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Abstract
Background Selenite is a radiosensitizer and inhibitor of androgen receptor expression and function. In a phase I study 
(NCT02184533) in 15 subjects with metastatic cancer receiving daily oral sodium selenite with palliative radiation therapy, 
disease stabilization was observed, as evidenced by tumor regression, marked reduction in pain symptoms, and decreased 
prostate-specific antigen levels (only patients with castrate-resistant prostate cancer).
Objective The aim of this work was to characterize the pharmacokinetics of selenite to suggest dosing strategies and to 
propose a study design for further investigation.
Methods With selenium plasma concentrations obtained from five dosing cohorts (5.5, 11, 16.5, 33, and 49.5 mg), a popu-
lation pharmacokinetic model was constructed using NONMEM. The model described externally administered selenite 
(inorganic) with a baseline component for endogenous selenium levels. Using the pharmacokinetic model, simulations were 
performed to suggest dosing regimens that achieved in vitro target selenite levels, and optimal pharmacokinetic sampling 
times for a subsequent study were proposed using PopED.
Results A one-compartment model characterized selenite pharmacokinetics. Parameter estimates were absorption rate con-
stant (0.64  h−1), apparent clearance (1.58 L/h), apparent volume of distribution (42.3 L), and baseline selenium amount 
(5270 μg). A logarithmic function characterized the inverse relationship between dose level and bioavailability. Four regimens 
to reach in vitro target selenite levels were proposed: 33 mg daily, 16.5 mg twice daily (BID), 11 mg BID, and 5.5 mg thrice 
daily (TID). Optimal sampling times were 1, 2, 6, and 24 h.
Discussion The population model described the pharmacokinetic data well. Three regimens (33 mg daily, 11 mg BID, 5.5 
mg TID) achieved in vitro target selenite levels after one dose. The model and optimal sampling times may inform future 
studies evaluating the efficacy of selenite for metastatic cancer treatment.
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Key Points 

Patients with advanced or metastatic cancer often receive 
palliative radiation therapy, which frequently does not 
provide sufficient relief from disease symptoms.

Sodium selenite can slow the growth and spread of can-
cer cells by inducing cell death; it also makes tumor cells 
more sensitive to radiation therapy.

The proposed population model is the first of its kind to 
characterize the concentration–time course of selenite; 
the model may be used to suggest (1) dosing regimens 
and (2) optimal study designs for new clinical studies 
evaluating the efficacy of selenite as monotherapy or in 
combination therapy for treatment of advanced or meta-
static cancer.

1 Introduction

Androgens are male sex hormones that bind to androgen 
receptors (ARs) and mediate the growth and survival of 
prostate cells. Uncontrolled growth of these cells can lead 
to the development of prostate cancer. Lowering androgen 
levels and/or blocking the effect of androgens on AR sign-
aling with androgen-deprivation therapy (ADT) reduces 
prostate cancer cell growth and delays disease progression 
[1]. ADT takes many forms (e.g., surgical removal of the 
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testicles or ingestion of antiandrogen agents or female sex 
hormones) but, eventually, patients become resistant to ADT 
and develop castrate-resistant prostate cancer (CRPC) [2]. 
CRPC remains incurable despite recent advances in therapy 
that include new ADT agents and systemically targeted radi-
opharmaceutical treatments [3]. Radiation therapy (RT) is 
frequently used as palliation in CRPC; however, it often does 
not adequately alleviate symptoms such as pain caused by 
bone metastases. At this time, all treatments for CRPC are 
palliative at best, making the development of improved and 
more efficacious therapies for this disease a necessity [4].

Sodium selenite (hereafter referred to simply as selenite), 
is an inorganic form of selenium. Selenium is a trace element 
that is found naturally in foods, added to foods, and avail-
able as a supplement [5]. Selenite has antitumor effects in a 
variety of tumor types [6–10]. As selenite is metabolized, it 
depletes the antioxidant glutathione and generates superox-
ide radicals, which are toxic reactive oxygen species [6, 7]. 
Reactive oxygen species can induce apoptosis and sensitize 
prostate tumor cells to the effects of radiation without sen-
sitizing the normal gastrointestinal epithelium to radiation 
[6, 7]. The preferential effect of selenite on prostate cancer 
cells (as compared with normal prostate cells) is due in part 
to alteration in the level of expression of the Bcl-2 family 
members, which are important regulators of apoptotic poten-
tial, as well as to baseline differences between cancerous and 
normal prostate cells in the level of the antioxidant enzyme 
manganese superoxide dismutase [6, 7]. Furthermore, evi-
dence suggests that selenite is a potentially novel inhibitor 
of AR expression and function and acts via a glutathione-
dependent redox mechanism to inhibit the transcription fac-
tor Sp1 (upstream of prostate-specific antigen and AR) [8, 
9]. Taken together, these findings provide compelling evi-
dence that selenite may be useful as a therapeutic agent for 
treating hormone-sensitive and refractory prostate cancer 
and other tumor types, either alone or in combination with 
standard cytotoxic and hormone therapies.

The clinical pharmacokinetics of intravenously admin-
istered selenite has been characterized using noncom-
partmental analysis. An elimination half-life of approxi-
mately 18 h was reported in patients with various primary 
tumor types [11]. These individuals experienced nausea 
and vomiting as the primary systemic toxicity at dose 
levels of ≥ 4.5 mg/m2 [11]. To characterize the safety 
and pharmacokinetics of orally administered selenite, a 
phase I study was conducted in patients with metastatic 
cancer, many of whom had CRPC [12]. Selenite was 
administered daily in combination with palliative RT for 
the duration of the RT course. Using a standard, nonran-
domized, open-label design, patients with metastatic can-
cer were treated with escalating doses of selenite ranging 
from 5.5 to 49.5 mg, taken as a single oral dose without 
food 2 h prior to RT.

The (1) oral dosing regimens (dose, frequency) that may 
achieve target in vitro selenite levels and (2) optimal phar-
macokinetic sampling times of oral selenite as an add-on 
therapy for patients with CRPC for whom treatment with 
other antiandrogens have failed is unknown. To explore 
these questions, we developed a population pharmacokinetic 
model using nonlinear mixed-effects modeling (NLMEM) 
with the pharmacokinetic data collected from plasma blood 
sampling for the various dosing cohorts. Selenite may be 
useful for treating not only prostate cancer but also other 
solid tumors and non-Hodgkin’s lymphoma [11, 13–16]. 
Therefore, this quantitative approach and the primary find-
ings from this study may be used to design and analyze simi-
lar phase I studies evaluating oral selenite as monotherapy 
or in combination therapy for patients with various types of 
metastatic cancer.

2  Methods

2.1  Study Design, Population, and Pharmacokinetic 
Sampling

The full study design and the primary efficacy and safety 
results are described elsewhere [12]. In brief, the study was 
a phase I, nonrandomized, open-label, single-stage trial to 
evaluate the efficacy and safety of oral selenite, in combina-
tion with palliative RT, in patients with metastatic cancer 
(NCT02184533). In total, 15 subjects (13 males, 2 females) 
aged 37–92 years received oral sodium selenite tablets 
administered without food (2 h before or after drug admin-
istration). Drug administration occurred approximately 2 h 
prior to scheduled daily RT sessions. Standard palliative reg-
imens of RT were utilized, but the dose, fractionation, and 
duration varied according to a number of clinical factors. 
Therefore, not all patients received the same number of sel-
enite doses, with some receiving up to ten doses. Selenium 
plasma concentrations were collected from each subject pre-
dose, at 15 min, and at 1, 2, 4, and 24 h post-dose on day 1 
(intensive sampling). All other sample collections on day 2 
and thereafter were optional (sparse sampling). Of the dose 
escalation schema investigated, data for five dosing cohorts 
were available: 5.5, 11, 16.5, 33, and 49.5 mg selenite (no 
control group was used). For the modeling analysis, the 
plasma concentrations collected in the intensive sampling 
phase for each individual in each dosing cohort were used.

2.2  Population Pharmacokinetic Model 
Development and Evaluation

A population approach using NONMEM software (ver-
sion 7.4; ICON PLC, Dublin, Ireland) was used to model 
the selenite pharmacokinetics. A one-compartment and 
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two-compartment model with oral absorption were tested. 
The two-compartment model did not significantly improve 
the model fit; therefore, a one-compartment structure was 
retained for the final model. A system of ordinary differential 
equations was written, and data were fit using the first-order 
conditional estimation method with interaction.

The time of selenite dose administration was approxi-
mately 2 h before RT and coincided with the first pre-dose/
baseline selenium measurement. A parameter was intro-
duced into the model to estimate the baseline endogenous 
selenium amount (BASE) prior to dosing. The bioavailabil-
ity (F) was estimated for each dose level relative to 5.5 mg 
(F5.5 = ~ 1), which revealed a decrease in bioavailability 
with increasing dose level. To describe this dose-depend-
ent bioavailability relationship, an empirical mathematical 
expression was fit to the bioavailability estimates per dose 
level; power, logarithmic, exponential, and linear functions 
were explored. The logarithmic relationship yielded the 
best fit and was subsequently used to replace the individual 
estimates of bioavailability per dose level in the model. 
A separate assessment using Michaelis–Menten saturable 
absorption kinetics was also explored. In addition to bio-
availability and BASE, pharmacokinetic parameter estimates 
with uncertainty expressed as a relative standard error (RSE) 
were obtained for the absorption rate constant (ka), appar-
ent clearance (CL/F), and apparent volume of distribution 
(V/F) of selenite. Interindividual variability (IIV, η) was 
modeled exponentially, added to each parameter (ka, CL/F, 
V/F, BASE), and assessed for model stability and conver-
gence. Additive, proportional, and combined error models 
were evaluated to characterize the residual variability. IIV on 
the BASE parameter and an additive error model provided 
the best fit.

The best fit was determined based on likelihood ratio 
tests, diagnostic plots, and visual predictive checks (VPCs). 
The difference between two log likelihood ratios (− 2LL), 
referred to as the objective function value (OFV), followed 
a chi-squared distribution; if the OFV difference between 
two models differing by a single parameter was > 3.84, the 
parameter was deemed significant (p < 0.05). Diagnostic 
plots (goodness of fit and individual fits) and VPCs using 
1000 simulated datasets was performed to both determine 
the appropriateness of the model and to suggest improve-
ments. Perl-speaks-NONMEM (version 4.8.1), Pirana (ver-
sion 2.9.7), R (version 3.5.1), and Xpose (version 0.4.4) 
were used for data management, model development, and 
data visualization [17].

2.3  Proposed Dosing Regimens

Using the final population pharmacokinetic model and 
its parameter estimates, typical pharmacokinetic simula-
tions were performed for the dose levels studied in the trial 

(5.5, 11, 16.5, 33, and 49.5 mg selenite) to propose dosing 
regimens (dose, frequency) that achieved a target selenite 
concentration range of 5–10 µM (395–790 ng/mL of sele-
nium). This target was derived from in vitro studies because 
prior clinical efficacy data in patients are sparse [6–8]. The 
PKPDsim package (version 1.0.1) in R was used to perform 
simulations.

2.4  Optimal Sampling Design

To informatively design subsequent pharmacokinetic studies 
evaluating the efficacy of selenite for treatment of metastatic 
cancers, the optimal design software PopED (Population 
Experimental Design, version 0.4.0, R package) was used to 
determine optimal pharmacokinetic sampling times [18, 19]. 
PopED uses a Fisher information matrix (FIM) for design 
optimization. The FIM defines the best design for parameter 
estimation using maximum likelihood estimation methods 
[20]. The central principle in FIM design optimization is 
D-optimality, where the determinant summarizing the FIM 
is maximized such that the precision of the parameter esti-
mates is minimized for individual and population models 
[20].

A one-compartment model written with ordinary differen-
tial equations was used from the predefined structural model 
library. Initial conditions were set to zero for the absorption 
compartment and the BASE parameter for the central com-
partment. The logarithmic dose-dependent bioavailability 
expression was not used; instead, bioavailability at each dose 
level was expressed as F × DOSE. From the final population 
pharmacokinetic model, the fixed-effect parameter estimates 
for ka, CL/F, V/F, and BASE, and the IIV estimate on BASE 
were used. The residual variability was described by a pre-
defined additive error model; the estimate reported from the 
final population pharmacokinetic model as a standard devia-
tion was converted to a variance and used as the estimate for 
sigma. For the initial design, three groups of 25 individuals 
each with four sampling times per individual were defined; 
all groups were fixed to have the same sample times. The 
design space was defined with a range of potential sample 
times: 0–12 h for the first three samples and 12–24 h for 
the last sample. The initial design was simulated and evalu-
ated. Subsequently, the sample times of the initial design 
were optimized within the design space for three dosing 
regimens: (1) 33 mg daily, (2) 16.5 mg twice daily (BID), 
and (3) 11 mg BID. All the regimens were optimized simul-
taneously to provide a single set of sampling times that can 
be easily implemented in the clinical study setting. These 
regimens were selected with consideration for adherence 
(fewer doses per day) and toxicity (lower doses). Finally, the 
RSEs were compared for the parameter estimates obtained 
from NONMEM for the original design and PopED for the 
optimized design.
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3  Results

3.1  Pharmacokinetic Data

A total of 15 subjects provided pharmacokinetic data across 
five dosing cohorts; Table 1 in the electronic supplemen-
tary material (ESM) summarizes the patient characteristics 
per dosing cohort. Figure 1 illustrates the 24-h concentra-
tion–time profiles of the raw data for the study population, 
with a vertical line at the time of dose administration to 
delineate pre-dose from post-dose concentrations. The base-
line selenium concentration range was 93–196 ng/mL.

Selenite doses were administered to subjects before a 
scheduled RT session; since subjects 3 and 12 underwent a 
single RT session, they only received a single selenite dose 
and were not required to return to clinic for the 24-h sample 
collection. Subjects 15, 17, and 19 received more than one 
selenite dose, but they missed the 24-h sample collection 
after the first dose for logistical reasons.

3.2  Population Pharmacokinetic Model 
and Evaluation

Figure 2 provides a schematic of the population pharma-
cokinetic model. The schematic distinguishes the in vivo 
contributions of dietary selenium and the ex vivo con-
tributions of exogenous selenite to the recorded plasma 
concentrations from the clinical study. The one-compart-
ment model described the data well, and no significant 
model misspecifications were observed from the basic 
goodness-of-fit plots or the VPC (Fig. 3). The BASE 
was estimated (5270 μg) and found to be in agreement 
with the raw data. Table 1 shows the other population 
pharmacokinetic parameter estimates (ka, CL/F, V/F) 
with residual standard errors from the final model. The 
dose–bioavailability relationship that provided the best 

fit for the bioavailability estimates per dose level was the 
logarithmic expression F = − 0.229 × ln(DOSE) + 3.02. 
Using this relationship, the bioavailability at each dose 
level was 1.0, 0.9, 0.8, 0.6, and 0.5 for 5.5, 11, 16.5, 33, 
and 49.5 mg, respectively. These values are in agreement 
with the distinct bioavailability estimates for each dose 
level. The OFV decreased significantly with the inclu-
sion of the BASE parameter, and the dose-dependent bio-
availability relationship was also statistically significant. 

3.3  Proposed Dosing Regimens

The most descriptive pharmacokinetic data available 
from the study were collected in the intensive sampling 
phase, which only provided concentrations following a 
single dose administration. Whether subjects in each dos-
ing cohort were able to achieve a target in vitro selenite 
range of 5–10 µM with the daily dosing was unknown. 
Therefore, simulations were performed using the popula-
tion pharmacokinetic model to explore dosing regimens 
that do achieve the target in vitro selenite concentrations 
with the dose levels studied (Fig. 1 in the ESM). When 
selecting regimens to propose, consideration was given 
to the systemic toxicity (gastrointestinal) observed at 
33 mg (grade 1 and 2) and 49.5 mg (grade 2) dose levels 
[12]. Therefore, the 49.5 mg dose level and frequencies 
greater than daily for the 33 mg dose level were not con-
sidered (Fig. 4).

Figure 1 in the ESM compares simulations following 
(1) single, (2) daily, (3) BID, and (4) three times daily 
(TID) administration at each dose level. Only higher dose 
levels (33 mg, 49.5 mg) achieved the target concentra-
tion range after a single dose. When given daily, the peak 
concentrations at the 49.5 mg dose level exceeded the 
upper limit of the target concentration range (790 ng/
mL), whereas the trough concentrations at the 33 mg 
dose level fell below the lower limit of the target con-
centration range (395 ng/mL). With BID administra-
tion, the middle dose levels (16.5 mg, 11 mg) fell well 
within the desired range, and TID dosing was necessary 
for the lowest dose level (5.5 mg) to reach 395 ng/mL. 
With consideration for toxicity, four dosing regimens are 
proposed: (1) 33 mg daily, (2) 16.5 mg BID, (3) 11 mg 
BID, and (4) 5.5 mg TID. An individual started on 33 mg 
daily who experiences gastrointestinal side effects may 
safely deescalate to 16.5 or 11 mg BID. Figure 4 illus-
trates these regimens for a time course of 1 week; Table 2 
compares the trough and peak concentrations for each 
proposed regimen. The range of the trough and peak con-
centrations was widest for the 33 mg daily regimen, and 
the highest peak and trough concentrations were achieved 
by the 16.5 mg BID regimen.

Table 1  Pharmacokinetic model parameter estimates

Bioavailability–dose function: F = − 0.229 × ln(DOSE) + 3.02
BASE baseline selenium amount, CL clearance, CV coefficient of var-
iation, F bioavailability, h hour, ka absorption rate constant, RSE rela-
tive standard error, V volume of central compartment

Parameter Population estimate 
(RSE, %)

Interindi-
vidual vari-
ability
%CV (RSE, 
%)

ka,  h−1 0.642 (16) –
CL/F5.5, L/h 1.59 (6) –
V/F5.5, L 42.5 (10) –
BASE, μg 5270 (13) 17 (46)
Additive error, μg/L 55.9 (10) –
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3.4  Optimal Sampling Design

The population pharmacokinetic model can be further utilized 
to propose the optimal pharmacokinetic sampling time points 
for a new pharmacokinetic study that evaluates the tolerability 
and efficacy of oral selenite in combination with ADT. Fig-
ure 5a illustrates the optimal experimental design for three dos-
ing regimens: (1) 33 mg daily, (2) 16.5 mg BID, and (3) 11 mg 
BID. The optimal pharmacokinetic sampling times for all three 
regimens are at 1, 2, 6, and 24 h. Figure 5b compares the preci-
sion, described using RSEs, of the pharmacokinetic parameter 
estimates for the original design and the optimized design. The 
RSEs are lower for the optimized design for all of the pharma-
cokinetic parameters except BASE; therefore, with the optimal 
sampling times, the precision of the parameter estimates can be 
improved. The highest RSE is for the BASE parameter; since 
the clinical pharmacokinetic study was not originally designed 
to estimate the baseline selenium level, a lower precision is not 
unexpected for this parameter.

4  Discussion

We constructed a first-of-its-kind population pharmacoki-
netic model using NLMEM to characterize the pharma-
cokinetics of oral selenite in plasma across a range of clini-
cally studied doses. Using our model, we proposed dosing 
regimens that achieved target in vitro selenite levels and an 
optimal experimental study design for a subsequent pharma-
cokinetic study to evaluate the safety and efficacy of selenite 
as an add-on therapy for patients with CRPC for whom other 
treatments have failed.

Based on the pharmacokinetic parameter estimates 
obtained from the model, the calculated half-life is approxi-
mately 19 h, which is in agreement with reports in the litera-
ture [11]. In the SECAR study, which evaluated intravenous 
selenite as monotherapy in patients with advanced cancer, 
Brodin et  al. [11] reported a half-life of approximately 
18 h. The analysis utilized a noncompartmental approach 

Fig. 1  Pharmacokinetic profiles of raw data. Observed selenium concentration–time profiles for all 15 study subjects colored by dose level. Ver-
tical dotted line denotes dose administration time
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to characterize selenite pharmacokinetics, which employed 
several assumptions (e.g., no drug distribution) and had 
limited predictive power. Our NLMEM approach overcame 
these limitations to characterize the pharmacokinetic data 
across five dosing cohorts and with consideration for vari-
ability in the patient population. The pharmacokinetic model 
explored both endogenous and exogeneous contributions to 
the measured selenium level and presented a mathematical 
relationship between dose and bioavailability that are absent 
in prior work.

Fig. 2  Schematic of pharmacokinetic model. One-compartment phar-
macokinetic model with absorption for oral administration of selenite. 
Following absorption (ka), the exogenous dose is distributed into the 
systemic circulation (central compartment) from where it is elimi-
nated (CL/V). Baseline comprises endogenous selenium levels

Fig. 3  Visual predictive check of pharmacokinetic model. Simula-
tion-based diagnostic comparing observations (raw data, open cir-
cles) and predictions from the pharmacokinetic model. Percentiles 
for raw data: 97.5 (upper, dashed), 50 (median, solid), 2.5 (lower, 
dashed). Confidence interval for percentiles of simulated data: 97.5 
(upper, dark gray shaded area), 50 (median, light gray shaded area), 
2.5 (lower, dark gray shaded area)

Fig. 4  Proposed oral dosing regimens. Simulated concentration–time 
profiles using the pharmacokinetic model for selected oral dosing reg-
imens that achieved the target selenium concentration range demar-
cated by horizontal gray dashed lines (lower, 395  ng/mL; upper, 
790 ng/mL). BID twice daily, TID three times daily

Table 2  Therapeutic windows: comparison of trough and peak 
plasma concentrations (ng/mL) for each proposed dosing regimen of 
sodium selenite

BID twice daily, Cpeak peak plasma concentration, Ctrough trough 
plasma concentration, TID three times daily

Proposed regimen Ctrough Cpeak

5.5 mg TID 391 455
11 mg BID 434 574
16.5 mg BID 579 766
33 mg daily 339 680
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The trace element selenium, in its organic form, is an 
important component of antioxidant enzymes and is found in 
a variety of tissues (e.g., skeletal muscle) when consumed in 
the diet [5]. Therefore, each individual has a baseline in vivo 
selenium level. In this clinical study, exogenous doses of 
selenite contributed to an ex vivo selenium level. In an effort 
to distinguish in vivo from ex vivo contributions, the base-
line selenium level was estimated using the pharmacokinetic 

model and the pre-dose levels on day 1 in the intensive phase 
of pharmacokinetic sampling. In the sparse sampling phase 
of the study, levels returned close to baseline between doses; 
however, it was not possible to clearly distinguish whether 
the measured levels were indeed slightly elevated above the 
baseline level, which is inherently dynamic in a given indi-
vidual. Therefore, only the intensive pharmacokinetic data 
were modeled. This decision is appropriate given the sparse 

Fig. 5  Optimal study design. A 
Optimal experimental design 
pharmacokinetic sampling times 
for three regimens (16.5 mg 
BID, 11 mg BID, 33 mg daily); 
model typical values (lines), 
model typical prediction 
intervals (shaded area), optimal 
pharmacokinetic sampling 
times (filled circles). B Relative 
standard error of parameter esti-
mates from the original design 
(gray) and optimized design 
(dark blue). BID twice daily, 
PopED Population Experimen-
tal Design (version 0.4.0, R 
package)
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design beyond the first 24 h of the study and in the absence 
of any characterization of the in vivo circadian time course 
of selenium. These shortcomings are also evidenced in the 
VPC (Fig. 3), where a model misspecification can be seen 
in the lower 95% simulation-based confidence interval in 
the elimination phase of the pharmacokinetic profile. More 
time points collected through the elimination phase follow-
ing exogenous dosing will help better characterize the half-
life of selenium and the trough concentrations. Coupled with 
more information about in vivo selenium dynamics (e.g., 
circadian time course) in the absence of exogenous dosing, 
we can also better differentiate the in vivo from ex vivo 
contributions.

An objective of the modeling exercise was to propose 
dosing regimens that achieve target therapeutic concentra-
tions. The VPC (Fig. 3) shows that the maximum concen-
tration is described well, allowing the model to serve its 
intended purpose. The dose–bioavailability expression used 
to describe the saturable absorption is largely empirical, 
which is a limitation of the model structure. More pharma-
cokinetic data from ongoing clinical studies for the dose 
range investigated herein are needed to better understand 
the mechanism underlying the observed relationship and to 
refine the mathematical expression. For drugs exhibiting an 
inverse relationship, dosing more frequently reduces large 
fluctuations between peak and trough levels. This concept 
is illustrated well in the dosing simulations shown in Fig. 1. 
While daily dosing with 49.5 and 33 mg reached the target 
in vitro concentration range, significant fluctuations in the 
peaks and troughs can be seen (Fig. 1b in the ESM). In con-
trast, the 11 mg BID, 16.5 mg BID, and 5.5 mg TID regi-
mens provided tighter pharmacokinetic profiles (Fig. 1c, d in 
the ESM). The in vitro target concentration range will likely 
be replaced when forthcoming studies provide more relevant 
pharmacokinetic/pharmacodynamic (PK/PD) indices such as 
in vivo exposure levels (area under the concentration–time 
curve) that correspond to clinical efficacy. Upon doing so, 
these dosing regimen recommendations may be revised and 
more complex PK/PD relationships may be explored using 
NLMEM.

Individuals treated with the 33 mg dose level in the phase 
I study experienced significant (mostly grade 1, some grade 
2) gastrointestinal side effects that affected their quality of 
life [12]. The side effects required medication for symptom 
control but were manageable. Administering selenite doses 
with food may readily alleviate some gastrointestinal toxicity 
and allow higher doses with less discomfort. This study did 
not evaluate the impact of food on selenite pharmacokinet-
ics; rather, oral doses were administered 2 h before or after 
meals. Drug–food interactions may be expected based on 
what has been observed for other minerals such as iron. For 
example, iron absorption is significantly impacted by meal-
times, caloric content, and acid content [21]. Therefore, the 

effect that food may have on oral selenite absorption remains 
to be investigated and may influence future study design. 
Given these considerations, of the four proposed regimens, 
we recommend either 11 mg BID or 16.5 mg BID; both 
regimens are comparable to one another. Alternatively, 
individuals may begin with 33 mg daily to quickly reach 
the lower limit of the target concentration range (395 ng/
mL) and then de-escalate to 16.5 mg BID or 11 mg BID if 
significant gastrointestinal side effects occur. The proposed 
regimens were restricted to multiples of the available tablet 
strength (5.5 mg) and to the dose levels tested in the study 
for which safety profiles are known.

To design a subsequent selenite pharmacokinetic study, 
clinical trial simulations or experimental design optimization 
using D-optimality are two approaches that can be applied. 
The former explores a fixed number of potential designs 
with large datasets simulated and fitted to each design, which 
is computationally intensive [20, 22]. Experimental design 
optimization using FIM for population pharmacokinetic 
models yields informative pharmacokinetic study designs 
with precise parameter estimates by using maximum like-
lihood estimation methods to obtain the design variables 
(parameter estimates) with the highest FIM without the need 
for intensive simulations [18, 20]. A number of studies have 
used PopED to design pharmacokinetic and PK/PD studies 
in adult and pediatric populations [23–25].

Several design factors contribute to experimental design 
optimization: number of study subjects, open clinic hours, 
sampling times, and number of observations per subject. The 
sampling times for all dose levels and administration fre-
quencies were optimized simultaneously to yield protocol-
friendly times that minimized both scheduling challenges for 
clinic staff and patient inconvenience. Sampling times were 
limited to within clinic hours and specified in the design 
space using a range of potential times within the first 12 h 
and when the clinic re-opened the next day. The sample size 
was taken from Bayesian hierarchical modeling and simula-
tions of toxicity scenarios completed for a subsequent clini-
cal trial protocol; a sample size of 25 provided the highest 
probability of choosing the correct maximum tolerated dose. 
The number of observations per individual was fixed to four 
to minimize the number of blood draws. These factors, and 
many more, are customizable in PopED.

The optimal design exercise evaluated three proposed 
dosing regimens together to determine the optimal sam-
pling times for a subject who may be placed on any of 
the regimens during the course of a study. The opti-
mized sampling times are similar to those in the origi-
nal design, confirming that those sampling times, which 
were selected with minimal prior knowledge about the 
pharmacokinetic profile of orally administered selenite, 
were well chosen. The precision is expected to improve, 
which it does for the key parameter estimates, but not 
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drastically, because the original and optimized sampling 
times are similar to each other. The precision for the base 
parameter decreases, but since the original study was not 
designed to estimate this parameter well, lower precision 
is expected.

The experimental design optimization approach has some 
limitations. Most importantly, it relies on prior information, 
namely a population pharmacokinetic model, parameter 
estimates, and variability measures, for a clinical study that 
may not have been designed with the intention of being used 
for a design optimization exercise [19]. For example, the 
clinical study data described by the final pharmacokinetic 
model do not capture the dynamics between ex vivo and 
in vivo selenium levels. The small study sample size with 
few time points collected in the elimination phase resulted 
in a final pharmacokinetic model with no significant esti-
mate of IIV on the key pharmacokinetic parameters. With 
more pharmacokinetic data from multiple clinical studies, 
the pharmacokinetic characterization may be strengthened 
and the variability well described with a covariate analysis, 
leading to a more robust design.

5  Conclusions

In this study, we characterized the clinical pharmacokinet-
ics of orally administered sodium selenite using NLMEM. 
This modeling approach has improved our understanding 
of the time course of selenium concentrations in patients 
with metastatic cancer. With simulation-based methods, we 
proposed dosing regimens and made recommendations for 
the optimal sampling times of subsequent studies explor-
ing the pharmacokinetics of selenite as monotherapy or in 
combination therapy. This work provides the foundation for 
subsequent model-informed analyses to evaluate the drug 
concentration–response of selenite in the treatment of meta-
static cancers.
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