population [17]. The other 
review included 16 adult studies, with over 65% from East Asia [18]. 
To the best of our knowledge, no population pharmacokinetic 
studies of digoxin have been explored on healthy subjects. 
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Population pharmacokinetics in healthy subjects helps understand 
the kinetic parameters of drugs in controlled settings with minimal 
variabilities. Simulations used in these population analysis models 
render vital characteristic information for optimal drug use by 
recognizing the inherent limitations and identifying covariates that 
may affect subject variabilities [19]. Hence, the present work aimed 
to characterize the population pharmacokinetics of oral (tablet 
formulation) digoxinin venous plasma samples of healthy volunteers 
using a two-compartment model. 

MATERIALS AND METHODS 

Study design 

This study is an open-label, single-period, single-treatment, parallel, 
single-dose oral pharmacokinetic study in human volunteers under 
fasting conditions to determine the pharmacokinetic parameters of 
digoxin tablets 0.25 mg. 

We enrolled 72 healthy, non-smoking, adult Indian subjects after the 
thorough pre-study screening. Subjects who did not show abnormal 
clinical, biochemical, hematological, serological, urinary, 
cardiovascular (electrocardiography), urinary drug substance, 
alcohol breath analysis, and radiological examinations were 
included. Individuals with clinically significant disease conditions 
that required medical therapy in the last two months before study 
enrolment, subjects with infections requiring treatment in the last 
month before the study started, those who underwent 
gastrointestinal surgery that might hinder drug kinetics, those who 
were positive for HIV or viral hepatitis, and pregnant or 
breastfeeding female subjects were excluded. Enrolled female 
subjects were required to use contraceptives for a month before first 
dosing until study completion. 

Subjects received the interventional drug after overnight fasting of a 
minimum of 10 h. Peripheral pre-dose venous plasma samples were 
collected, followed by post-dose sampling for every 15 min until 1.5 
h, and then at regular time intervals of 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, 
120, and 144 h. 

Two aliquots of plasma samples collected in anticoagulant vacutainers 
were transferred into polypropylene tubes post centrifugation (4000 
rpm, 10 min, 4±2 ºC) and stored frozen (-70±15 °C). 

Ethical considerations 

The Independent Ethics Committee of Subham Ethics Committee 
(Chennai, Tamil Nadu, India) reviewed and approved the study 
protocol and informed consent form on May 13, 2021, approval 
number (IEC/10/2021). Voluntary written informed consent was 
obtained from all participants after orally briefing the procedures 
and risks involved in the study. The study was performed in line 
with the World Medical Association Declaration of Helsinki (adopted 
June 1964; updated July 2018) [20], International Conference on 
Harmonization guidelines on Good Clinical Practice (adopted April 
1995; updated November 2016) [21], Indian Good Clinical Practice 
(updated February 2017), and institutional research ethics and 
integrity recommendations. 

Digoxin quantification 

Instrumentation 

Digoxin in plasma samples were quantified using a sensitive LC-MS 
assay using ACQUITY H-Class system (Waters) consisting of a binary 
pump, degasser, and auto-sampler configured to mass spectrometer 
(triple quadrupole, Xevo TQS-Micro model, Waters). Chromatograms 
were acquired using Mass Lynx software (version 4.2). Positive 
electrospray ionization with multiple reaction monitoring 
acquisition mode was used with the following mass spectrometer 
parameters: source temperature, 150 °C; capillary voltage, 3.0 kV; 
desolvation temperature, 500 °C; cone gas flow, 50 l/h; and 
desolvation gas flow, 1100 l/h. 

Chemicals and reagents 

Digoxin and digoxin D3 were purchased from Clearsynth Labs Ltd, 
India. Other chemicals included Acetonitrile (LCMS grade, 
Honeywell), Ammonium acetate (Emparta grade, Merck), Methanol 

(LC-MS grade, Biosolve), HPLC water (Rankem), Dichloromethane 
(HPLC Grade, Honeywell) and Diethyl ether (HPLC Grade, 
Honeywell). Human Plasma with K2 EDTA anticoagulant was 
procured from Symbiosis Laboratories and Research Centre, 
Ahmedabad, India. 

Sample preparation 

50µl* of the internal standard working solution was added to 400 
µl** of plasma sample vortex briefly. 2.5 ml of diethyl ether 
dichloromethane (90:10, v/v) was added and vortexed for 5 min and 
centrifuged at 4000 rpm for 5 min. The supernatant was collected 
into RIA vial and evaporated to dryness at 40 °C under nitrogen 
evaporator. The dried residue samples were reconstituted with 200 
µl** of reconstitution solution, and 5 µl** sample was injected to the 
system. 

Chromatographic conditions 

Analytical column (Ascentis Express C18, 5 cm x 4.6 mm, 2.7 µm) 
was used for the chromatographic separation of an analyte, its 
metabolite, and respective internal standards by isocratic elution 
using acetonitrile and 10 mmol ammonium acetate (60:40, v/v) as 
the mobile phase with flow rate of 0.200 ml/min with 5 µl** 
injection volume column. 

Stock solution, calibration standards, and quality control 
standards 

Weighed amounts (equivalent to 50 µg/ml) of digoxin and digoxin 
D3 stock solution were diluted and made up to volume with 
methanol in a volumetric flask. The working standard and internal 
standard working solutions were prepared in 50% methanol. These 
stock solutions and working solutions were stored in refrigerated 
conditions. 

Separate master stock solutions were used to prepare calibration 
standards and quality control standards. 200 µl** of working 
solutions containing digoxin were spiked to 9.8 ml of blank plasma 
to prepare calibration standards containing concentrations of 80.0, 
159.7, 301.3, 602.6, 1205.3, 2410.6, 3614.1, 4818.9, and 6023.6 
pg/ml. Quality control samples had concentrations of 80.5, 1948.5, 
2322.9, and 4330.0 pg/ml. Spiked calibration and quality control 
standards were stored at-70 °C storage conditions. 

The unknown concentration of digoxin was computed using linear 
regression with 1/x2 as weighting factor:  

Y=bX+a 

Where, X = concentration, m = slope of the calibration curve, Y = 
peak area ratio, a = intercept of the calibration curve. The best fit for 
the calibration lines of chromatographic response versus 
concentration was determined by least square regression analysis 
with a weighting factor of 1/x2 as the coefficient of determination 
(r2) was greater than 0.99 as detailed by Sonawane et al. [22]. 

Population pharmacokinetic modelling 

The population pharmacokinetic analysis was carried out from the 
collected plasma concentration-time data. The PUMAS® software 
(v.1.40.1) was used to perform the NLME and first-order conditional 
estimate with interaction (FOCEI) method. The data file was built 
with digoxin plasma concentration as a dependent variable with the 
dose, sampling time, patient demographics, and other covariates like 
body weight, serum creatinine, and creatinine clearance. Initially, a 
base model was constructed, and the covariates were incorporated 
stepwise to develop the covariate model. Fitting the data into one 
and two-compartment models was examined, and the structural 
base model was parameterized with apparent clearance, apparent 
volume of distribution of the central compartment, peripheral 
compartment, and intercompartmental clearance. An exponential 
model, i. e., Pi = PTV × eηp, where Pi is the parameter estimate for 
the ith individual, and PTV is the typical value for the parameter at 
the population level, was used to explain the interindividual 
variability for these pharmacokinetic parameters. The variability 
between the population parameter values and the individual 
parameters for the ith individual was described by ηp, which was 
assumed to be normally distributed with a mean of 0 and a variance 
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of ω. Additionally, a proportional error model was included to 
account for the intra-individual variability, system noise, 
experimental error, and/or model misspecifications.  was used to 
describe the residual unknown variability representing normally 
distributed error with mean zero and variance .  

The covariate analysis was performed by employing the forward 
addition and backward deletion procedures to arrive at the final 
model. Age, body weight, gender, serum creatinine, and creatinine 
clearance were included as covariates. A minimum drop in the 
objective function by 3.84 was accepted in the forward addition as 
statistically significant with the p-value of<0.05. Also, a stringent 
significance level of p<0.001 was applied to backward deletion to 
account for a drop of 10.82 in the objective function. 

Furthermore, model selection was guided by different goodness-of-
fit statistics (e. g. objective function value (minus twice the log-
likelihood). Plots showing population predictions vs weighted 
residuals (WRES) and individual predictions vs individual weighted 
residuals (IWRES)were routinely investigated with consideration of 
parameter estimate eta (η) shrinkage and epsilon (Ɛ) shrinkage (i. e., 
= 1-sd [individual weighted residuals]) using appropriate coding in 
the proportional residual model. To accept a model, the data points 
were required to be randomly distributed around the line of identity 
for plots showing predictions versus observations or randomly 
distributed around zero for residual plots. Another criterion was the 
precision of parameter estimates as reported by the relative 
standard error obtained from PUMAS®. A relative standard error of a 
parameter higher than 50% indicates that the parameters might be 
redundant. Further selection criteria were the absence of a 
correlation>0.95 between model parameters, numerical stability of 
the model, and the plausibility of the parameter estimates.  

Apart from the objective function value (equal to-2 log-likelihood) 
comparison, the covariate influence on inter-individual variability 
and goodness of fit were also compared and examined between base 
model and final model. 

Monte carlo simulation 

The final population pharmacokinetic model was evaluated by 
simulating 1000 virtual individuals with the PUMAS®. In accordance 
with the final model, the impact of creatinine clearance on the TVCL 
and body weight on the volume of distribution was illustrated by 
utilizing a range of creatinine clearance and body weight values of 
30 to 120 ml/min and 40 to 100 kg, respectively. 

Guidelines followed 

Study drug administration, vitals monitoring, blood sampling, and 
safety monitoring were performed as detailed in the United States 
Food Drug Administration (USFDA) guidance for bioequivalence 
studies with pharmacokinetic endpoints (adopted August 2021) [23]. 
Calibrator preparation, quality control determination, sample 
preparation, validation, detection and estimation of lower limit of 
quantification (LLOQ), precision, accuracy, specificity, matrix effects, 
and extraction efficiency were determined as suggested in the USFDA 
bioanalytical method validation guidance (adopted 2018) [24]. We 
considered the USFDA population pharmacokinetics guidance 
(adopted July 2019) for our present work [19]. Compliance with 
BRISQ 2011 checklist [25] was ensured as the study involved the 
collection and analysis of biospecimen, while ClinPK 2015 checklist 
[26] was followed for reporting the pharmacokinetic findings. 

RESULTS 

Subject characteristics 

All 72 subjects (mean±SD age: 32.44 ±6.87 years) completed the 
clinical phase. Their mean±sd body mass index was 23.87±2.99 kg/m2 

(range: 18.65 to 35.65) and mean±SD body weight was 63.54±11.78 
kg/m2 (range: 38 to 91). We assessed all subjects for their well-being 
throughout the conduct of the study. No adverse events (AEs), serious 
adverse events, or deaths reported among the study population. The 
investigational drug was safe and well tolerated. Table 1 provides the 
demographic and clinical characteristics of enrolled subjects. 

 

Table 1: Demographic and clinical characteristics of enrolled subjects 

Characteristics Age Weight BMI 
N 72 72 72 
Mean 32.44 63.54 23.87 
Standard Deviation 6.87 11.78 2.99 
Minimum 18 38 18.65 
Maximum 44 91 35.65 
Median 33 63.5 23.115 

 

Bioanalysis 

Bioanalytical detection and quantification of digoxin was performed 
for 1368 samples obtained from 72 subjects. LLOQ for digoxin was 
80 pg/ml, and there were xx digoxin concentrations above the LLOQ. 
The curve range was 80 to 6000 pg/ml. About 118 samples were 
subjected to incurred sample reanalysis. There were no samples 
failures in the quality control stage, no re-injections observed, and 

no cases of chromatogram re-integration in this work. The retention 
times of digoxin and digoxin D3 were found to be approximately 
2.20 and 2.20 min, respectively. 

The mass transition ions for analyte, metabolite, and its respective 
internal standards are mentioned in table 2. Global precision and 
accuracy of quality control samples are provided in table 3. A sample 
chromatogram for digoxin is shown in fig. 1. 

  

Table 2: Mass transition ions for analyte, metabolite, and its respective internal standards. 

Compound Precursor Ion (m/z) Product Ion (m/z) 
Digoxin 781.46 651.39 
Digoxin D3 784.48 654.35 

 

Table 3: Global precision and accuracy of quality control samples 

Samples LLOQC 80 (pg/ml) LQC 245 (pg/ml) MQC 1950 (pg/ml) HQC 4330 (pg/ml) 
Inter run Mean 86.6634 251.2212 2019.7244 4458.3176 
Inter run SD 1.95793 3.66647 61.55752 43.75023 
Inter run CV% 2.26 1.46 3.05 0.98 
Inter run % Nominal 108.33 102.54 103.58 102.96 
Inter run % Deviation 8.33 2.54 3.58 2.96 

Regression: Response Ratio= Slope * Concentration+Intercept, Acceptance Criteria: r2 ≥ 0.9850 
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Fig. 1: A sample chromatogram for digoxin 

 

Population pharmacokinetic analysis 

The data set showed the best fit for the two-compartment open 
model with first-order absorption when the FOCEI method was used 
to estimate. Basic goodness-of-fit plots are shown in fig. 2. 

The population estimate of CL/F was calculated as 12.08 l/h with 
the base model. The final model was developed by the forward 
addition and backward deletion of the covariates as per the criteria 
mentioned in the methodology. A covariate is included into the 
model only when there was a drop in the objective function at least 
by 3.84 (p<0.05) while adding it into the model, and subsequently an 
increase in the objective function at least by 10.82 (p<0.001) while 
deleting it from the model to arrive the final model. The estimated 
parameter values of both base and final models are given in the 
table. Creatinine clearance was found to significantly influence the 
clearance of digoxin. 

To get a more detailed analysis of how best the predictions matched 
the observations, these were plotted against each other. The goodness 
of fit plots of the final model revealed that the data set was converged 
close to the line of identity, indicating the covariates included in the 
base model were appropriate to describe the final model. The plots of 

WRES and IWRES for the final model are shown in fig. 2. These plots 
have shown evenly scattered plots on both sides of the zero line than 
observed in the base model. These plots are also useful diagnostics to 
understand how the structural model describes the data. All these 
goodness of fit plots revealed that the data set of this study population 
best fit the final model described with specific covariates. Apart from 
the diagnostic plots, the shrinkage in the eta and epsilon was low, 
which denotes the data is reasonably informative. The final model for 
various pharmacokinetic parameters is given below.  

Ka = tvka*exp (ETA) [1] 

CL = tvcl*(CLCR/99.56)*exp (ETA)[2] 

Vc = tvvc*(WT^0.7)*wtonvc*exp (ETA) [3] 

Vp = tvvp*(WT^0.7)*wtonvp*exp (ETA) [4] 

Q  

Parameter estimates in base and final models are provided in table 
4. Fig. 2 shows plots of population predictions vs weighted residuals 
and individual predictions vs individual weighted residuals for the 
final model. 
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Table 4: Parameter estimates in base and final models 

Parameter Base model (CV%) Final model (CV%) 
tvka (h-1) 0.89(7.35) 0.88 (5.48) 
Tvcl (L/h) 12.08(48.33) 8.33 (24.80) 
Tvvc (L) 76.97 (55.39) 89.55 (32.07) 
Tvq (L/h) 64.58 (6.40) 64.59 (6.16) 
tvvp (L) 626.12 (8.77) 626.05 8.60) 
Ω₁,₁ 0.0054 0.0030 
Ω₂,₂ 0.2336 0.0615 
Ω₃,₃ 0.3068 0.1029 
Ω₄,₄ 0.0041 0.0038 
Ω₅,₅ 0.0077 0.0074 
σ_prop 0.2502 0.2504 

Mean (cv) 

 

 

Fig. 2: Plots of population predictions vs. weighted residuals and individual predictions vs. individual weighted residuals for the final 
model 

 

DISCUSSION 

The present work attempted to characterize the population 
pharmacokinetics of digoxin in healthy volunteers. The drug was 
well tolerated as no AEs or subject discontinuations were reported. 
Vital signs and physical examination conducted during the study 
were normal for all subjects. We followed industry standards in 
analyzing the plasma samples using a validated bio analytical 
method using a sophisticated instrument. The data obtained from 
the bio analysis was used to characterize the population 
pharmacokinetics of digoxin. 

Appropriate clinical models deem essential to design and develop 
optimally personalized digoxin dosage regimens to provide better 
patient care [27]. Albeit the two-compartment model of digoxin was 
first proposed in the early ’70s [28], most of the published studies 
on digoxin population pharmacokinetics described the one-
compartment model [18]. For instance, Chen et al. used a one-
compartment approach to study the population pharmacokinetics of 
digoxin in the elderly patient population [11]. However, using the 
FOCEI method, we tried to fit our data in a suitable two-
compartment open model in this study. One-compartment approach 

may not help understand the clinical pharmacokinetic/ 
pharmacodynamics characteristics of digoxin in patients with atrial 
fibrillation and chronic atrial flutter [27]. We simulated 1000 virtual 
individuals for evaluating the final model. The population estimate 
of CL/F was calculated as 12.08 l/h and 8.3 l/h with base and final 
models, respectively. Chen et al. reportedly had the CL/F of 8.9 l/h 
for their model [11]. The systematic review by the Jordanian team 
identified that the individual CL/F ranged from 0.005 to 0.2 l/h/kg 
in the included studies [18]. 

Several scientists have described digoxin pharmacokinetic 
characteristics in a two-compartment setup (serum and periphery) 
in the patient population and suggested dosage regimens with the 
help of a multiple-model dosage design [28]. Scientists have 
evaluated the population pharmacokinetic features of digoxin in 192 
adult patients (287 serum samples). They calculated total body 
clearance and optimized the dosage regimen for the target 
concentration of 0.5-0.8 ng/ml [10]. We identified that creatinine 
clearance could significantly influence digoxin clearance in healthy 
individuals. A population pharmacokinetic study conducted based 
on the Digitalis in Acute Atrial Fibrillation trial also found a strong 
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correlation between digoxin and creatine clearance [29]. Korean 
research on patient population identified serum potassium and 
renal function could influence the population pharmacokinetic 
behavior of digoxin [30]. Soo et al. identified the relationship 
between digoxin pharmacokinetic variability and the influence of 
nutritional status in Korean patients [30]. A population 
pharmacokinetic study on Chinese patients documented that 
spironolactone could significantly affect digoxin clearance [31]. 
Concomitant administration of spironolactone with digoxin could 
reduce digoxin clearance by 23% in Japanese patients [32]. 
Interestingly, concomitant use of digoxin in patients with congestive 
heart failure did not influence the population pharmacokinetics of 
levosimendan [33]. Notably, we did not concomitantly administer 
any drug to healthy volunteers and assess interaction profiles. 
Although this may be considered as a chief limitation of our work, 
notwithstanding, this is the first, to the best of our knowledge, to 
explore the population pharmacokinetic approach for digoxin in 
healthy individuals.  

CONCLUSION 

We developed a novel population pharmacokinetic model for 
digoxin in healthy individuals. The model could exactly predict the 
digoxin pharmacokinetics in plasma samples over time. The 
approach can be scaled, and clinical utilization of the study findings 
may help decide dosage regimen, thus providing better therapeutic 
outcomes. However, such a clinical decision should always be 
supported by a critical appraisal of the individual's health condition 
and therapy requirements. 
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