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Background: Lithium is an effective medication approved for the treatment of bipolar
disorder (BD). It has a narrow therapeutic index (TI) and requires therapeutic drug
monitoring. This study aimed to conduct a population pharmacokinetics (PPK) analysis
of lithium and investigate the appropriateness of the dosing regimen according to different
patient characteristics.

Methods: A total of 476 lithium concentrations from 268 patients with bipolar disorder
were analyzed using nonlinear mixed-effects modeling. Monte Carlo simulations were
employed to investigate the influence of covariates, such as weight, creatinine clearance,
and daily doses of lithium concentrations, and to determine the individualized dosing
regimens for patients.

Results: Lithium PK was described by a one-compartment model with first-order
absorption and elimination processes. The typical estimated apparent clearance was
0.909 L/h−1 with 16.4% between-subject variability in the 62 kg patients with 116 ml/min
creatinine clearance and 600mg daily doses. To achieve a target trough concentration
(0.4–0.8 mmol/L) in the maintenance phase, the regimen of 500mg than 750mg daily
dose was recommended for patients with renal insufficiency and weighing 100 kg.

Conclusion: A PPK model for lithium was developed to determine the influence of patient
characteristics on lithium pharmacokinetics. Weight, creatinine clearance, and total daily
dose of lithium can affect the drug’s clearance. These results demonstrate the nonlinear
renal excretion of lithium; hence, dosage adjustments are recommended for patients with
renal insufficiency.
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1 INTRODUCTION

Lithium is a first-line choice for the treatment of bipolar disorder
(BD) for over 60 years (Malhi et al., 2017). Owing to the narrow
therapeutic index of lithium and the therapeutic dose reaching
drug toxicity, serum levels of lithium should be closely monitored
during treatment (Yatham et al., 2018). Usually, 0.4 mmol/L is the
minimum effective lithium concentration for bipolar disorder
(Severus et al., 2008). Some patients experiencing acute manic
phase episodes may need concentrations as high as
0.6–1.2 mmol/L. However, the range can be changed according
to patients’ outcomes (Grandjean and Aubry, 2009).

After oral administration, lithium is completely absorbed in
the upper gastrointestinal tract. In vivo, lithium ions do not
bind to plasma proteins and are unevenly distributed
throughout the body. In addition, lithium is not
metabolized and is primarily excreted in the urine in its
original form (Ward et al., 1994). Eighty percent of lithium
is reabsorbed by passive diffusion at the renal tubules after it is
filtered by the glomerulus, which may cause nonlinearity in the
fractional excretion of lithium when the transporter is
supersaturated (Price and Heninger, 1994).

With the rapid development of pharmacokinetics and
computational modelling, population pharmacokinetics
(PPK) has been widely used in the monitoring of clinical
drug treatments and the optimization of personalized drug
administration. Methaneethorn et al. investigated the
influence of body weight and age on lithium clearance in a
PPK analysis including 222 Thai patients with acute mania
(Methaneethorn and Sringam, 2019). They reported that
lithium clearance decreased as age increased in patients
with equal body weight. In 52 children with intellectual
disability aged 4–10 years old, Yuan et al. found that the
lithium concentration over time was adequately described
by a two-compartment model, with a transient absorption
and first-order elimination process (Yuan et al., 2021). The
inclusion of body weight as an allometric factor significantly
improved the model fit, while age and sex were not associated
with PKs of lithium. Yu et al. studied lithium carbonate PPK in
20 healthy young male Chinese volunteers; no covariate was
retained in the final model because of the narrow distribution
of demographic and biological variables (Yu et al., 2016). This
limits the usefulness of this model in predicting the PK of
lithium carbonate in the elderly. The effectiveness and
accuracy of this model in predicting the PK of lithium
carbonate in patients also needs to be further validated. To
date, the PPK model is insufficient in the Chinese adult
population with bipolar disorder, and the influence of
disease physiological factors on the pharmacokinetics and
pharmacodynamics of this population requires further
investigation.

In this study, by using NONMEM and Monte Carlo, we
attempted to establish a PPK model of lithium carbonate in
patients with bipolar disorder, investigate the influence of
covariates on drug concentration in the blood, and establish
dosage recommendations for the personalized use of lithium
carbonate in this population.

2 MATERIALS AND METHODS

2.1 Population Pharmacokinetic Data
Chinese patients with bipolar disorder who received lithium
carbonate between September 2016 and August 2021 at the
Affiliated Xuzhou Eastern Hospital of Xuzhou Medical
University were pooled to conduct this PPK analysis. The
inclusion criteria were: 1) patients diagnosed with bipolar
disorder; 2) patients on maintenance treatment of lithium; and
3) at least one corresponding lithium concentration sample. The
exclusion criteria were as follows: 1) the use of any medication
that might have clinically important interactions with lithium,
such as diuretics, renin-angiotensin system antagonists, or
serotonergic drugs (LITHIUM, 2020); and 2) a history of
allergies or adverse reactions to lithium. This study was
approved by the ethics committee of the Affiliated Xuzhou
Eastern Hospital of Xuzhou Medical University (No.
20210928004). All the patients were exempt from informed
consent for the research project as it does not involve personal
privacy and commercial interests.

Serum lithium levels were measured before the morning dose
and assessed using a phosphatase assay with the ADVIA 1800
clinical chemistry analyzer (Siemens Healthcare GmbH,
Germany). The experimental procedures were performed in
accordance with the manufacturer’s instructions. The
calibration range of this method was 0.19–3.0 mmol/L. If the
proportion of samples which are below the limit of quantification
in the entire dataset is less than 10%, these samples were ignored.
(Byon et al., 2013).

The following information was collected from each patient:
age, weight (WT), sex, white blood cells (WBC), red blood cells
(RBC), hematocrit (HCT), platelet count (PLT), albumin, alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), total bilirubin (TBIL), serum
creatinine (SCR), creatinine clearance (CRCL), and total daily
dose (TDD). Referring to guidance in population modeling, if the
missing covariates were less than 10%, the missing values were
imputed using the median for continuous covariates (Byon et al.,
2013).

2.2 Population Pharmacokinetic Analyses
Nonlinear mixed-effects modeling software (NONMEM, version
7.4.2, ICON Development Solutions, MD, United States) was
used to develop a population PK model using first-order
conditional estimation with interaction. NONMEM output was
analyzed using Perl-speaks-NONMEM (PSN, version 4.7.0,
Department of Pharmaceutical Biosciences, Uppsala
University, Sweden) and R (version 3.4.1, R Foundation for
Statistical Computing, Vienna, Austria).

2.2.1 Base Model
As only trough concentrations were collected in this population
PK analysis, a one-compartment model with first-order
absorption and elimination was used to describe the PK of
lithium. The PK model was parameterized in terms of
apparent clearance (CL/F) and apparent volume of
distribution (V/F). The absorption rate constant (Ka) was
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fixed at 0.293 h−1 based on published data because no sampling
was collected during the absorption phase.

An exponential model was chosen to describe between-subject
variability (BSV) (Ahamadi et al., 2019):

Pi � PTV × e(ηi) (1)
where Pi represents the parameter of the ith individual, Ptv is the
typical value of the population parameter, and ηi is the BSV for
the ith individual with a mean of zero and variance of ω2.

A proportional, additive or a combination model was used to
describe the residual variability:

Ci � Cpred × (1 + ε1) (2)
Ci � Cpred + ε2 (3)

Ci � Cpred × (1 + ε1) + ε2 (4)
where Ci is the observed concentration of the ith individual, Cpred is
the individual predicted concentration, ε1 and ε2 are proportional and
additive portions of residual variability. Both ε1 and ε2 are normally
distributed with a mean of zero and variance σ2, respectively.

Based on the changes of object function value (OFV),
parameter rationality, condition number, and plots of
goodness-of-fit, base model selection was conducted (Donohue
et al., 2011).

2.2.2 Covariate Model
The covariate analysis was conducted using a three-step approach
(Byon et al., 2013). In the first step, a graphical display of the
correlation between the random effects of PK parameters and
covariates was evaluated to explore the sources of variability.
Only covariates of interest were used in the next step. Secondly,
stepwise forward inclusion selection was evaluated. Statistically
significant covariates were determined with a decrease of OFV by
> 3.84 (p < 0.05). Finally, a stepwise backward elimination
process was initiated. The covariate was temporarily removed
with an increase of OFV by < 6.63 (p > 0.01).

Relationships between potential covariates and parameters
were explored using linear additive and power functions for
the continuous covariates (Eqs 5, 6), and categorical covariates
(Eq. 7) (Mandema et al., 1992):

Pi � PTV × (1 + θ ×
Covi

Covmedian
) (5)

Pi � PTV × ( Covi
Covmedian

)
θ

(6)

Pi � PTV × (1 + θCovi) (7)
where Pi represents the parameter for the ith individual, PTV is
the typical value of the parameter, Covi is the covariate value of

TABLE 1 | Demographic and characteristics of patients.

Covariate Median (min-max) Mean ± SD

Number of patients 268 (100%)
Number of PK Samples 476 (100%)
Sex
Male (%) 89 (33.2%)
Female (%) 179 (66.8%)

Age group
Adult (%) 241 (89.9%)
Child (%) 27 (10.1%)

Dosage form
Ordinary tablet 64 (23.9%)
Sustained release tablet 204 (76.1%)
Age (years) 31.0 (13.0–77.0) 35.0 ± 14.5
Weight (kg) 62.0 (35.0–110) 63.7 ± 11.1
Total daily dose (mg) 600 (150–1,500) 720 ± 236
WBC (109/L) 7.03 (2.86–16.5) 7.32 ± 2.25
RBC (1012/L) 4.43 (2.88–10.2) 4.52 ± 0.734
Hematocrit (%) 40.7 (29.5–52.8) 40.7 ± 4.7
PLT (109/L) 232 (60.0–734) 236 ± 70.8
Albumin (g/L) 41.9 (33.3–68.0) 42.2 ± 3.66
TBIL (μmol/L) 9.40 (2.62–34.5) 10.3 ± 4.9
AST (U/L) 19.0 (6.00–303) 23.4 ± 20.5
ALT (U/L) 20.0 (5.00–298) 27.1 ± 27.5
BUN (mmol/L) 3.88 (1.29–13.5) 4.09 ± 1.35
SCR (μmol/L) 62.0 (40.0–115) 63.7 ± 12.6
CRCL (ml/min)* 116 (61.7–226) 118 ± 30.3

*CRCL = [(140-Age) × weight (kg)]/[0.818×Scr(μmol/L)] × k, where k is 1 for male and
0.85 for female.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea
nitrogen; CRCL, creatinine clearance rate; PLT, platelet count; RBC, red blood cell; SCR,
serum creatinine; TBIL, total bilirubin; WBC, white blood cells.

TABLE 2 | Population-pharmacokinetic parameter estimates and bootstrap evaluation.

Parameters Base model Final model

Parameter estimates
(RSE%)

Shrinkage (%) Parameter estimates
(RSE%)

Shrinkage (%) Bootstrap median
(2.5%–97.5%)

CL (L/h) 0.969 (4) 0.909 (3) 0.906 (0.855–0.954)
V(L) 9.27 (16) 10.9 (12) 10.8 (8.0–13.4)
Ka (h−1) 0.293 [fixed] 0.293 [fixed] 0.293 [fixed]
WT on CL — 0.33 (29) 0.330 (0.134–0.520)
CRCL on CL — 0.186 (29) 0.184 (0.075–0.291)
TDD on CL — 0.354 (12) 0.351 (0.267–0.435)
Between subject
variability
CL (%) 20.8 (9) 24 16.4 (10) 30 16.1 (12.8–19.5)
V(%) 40.4 (21) 63 40.2 (20) 62 39.4 (16.0–52.6)
Residual variability
Additive error (mmol/L) 0.0236 (14) 22 0.0218 (13) 20 0.0216 (0.0166–0.0274)
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the ith individual, Covmedian is the median value of the continuous
covariate and θ is the coefficient term of the covariate effect to be
estimated.

2.3 Model Evaluation
Goodness-of-fit plots were used to evaluate the fitness of the final
model to the data. Scatterplots were used to evaluate observed
concentration (DV) versus population predicted concentration
(PRED), DV versus individual predicted concentrations
(IPRED), conditional weighted residuals (CWRES) versus
PRED and CWRES versus time.

The model was also evaluated internally using a bootstrap
analysis (Ette et al., 2003). During the bootstrap process, each
parameter was evaluated repeatedly by applying the final model to

1,000 bootstrapped datasets. The 2.5th, 50th, and 97.5th percentiles of
the population PK parameter values from bootstrap datasets were
compared with those from the final model.

To evaluate the predictive performance of the final model, a
visual predictive check (VPC) was stratified to compare the
observed concentrations and model predictions. The VPC
approach was conducted by simulating 1,000 datasets from the
final model and comparing the observed data with the
simulated data.

2.4 Model-Based Simulation
Monte Carlo simulations were performed to predict the trough
concentration after 7-day multiple oral doses of different dosing
regimens based on the final population PK model. The daily dose

FIGURE 1 |Goodness-of-fit plots of the final population-pharmacokinetic model. The upper left plot represents the observations versus the population predictions
(A). The upper right plot represents the observations versus the individual predictions (B). The lower left plot represents the conditional weighted residuals versus the
population predictions (C). The lower right plot represents the conditional weighted residuals versus the time after dose (D). The red line represents the locally weighted
scatterplot smoothing line.
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of lithium carbonate was simulated from 250 to 1,000 mg. One
thousand simulations were performed using the initial dataset,
and the steady-state trough concentrations of each simulated
subject were calculated.

3 RESULTS

3.1 Demographics
A total of 476 plasma lithium measurements obtained from 268
patients were used for pharmacokinetic analysis. The baseline
demographic and general clinical information of the patients used
for model building is summarized in Table 1. The proportion of
women and men in this study was 66.8 and 33.2%, respectively. The
median age was 31.0 (13.0–77.0) years, and 89.9% of them were
adults (age > 16 years). The median weight and daily lithium dose
used in the population were 62.0 (35.0–110) kg and 600 (150–1,500)
mg, respectively. Themean creatinine clearance rate was 118ml/min,
ranging from 61.7 to 226ml/min.

3.2 Population Pharmacokinetic Model
The random effects of CL/F were significantly correlated with weight,
creatinine clearance, daily lithium dose, and sex by analyzing the
correlation diagram. Therefore, the influence of these covariates on
the CL/F ratio was tested using a stepwise approach. We observed a
statistically significant drop in OFV (70.12) during the covariate
screening of daily dose. The decrease in OFV was also greater than
3.84 after we included weight and creatinine clearance in the final
model. However, the addition of sex did not meet the criteria for

statistical significance (p < 0.05). No covariates were removed during
backward elimination (p < 0.01). The final pharmacokinetic
parameters of lithium are listed in Table 2 and Eqs 8–10:

CL/F(L/h) � 0.909 × (TDD/600)0.354 × (WT/62)0.33
× (CRCL/116)0.186 × e0.027 (8)
V/F(L) � 10.9 × e0.162 (9)
Ka(h−1) � 0.293 (FIX) (10)

3.3 Model Evaluation
The goodness-of-fit plots of the final model are shown in Figure 1.
The population and individual prediction values of the final model
were evenly distributed on both sides of the reference line (Figures
1A, B). CWRES plots illustrating individual predicted concentrations
and time after dose are randomly scattered with most CWRES
ranging from −2 to +2, and the trend line is close to zero
(Figures 1C, D). In other words, all figures illustrate the good
predictive performance of the proposed model.

Additionally, one thousand bootstrap datasets generated by
resampling from the original dataset were repeatedly fitted with
the final model to estimate the model parameters, yielding 96.5%
successful convergence. The estimates from the original models
were within the 95% CIs of the bootstrap estimates (Table 2),
confirming the robustness of the model.

The VPC results (Figure 2) show that the observed plasma
concentration data mostly fits within the 95% confidence intervals
of the 5th, 50th, and 95th percentiles of the simulated data, which

FIGURE 2 | Visual predictive check. Solid dots represent observed data. Lines represent the 5% (dashed), 50% (solid), and 95% (dashed) percentiles of the
observed data. Shaded areas represent nonparametric 95% confidence intervals about the 5% (light blue), 50% (light red), and 95% (light blue) percentiles of the
predicted concentrations.
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indicates that the final pharmacokinetic model can adequately
describe the observed concentrations.

We performed a sensitivity analysis to determine the
effect of fixed Ka on the final model by varying the Ka
values within the range of 0.146–0.586 h−1, and the
estimated value of CL/F was slightly changed between
0.825 and 0.959 L/h.

3.4 Model-Based Simulation
The lithium steady-state trough concentrations of 1,000
individuals were simulated under different scenarios,
including significant covariates based on the final model.
The ranges we set were 50–100 kg for weight, 250–1,000 mg
for lithium daily dose, and creatinine clearance rate between
30 and 120 ml/min. The simulation results are shown in
Figure 3.

Appropriate dosage regimens meeting the target lithium
concentrations were selected for individualized administration
according to the simulation results. During the maintenance

period, a daily dose of 750 mg is recommended for patients
weighing 100 kg with normal renal function (CrCL = 120 ml/
min). The CL/F of patients would decrease by 23% when their
renal function is poor (CrCL = 30 ml/min), presenting a 500 mg
daily dose as a better choice for maintenance. Patients need
higher doses in the acute phase, and the concentration of
lithium is in the effective treatment window of 1,000 mg daily
for 100 kg patients with normal renal function. However, a daily
dose of 750 mg is recommended for patients with poor renal
function during the acute period.

4 DISCUSSION

To the best of our knowledge, this is the first study to report a
population PK model of lithium in Chinese patients with bipolar
disorder. The PK of lithium was characterized using a one-
compartment model with first-order absorption and
elimination. WT, CRCL, and TDD were identified as the CL/F

FIGURE 3 | Boxplot of the distributions of simulated steady state trough lithium concentrations for patients with different weight and CRCL levels. Patients with
different weight levels from 50, 75, 100 kg, and CRCL levels from 30 ml/min, 60 ml/min, 90 ml/min, 120 ml/min were set for the simulation. Dashed horizontal lines
represent the therapeutic target range (0.6–1.2 mmol/L) for the acute phase and point horizontal lines represent the therapeutic target range (04–0.8 mmol/L) for
maintenance phase.
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covariates. Our study showed that for a typical 62 kg patient with
a CRCL of 116 ml/min receiving a daily lithium dose of 600 mg,
the typical CL/F value was estimated to be 0.909 L/h, which is
consistent with previous reported clearance between 0.51 to
1.47 L/h (Wing et al., 1997; ElDesoky et al., 2008; Findling
et al., 2010; Landersdorfer et al., 2017).

In this population PK study, we found that TDD could be
incorporated into the final model as a covariate, indicating
nonlinear clearance of the drug in patients with bipolar
disorder. In the PPK model conducted by Yuan et al., TDD was
also evaluated as a covariate. However, it was not found that TDD
could significantly influence the PK parameter of lithium, which
may be because only 170 lithium plasma concentrations were
included in the analysis (Yuan et al., 2021). In our study, a total
number of 476 concentrations were included, which is the largest of
all previously reported population PK studies. The CL/F ratio of
lithium increased nonlinearly with TDD, which is consistent with
the results of Uwai et al. They reported that the infusion of an
inhibitor of sodium-phosphate cotransporter decreased the
fractional reabsorption of lithium in rats administered 2.5 mg/kg
of lithium chloride but did not affect it in rats administered
25mg/kg (Uwai et al., 2018). These results demonstrate the
nonlinearity of renal excretion of lithium. Further research with
a larger sample size and intensive sampling will provide a more
specific picture of the nonlinear behavior of lithium kinetics.

And the impact of CRCL and WT on the PK of lithium has
been previously reported (Jermain et al., 1991; ElDesoky et al.,
2008; Perez-Castello et al., 2016; Alqahtani et al., 2020). This is an
expected result, as lithium is mainly cleared via the kidney.
Lithium is freely filtered through the glomeruli, and protein
binding of lithium in the plasma is negligible. In our study,
when patients had severe renal insufficiency (CRCL = 30 ml/
min), the typical CL/F of lithium decreased by 23%, which was
consistent with the results of the Alqahtani group (Alqahtani
et al., 2020). Their study in patients with bipolar disorder in Saudi
Arabia suggested that the 15% lowering of CL, was attributed to
the reduced renal clearance from 120 to 30 ml/min. Similarly, as
body weight increases, renal blood flow and lithium clearance
decrease. As the weight levels increased from 50 to 100 kg, the CL
increased by 28% from 0.83 L/h 1.06 L/h.

To guide therapeutic dosing of lithium, we added a simulation
based on the PK parameters. The acute treatment concentration range
is 0.6–1.2mmol/L forChinese patients, and themaintenance treatment
concentration range is 0.4–0.8mmol/L. Several conclusions can be
drawn from this study. First, lithium concentration can be maintained
in the range of 0.4–0.8mmol/L for 500–750mg daily and the range of
0.6–1.2mmol/L for 750–1,000mg daily in patients with normal renal
function. Second, the lithium concentration can be maintained in the
range of 0.4–0.8mmol/L for 500mg daily and in the range of
0.6–1.2mmol/L for 500–750mg daily in patients with poor renal
function.

This study had some limitations. First, owing to the retrospective
nature of this study, all information may not have been properly
controlled. For example, all available concentrations were collected as
trough, the Ka parameter was fixed, and Vd/F couldn’t be a reliable
estimate. Secondly, all samples were from the same hospital. More
validations of this model required samples from other hospitals.

CONCLUSION

In summary, we developed a population PK model of lithium
in patients with bipolar disorder. Based on the model
simulation results, the optimal strategy depends on renal
function and weight. We also demonstrated the nonlinearity
of the renal excretion of lithium, but further research is
required.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Affiliated Xuzhou
Eastern Hospital of Xuzhou Medical University. Written
informed consent from the participants’ legal guardian/next of
kin was not required to participate in this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

Z-BJ: conceptualization, data curation, writing-review and
editing; ZW: conceptualization, writing—original draft,
writing—review and editing; Y-FC: software, formal analysis,
visualization; X-PL and H-BL: data curation, writing—review
and editing; J-YY: writing—review and editing; C-YW:
methodology, software, formal analysis, writing—original draft,
writing—review and editing.

FUNDING

The study was supported by the Shanghai Municipal Health
Commission Special Project for Clinical Research in Health Care
Industry (No. 202040424) and Shanghai “Rising Stars of Medical
Talent” Youth Development Program Clinical Pharmacist
Program (SHWRS(2021)_099).

ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.cn) for English
languge editing.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.913935/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9139357

Jin et al. Population Pharmacokinetics of Lithium

http://www.editage.cn/
https://www.frontiersin.org/articles/10.3389/fphar.2022.913935/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.913935/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Ahamadi, M., Largajolli, A., Diderichsen, P. M., de Greef, R., Kerbusch, T., Witjes,
H., et al. (2019). Operating Characteristics of Stepwise Covariate Selection in
Pharmacometric Modeling. J. Pharmacokinet. Pharmacodyn. 46, 273–285.
doi:10.1007/s10928-019-09635-6

Alqahtani, S., Aljuma’ah, N., Aydan, N. B., Alsultan, A., Alsarhani, E., and Asiri, Y.
(2020). Estimation of Lithium Clearance in Patients with Bipolar Disorder. Int.
Clin. Psychopharmacol. 35, 157–162. doi:10.1097/YIC.0000000000000301

Byon, W., Smith, M. K., Chan, P., Tortorici, M. A., Riley, S., Dai, H., et al. (2013).
Establishing Best Practices and Guidance in Population Modeling: an
Experience with an Internal Population Pharmacokinetic Analysis Guidance.
CPT Pharmacometrics Syst. Pharmacol. 2, e51. doi:10.1038/psp.2013.26

Donohue, M. C., Overholser, R., Xu, R., and Vaida, F. (2011). Conditional Akaike
Information under Generalized Linear and Proportional Hazards Mixed
Models. Biometrika 98, 685–700. doi:10.1093/biomet/asr023

ElDesoky, E. S., Kumar, V., Alorainy, M. S., Hamdi, M. M., and Derendorf, H.
(2008). Estimation of Lithium Clearance from Routine Clinical Data in
Egyptian Bipolar Patients. A Population Pharmacokinetic Approach. Int.
J. Clin. Pharmacol. Ther. 46, 617–626. doi:10.5414/cpp46617

Ette, E. I., Williams, P. J., Kim, Y. H., Lane, J. R., Liu, M. J., and Capparelli, E. V.
(2003). Model Appropriateness and Population Pharmacokinetic Modeling.
J. Clin. Pharmacol. 43, 610–623. doi:10.1177/0091270003253624

Findling, R. L., Landersdorfer, C. B., Kafantaris, V., Pavuluri, M., McNamara, N. K.,
McClellan, J., et al. (2010). First-dose Pharmacokinetics of Lithium Carbonate
in Children and Adolescents. J. Clin. Psychopharmacol. 30 (4), 404–410. doi:10.
1097/JCP.0b013e3181e66a62

Grandjean, E. M., and Aubry, J. M. (2009). Lithium: Updated Human Knowledge
Using an Evidence-Based Approach. Part II: Clinical Pharmacology and
Therapeutic Monitoring. CNS drugs 23, 331–349. doi:10.2165/00023210-
200923040-00005

Jermain, D.M., Crismon,M. L., andMartin, E. S., 3rd (1991). Population Pharmacokinetics
of Lithium. Clin. Pharm. 10, 376–381. doi:10.3389/fphar.2021.650298

Landersdorfer, C. B., Findling, R. L., Frazier, J. A., Kafantaris, V., and Kirkpatrick, C. M.
(2017). Lithium in Paediatric Patients with Bipolar Disorder: Implications for Selection
of Dosage Regimens via Population Pharmacokinetics/pharmacodynamics. Clin.
Pharmacokinet. 56 (1), 77–90. doi:10.1007/s40262-016-0430-3

LITHIUM CARBONATE [package insert] (2020). Columbus, OH: Hikma
Pharmaceuticals USA Inc.

Malhi, G. S., Gessler, D., and Outhred, T. (2017). The Use of Lithium for the
Treatment of Bipolar Disorder: Recommendations from Clinical Practice
Guidelines. J. Affect Disord. 217, 266–280. doi:10.1016/j.jad.2017.03.052

Mandema, J. W., Verotta, D., and Sheiner, L. B. (1992). Building Population
Pharmacokinetic-Ppharmacodynamic Models. I. Models for Covariate Effects.
J. Pharmacokinet. Biopharm. 20, 511–528. doi:10.1007/BF01061469

Methaneethorn, J., and Sringam, S. (2019). Factors Influencing Lithium
Pharmacokinetics in Patients with Acute Mania: A Population
Pharmacokinetic Analysis. Hum. Psychopharmacol. 34, e2697. doi:10.1002/
hup.2697

Pérez-Castelló, I., Mangas-Sanjuan, V., González-García, I., Gonzalez-Alvarez, I.,
Bermejo, M., Marco-Garbayo, J. L., et al. (2016). Population Pharmacokinetic
Model of Lithium and Drug Compliance Assessment. Eur.
Neuropsychopharmacol. 26, 1868–1876. doi:10.1016/j.euroneuro.2016.11.005

Price, L. H., and Heninger, G. R. (1994). Lithium in the Treatment of
Mood Disorders. N. Engl. J. Med. 331, 591–598. doi:10.1056/
NEJM199409013310907

Severus, W. E., Kleindienst, N., Seemüller, F., Frangou, S., Möller, H. J., and Greil,
W. (2008). What Is the Optimal Serum Lithium Level in the Long-Term
Treatment of Bipolar Disorder-Aa Review? Bipolar Disord. 10, 231–237. doi:10.
1111/j.1399-5618.2007.00475.x

Uwai, Y., Kawasaki, T., and Nabekura, T. (2018). Nonlinear Disposition of Lithium
in Rats and Saturation of its Tubular Reabsorption by the Sodium-Phosphate
Cotransporter as a Cause. Biopharm. Drug Dispos. 39, 83–87. doi:10.1002/bdd.
2116

Ward, M. E., Musa, M. N., and Bailey, L. (1994). Clinical Pharmacokinetics of
Lithium. J. Clin. Pharmacol. 34, 280–285. doi:10.1002/j.1552-4604.1994.
tb01994.x

Wing, Y. K., Chan, E., Chan, K., Lee, S., and Shek, C. C. (1997). Lithium
Pharmacokinetics in Chinese Manic-Depressive Patients. J. Clin.
Psychopharmacol. 17, 179–184. doi:10.1097/00004714-199706000-00007

Yatham, L. N., Kennedy, S. H., Parikh, S. V., Schaffer, A., Bond, D. J., Frey, B. N.,
et al. (2018). Canadian Network for Mood and Anxiety Treatments
(CANMAT) and International Society for Bipolar Disorders (ISBD) 2018
Guidelines for the Management of Patients with Bipolar Disorder. Bipolar
Disord. 20, 97–170. doi:10.1111/bdi.12609

Yu, W., Sun, X., Li, Y., Li, M., Wang, K., and Li, H. (2016). Population
Pharmacokinetics of Lithium Carbonate in Young Male Healthy Chinese
Volunteers. Pharmacopsychiatry 49, 177–181. doi:10.1055/s-0042-103329

Yuan, J., Zhang, B., Xu, Y., Zhang, X., Song, J., Zhou, W., et al. (2021). Population
Pharmacokinetics of Lithium in Young Pediatric Patients with Intellectual
Disability. Front. Pharmacol. 12, 650298. doi:10.3389/fphar.2021.650298

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jin, Wu, Cui, Liu, Liang, You and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9139358

Jin et al. Population Pharmacokinetics of Lithium

https://doi.org/10.1007/s10928-019-09635-6
https://doi.org/10.1097/YIC.0000000000000301
https://doi.org/10.1038/psp.2013.26
https://doi.org/10.1093/biomet/asr023
https://doi.org/10.5414/cpp46617
https://doi.org/10.1177/0091270003253624
https://doi.org/10.1097/JCP.0b013e3181e66a62
https://doi.org/10.1097/JCP.0b013e3181e66a62
https://doi.org/10.2165/00023210-200923040-00005
https://doi.org/10.2165/00023210-200923040-00005
https://doi.org/10.3389/fphar.2021.650298
https://doi.org/10.1007/s40262-016-0430-3
https://doi.org/10.1016/j.jad.2017.03.052
https://doi.org/10.1007/BF01061469
https://doi.org/10.1002/hup.2697
https://doi.org/10.1002/hup.2697
https://doi.org/10.1016/j.euroneuro.2016.11.005
https://doi.org/10.1056/NEJM199409013310907
https://doi.org/10.1056/NEJM199409013310907
https://doi.org/10.1111/j.1399-5618.2007.00475.x
https://doi.org/10.1111/j.1399-5618.2007.00475.x
https://doi.org/10.1002/bdd.2116
https://doi.org/10.1002/bdd.2116
https://doi.org/10.1002/j.1552-4604.1994.tb01994.x
https://doi.org/10.1002/j.1552-4604.1994.tb01994.x
https://doi.org/10.1097/00004714-199706000-00007
https://doi.org/10.1111/bdi.12609
https://doi.org/10.1055/s-0042-103329
https://doi.org/10.3389/fphar.2021.650298
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Population Pharmacokinetics and Dosing Regimen of Lithium in Chinese Patients With Bipolar Disorder
	1 Introduction
	2 Materials and Methods
	2.1 Population Pharmacokinetic Data
	2.2 Population Pharmacokinetic Analyses
	2.2.1 Base Model
	2.2.2 Covariate Model
	2.3 Model Evaluation
	2.4 Model-Based Simulation

	3 Results
	3.1 Demographics
	3.2 Population Pharmacokinetic Model
	3.3 Model Evaluation

	3.4 Model-Based Simulation

	4 Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


