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ABSTRACT
Several sirolimus (SRL) population pharmacokinetics (PopPK) were conducted to explain its pharmaco-
kinetic variability, and the results varied across studies. Thus, we conducted a systematic review to sum-
marize significant predictors influencing SRL pharmacokinetic variability. Moreover, discrepancies in 
model methodologies across studies were also reviewed and discussed. Four databases (PubMed, CINAHL 
Complete, Science Direct, and Scopus) were systematically searched. The PICO framework was used to 
identify eligible studies conducted in humans and employ a nonlinear-mixed effects strategy. Based on the 
inclusion and exclusion criteria, 20 studies were included. SRL pharmacokinetics were explained using 
1- or 2-compartment models. Only one study assessed the model using an external approach, while the rest 
employed basic or advanced internal approaches. Significant covariates influencing SRL pharmacokinetics 
were bodyweight, age, CYP3A5 polymorphism, gender, BSA, height, cyclosporine dose or trough concen-
tration, triglyceride, total cholesterol, hematocrit, albumin, aspartate aminotransferase, alanine amino-
transferase, and total bilirubin. Of these, bodyweight, age, and CYP3A5 polymorphism were the three most 
identified significant predictors for SRL clearance. This review summarizes significant predictors to pre-
dict SRL clearance, which can subsequently be used to individualize SRL maintenance dose. However, the 
PopPK model selected for such prediction should be based on the resemblance of population characteristics 
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SRL is extensively metabolized by CYP3A4 
and CYP3A5. Also, it is a substrate of P-glycoprotein 
(P-gp), which contributes to its low oral bioavail-
ability.5 Moreover, CYP3A5 also plays a role in SRL 
metabolism.9 The drug exhibits large interindivid-
ual variability (IIV) in metabolism, with the appar-
ent clearance ranging from 0.090-0.416 L/h/kg in 
stable renal transplant patients receiving a 14-day 
course of SRL with cyclosporine and prednisolone.8 
The elimination half-life (t1/2) was approximately 62 
hours;8 thus, the steady-state condition is achieved 
within 1-2 weeks. 

Based on preclinical and clinical studies, the 
efficacy and adverse effects of SRL are related to 
blood concentrations, with trough concentrations 
at steady-state (Css,tr) of greater than 5 µg/L associ-
ated with an 89.5% negative predictive value for the 
occurrence of acute rejection episodes, while Css,tr 
levels greater than 15 µg/L are related to toxicity 
such as leucopenia, thrombocytopenia, and hyper-
triglyceridemia.10,14 This suggests that Css,tr of SRL 
should be maintained within the range of 5-15 µg/L 
to achieve an optimal therapeutic outcome,5 and thus 
TDM is an essential process during SRL therapy.

Since it takes approximately one week for 
SRL to reach steady-state condition, and a dos-
age adjustment based on the target Css,tr cannot be 
performed sooner, a population pharmacokinetic 
(PopPK) approach can be conducted to aid dosage 
individualization. This approach and the Bayesian 
estimation can provide individual pharmacokinetic 
parameter estimates for the optimization of SRL 
therapy. To date, several PopPK studies of SRL have 
been developed to characterize factors influencing 
SRL pharmacokinetic variability,9,15–29 however, 

INTRODUCTION

Sirolimus (SRL) or rapamycin is an immuno-
suppressive agent approved for the prophylaxis of 
graft rejection in kidney transplant patients aged 13 
years or more and for the treatment of patients with 
lymphangioleiomyomatosis.1 Moreover, SRL exerts 
anti-tumor action, and recently its derivative, tem-
sirolimus (TEM) or CCI-779, has been developed 
to treat advanced renal cell carcinoma.2 Though 
SRL has a similar structure to tacrolimus and binds 
to FK-binding protein, SRL/FK-binding protein 
complex does not affect calcineurin phosphatase. 
Instead, it binds to mammalian targets of rapamycin 
(mTOR), leading to the inhibition of the progression 
of the cell cycle from the G1 to the S phase.1,3,4

Following oral administration in stable renal 
transplant patients, the time to peak concentration 
(Tmax) is variable, ranging from 0.5 to 3 hours,5 
however, the bioavailability is low with a value of 
approximately 15.0%.5,6 In blood, SRL is prefer-
entially distributed to red blood cells (94.5%) in a 
concentration-independent manner,7 with the mean 
blood to plasma ratio of 34.5:1 in stable kidney trans-
plant patients receiving a single oral dose, none-
theless, this ratio is substantially variable ranging 
from 10 to 70.8 In contrast, in the plasma, approxi-
mately 40.0% of the drug is bound to lipoproteins,5 
therefore, based on the nature of SRL, therapeutic 
drug monitoring (TDM) should be performed using 
whole blood as the appropriate biological matrix. 
Moreover, due to the lipophilic property, SRL is 
extensively distributed in lipid membranes of var-
ious organs, resulting in a high volume of distribu-
tion (Vd) of 5.6–16.7 L/kg in stable renal transplant 
patients.8 

between the target population and those used to conduct the model. Moreover, the predictability of the 
models in the target population should be assessed before implementation in clinical practice. 

Keywords: anticancer; immunosuppressant; nonlinear mixed-effects; population pharmacokinetics; 
sirolimus
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significant predictors obtained from these studies 
are not consistent; for example, some studies iden-
tified a significant effect of gender on SRL clear-
ance (CLSRL)

27 and Vd
25, but other studies could not 

find such the effects.15,17,19,21,24 Based on the conflict-
ing results, we aimed to systematically summarize 
factors that significantly influence SRL pharmaco-
kinetic variability and their relationships with phar-
macokinetic parameters. In addition, the disparity 
of model methodologies across studies was also 
reviewed and discussed. 

METHODS

Database Searching and Study Selection
CINAHL Complete, PubMed, Science Direct, 

and SCOPUS databases were systematically 
searched to identify apposite studies. The search 
spanned the period from the database’s inception 
to May 2021. Search terms were developed using 
the PICO framework as follows: P: human studies, 
I: sirolimus OR Rapamune or rapamycin, C: none, 
O: “population pharmacokinetics” OR “pharmaco-
kinetic model” OR “nonlinear mixed effect” OR 
NONMEM OR “interindividual variability” OR 
“intersubject variability” OR “residual variability” 
OR “intrasubject variability.” Reference lists were 
also screened for additional studies. 

Title and abstracts were screened to exclude 
non-relevant articles. Screening of full-text articles 
was subsequently performed to identify studies to 
be included in this systematic review based on the 
following inclusion criteria: 1) PopPK studies con-
ducted in humans, 2) SRL was used as a treatment 
drug, and 3) studies conducted using a nonlinear 
mixed-effects approach, while the exclusion crite-
ria included: 1) non-English or non-Thai articles, 
2) information on model development methodol-
ogy was not sufficient, and 3) studies that were not 
original research articles. The Preferred Reporting 
Items for Systematic Reviews and Meta-analyses 
(PRISMA) guideline was adopted and followed 
during the review process.

Data Extraction
JM, PA, and RK independently extracted the 

data using the data abstraction form developed by 
JM. The extracted data were discussed, and the con-
sensus was made by all authors. Three data catego-
ries were extracted, which included: 1) population 
characteristics such as study design, sample size, 
underlying diseases, age, body size, sex, functions 
of elimination organs, measurements of relevant 
laboratory values; 2) pharmacokinetic related infor-
mation, that is, SRL dosage regimens, concurrent 
medications, analytical methods of SRL concentra-
tions, and sampling strategy which is categorized 
into sparse sampling if the number of samples per 
patients was less than 6, otherwise it was consid-
ered an extensive sampling approach, and 3) model 
development methodologies and model evaluations. 
For model development, structural and statistical 
models for IIV and residual variability (RV) were 
summarized. In addition, tested and significant 
covariates on SRL pharmacokinetic parameters 
were compared across studies. Model evaluations 
were classified into three categories including basic 
internal, advanced internal, and external evaluation, 
as previously described by Brendel et al.30

Transparent Report and Clarity of the Included 
Studies

All reviewers independently assessed the study 
report quality using the Clinical PK checklist devel-
oped by Kanji et al.31 and the PopPK model-building 
strategies introduced by Dartois et al.32

RESULTS

Study Identification
Based on the systematic search, 992 articles 

were identified from all databases. Following the 
removal of duplicates, titles and abstracts of 904 
non-redundant studies were screened, and 873 arti-
cles were excluded as irrelevant, leaving 31 studies 
for full-text assessment. Of these, 20 studies pub-
lished between 1997 and 2021 met the inclusion 
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or recurrent solid tumor, and of these two studies 
developed SRL PopPK models as an active metabo-
lite of TEM.33,34 Other underlying diseases included 
immune cytopenia,29 tuberous sclerosis complex,36 
and vascular anomalies.23,24 Moreover, one study 
was conducted solely on healthy Chinese subjects,25 
and the other one was performed in both healthy 
Chinese and kidney transplant patients.37 In terms 
of age category, respective nine and 11 studies were 
conducted on children and adults. Most SRL PopPK 
studies were conducted to characterize SRL phar-
macokinetics and its variability, but a few studies 
specifically aimed to determine the initial SRL dose 
using the developed PopPK models28,36 or create a 

criteria and were included in this review. Details on 
study exclusion are summarized and presented in a 
PRISMA diagram (Figure 1).

Population Characteristics, Study Design, and 
Pharmacokinetic Data

Most SRL PopPK studies were performed on 
various types of transplant patients, including kidney 
transplants,9,15,17,20,26 heart transplants,19 pancreatic 
islet transplants,18 and bone marrow transplants,22 
while cancer was the second most disease in which 
SRL PopPK studies were conducted,21,27,28,33–35 which 
included renal cell carcinoma, Kaposiform heman-
gioendothelioma, and several types of advanced 
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FIGURE 1.  A PRISMA diagram of the study identification.
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a wider IIV range than the ka (11.4% to 103.0%). As 
for the Vd, the estimated values ranged from 88.9 to 
3670 L for those with the 1-compartment structure, 
with the magnitude of IIV of 5.5% to 115.5%. While 
for the 2-compartment models, the central (Vc) and 
peripheral (Vp) volumes of distribution were in the 
range of 26.9 to 676.0 L and 72.8 to 1380 L, with 
the respective IIV of 7.8% to 164.0% and 10.3% to 
38.7%. Concerning the statistical model, the IIV 
was modeled using an exponential relationship in 
all studies, except for one study in which an addi-
tive model was employed,15 while the proportional 
model was the most commonly used relationship for 
the RV, followed by a combined additive and pro-
portional relationship. 

Effects of numerous covariates on SRL phar-
macokinetics were tested (Table 2), including age, 
body size (i.e., weight, height, body mass index; 
BMI, and body surface area; BSA), sex, SRL dose, 
TEM dose, duration of SRL therapy (DTT), enzyme 
polymorphisms, concurrent medication, postopera-
tive days, and various laboratory measures such as 
hemoglobin (Hb), hematocrit (Hct), red blood cell 
(RBC), white blood cell (WBC), platelet,   mean 
corpuscular hemoglobin (MCH), mean corpuscu-
lar hemoglobin concentration (MCHC),  aspartate 
aminotransferase (AST), alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), albumin 
(ALB), total protein (TP), bilirubin (BIL), serum 
creatinine (SCr), creatinine clearance (CLCR), total 
cholesterol (TC), triglyceride (TG), high-density 
lipoprotein (HDL), low-density lipoprotein (LDL), 
and glucose. Other investigated covariates included 
study site, ethnicity, graft origin, tumor age, dialy-
sis before transplant, and the presence of ischemic 
heart disease (IHD). Of the tested covariates, weight 
was the significant covariate most commonly iden-
tified, whereas CYP3A5 polymorphisms and age 
were the second most commonly identified signifi-
cant covariates. Other factors significantly affecting 
SRL pharmacokinetics were gender, BSA, height, 
cyclosporine concentration at time 0 h (CsA C0), 
TEM dose, TG, TC, Hct, ALB, AST, ALT, and BIL. 

Bayesian estimator for estimating an individual’s 
pharmacokinetic parameters.17 The sample sizes of 
the included studies ranged from 6 to 127 subjects, 
with half of the included studies retrospectively 
conducted using data from a clinical trial19–21,23,34,37 
and TDM data,26–28,36 while the rest of the studies 
were prospective.9,15,17,18,22,24,25,29,33 Most studies used 
sparse sampling strategy,9,18,20,23,24,26–29,36 whereas six 
and four studies employed an intensive sampling 
approach15,17,22,25,34,35 and a mixture of both intensive 
and sparse sampling.19,21,33,37 Concerning bioassay, 
most studies used liquid chromatography with tan-
dem mass spectrometry (LCMS/MS),17,19–21,23–25,33,34,37  
mass spectrometry (MS),15,22,33,35 or high perfor-
mance liquid chromatography with ultraviolet 
detector (HPLC/UV),18,20 whereas the rest utilized 
various types of immunoassays.9,26–29,36 Table 1 sum-
marizes population characteristics, study design, 
and pharmacokinetic data. 

Population Pharmacokinetic Model Development 
and Model Evaluation

Most studies conducted a PopPK model using 
NONMEM® software, except for four studies in 
which Phoenix NLME,25,29 Monolix,35 and P-Pharm15 
were used. Ten studies developed a model with a 
1-compartment structure,9, 18–20,24,27–29,35,36 while nine 
studies used a 2-CMT disposition,15,17,21,22,25,26,33,34,37 
and the other one that explored the developmen-
tal trajectory of CLSRL employed a sigmoidal Emax 
model.23 The first-order absorption process was 
used in all models, except studies by Djebli et al.17 
and Wu et al.21 in which the Erlang distribution and 
the Michaelis-Menten kinetics were used to explain 
the absorption process. In addition, one study 
reported an absorption lag-time of 0.24 h.16 Eight 
studies9,19, 20,24,27–29,36 had to fix the absorption rate 
constant (ka) at 0.485, 0.752, 2.2, or 2.77 h−1 since 
the information during the absorption phase was 
insufficient to estimate ka, whereas the estimated ka 
ranged from 0.0535 to 2.65 h−1, with the IIV ranging 
from 17.5% to 80.0%. The estimated CLSRL without 
covariate effects ranged from 3.2 to 14.4 L/h, with 
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As for the model evaluation, all studies used 
basic and advanced internal approaches; however, 
one study assessed the model based solely on the 
basic internal method,22 and the other one employed 
all types of model evaluation techniques.26 Two 
studies did not have information on the model 
evaluation.15,18 Software, structural models, and 
model evaluation are presented in Table 3, while 
Table 4 summarizes the final models of the included 
studies and their magnitudes of IIV and RV. 

Transparent Report of the Included Studies
Most studies complied with the guideline of 

the transparent report for clinical pharmacoki-
netic studies,31,32 with a compliance rate greater 
than 80%. Only one study had a compliance rate of 
approximately 60%,18 while four studies reported 
their results with compliance rates between 70% to 
80%.16,29,36,38 The most common non-reported items 
of each section, identified in more than 10 studies 
were “route of administration” in the introduction 
section, “formulation details” and “sample storage” 
in the method section, and “study withdrawals or 
lost to follow-up” in the result section. 

DISCUSSION

Several PopPK models of SRL have been con-
ducted to determine factors influencing its pharma-
cokinetic variability. The impacts of these factors 
on SRL pharmacokinetics were summarized and 
discussed below. 

Absorption
The rate of SRL absorption was variable, with 

the estimated ka ranging from 0.0535 to 2.65 h−1, 
which was consistent with a traditional pharmacoki-
netic study in stable transplant patients that reported 
a wide range of Tmax of 0.5–3 h.39 The difference in 
ka among studies could not be clearly explained, 
however, it has been reported that administration 
of SRL with food results in a 3.5-fold increase in 
Tmax, while the maximum concentration (Cmax) is 
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TABLE 3.  Software, structural models, and model evaluation.
No Author Software Structural model Model evaluation
1 Ferron et al., 

199715
P-Pharm 2-CMT with first-order absorption and 

Lag-time
NR

2 Boni et al., 200533 NONMEM 2-CMT with first-order formation into 
the central CMT (SRL was model as a 
metabolite of TEM)

Basic and advanced internal 
evaluation

3 Djebli et al., 
200617

NONMEM 2-CMT with Erlang distribution and first-
order elimination

Basic and advanced internal 
evaluation

4 Sato et al., 200618 NONMEM 1-CMT with first-order elimination NR
5 Zahir et al., 

200619
NONMEM 1-CMT with first-order absorption and 

elimination
Basic and advanced internal 
evaluation

6 Jiao et al., 200920 NONMEM 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

7 Wu et al., 201221 NONMEM 2-CMT with Michaelis-Menten absorption 
and first-order elimination

Basic and advanced internal 
evaluation

8 Goyal et al., 
201322

NONMEM 2-CMT with first-order absorption and 
elimination

Basic internal evaluation

9 Shi et al., 20169 NONMEM 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

10 Emoto et al., 
201623

NONMEM Sigmoidal Emax Basic and advanced internal 
evaluation

11 Mizuno et al., 
201634

NONMEM Temsirolimus: 3-CMT with zero-order 
infusion
Sirolimus (as a metabolite): 2-CMT with 
first-order elimination

Basic and advanced internal 
evaluation

12 Mizuno et al., 
201724

NONMEM 1-CMT with first-order input Basic and advanced internal 
evaluation

13 Wang et al., 
201637

NONMEM 2-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

14 Peng et al., 201825 Phoenix 
NLME

2-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

15 Golubovic et al., 
201926

NONMEM 2-CMT with first-order absorption and 
elimination

Basic and advanced internal 
and external evaluation

16 Wang et al., 
201927 

NONMEM 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

17 Chen et al., 202028 NONMEM 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

18 Chen et al., 202029 Phoenix 
NLME 

1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

19 Wang et al., 
202036

NONMEM 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

20 Sabo et al., 202135 Monolix 1-CMT with first-order absorption and 
elimination

Basic and advanced internal 
evaluation

CMT: compartment, NR: not reported, SRL: sirolimus, TEM: temsirolimus.
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decreased by 34%.1 The administration process of 
some of the included studies, e.g., fasted or fed, was 
not described and might contribute to such differ-
ence. Though the magnitude of IIV on ka ranged 
from 17.5% to 80.0%, no studies identified sig-
nificant predictors for ka, and this was consistent 
with a study by Kahan et al. that reported no asso-
ciation between sex, age, weight, or ethnicity and 
Cmax, the minimum concentration at steady-state 
(Cmin,ss), or AUC.14 Notably, the slowest ka of 0.0535 
h−1 was reported by a study conducted in pediatric 
bone marrow transplant patients whose ages ranged 
from 4 years to 22 years, and some patients were 
co-administered fluconazole.22 It has been shown 
that neonates and infants have longer gastric emp-
tying, which can delay the rate of drug absorp-
tion, however, the age at which gastric emptying 
time approaches that in adults was not specifically 
determined.40

Distribution
The estimated Vd for the 1-compartment stud-

ies ranged from 88.9 L to 1840 L, excluding the one 
with a substantially high value of 3670 L, while those 
of the 2-compartment studies had the Vd of 120.8 L 
to 2056 L. The large Vd of SRL can be explained by 
its lipophilic property, which contributes to the dis-
tribution of the lipid membrane of various tissues.5 
The ranges of Vd from SRL PopPK studies were 
more comprehensive than those of the traditional 
pharmacokinetics conducted in stable renal trans-
plant patients (392 L to 1169 L for a 70 kg patient),8 
which could be due to different patients’ character-
istics. PopPK studies that reported the low Vd values 
(88.9 L to 165 L) were conducted in children,27,29,35,36 
and evidence has indicated that children contain 
lower fat mass than adults.41 

Significant predictors for SRL Vd included CsA 
C0,

20 weight,24,28,36 BSA,35 Scr,37 sex,25 and DTT.27 
Jiao et al.20 indicated that 1 ng/mL increase in CsA 
C0 from the median value of 104 ng/mL resulted in 
a decrease in the apparent volume of distribution 
(Vd/F) of 7.27 L. CsA is a substrate and an inhibitor 

of intestinal CYP3A4 and P-gp,42 thus co-adminis-
tration of CsA and SRL increased SRL bioavailabil-
ity, and in turn, a decrease in Vd/F. 

The effect of weight on Vd was explained using 
an allometric scaling relationship with the exponent 
of one, suggesting that the Vd is linearly related to 
weight. This relationship is well accepted since it 
is based on physiologic principles describing size 
in relation to blood volume and vital capacity.43 
Another study; however, used BSA instead of 
weight as an index of body size with the exponent of 
1.35 and 1.09 for Vd on day 1 and Vd on day 8.35 This 
was deemed feasible since this study was conducted 
in pediatric patients with solid tumors in which SRL 
dose was titrated based on BSA. 

Wang et al. reported a nonlinear increase in 
Vc/F with an increase in SCr.37 This could be ratio-
nalized by a decrease in plasma protein binding in 
patients with impaired renal function,44 increasing 
free SRL concentrations that can distribute to red 
blood cells. Moreover, Peng et al. reported higher 
Vc of SRL in males than in females, which was 
expected given that males generally have larger 
body configurations than females.25 As for the DTT, 
Vd of SRL increased as the DTT increased, which 
could be due to an increase in the number of eryth-
rocytes with the improvement of clinical outcomes 
as the duration of treatment was lengthened.27 

Elimination
Significant predictors for CLSRL were differ-

ent among studies. Jiao et al.20 reported a nonlinear 
increase in CLSRL/F with an increase in SRL dose. 
However, this could be due to the TDM effects since 
subjects with higher CLSRL/F tend to receive higher 
SRL doses. This effect was previously described 
by Ahn et al.45 Boni et al.33 also reported a simi-
lar effect using a model conducted in patients with 
advanced renal cancer receiving TEM, in which 
CLSRL increased with an increase in TEM dose. 

Several studies found a significant effect of 
CsA on CLSRL. Zahir et al.19 identified that a 100 mg 
increase in CsA dose led to approximately 20.7% 
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decrease in CLSRL/F, while Wang et al.37 reported 
a smaller effect of a 7.3% decrease in CLSRL/F. 
Moreover, Jiao et al.20 found a 4.5% decrease in 
CLSRL/F for a 100 ng/mL increase in CsA C0. CsA 
is an inhibitor of CYP3A4 and P-gp. Thus con-
comitant administration of CsA and SRL leads to 
an increase in SRL bioavailability and in turn, a 
decrease in CLSRL/F.42 Therefore, in patients under-
going CsA dose minimization, the SRL dose should 
be increased by 7% to 20% for a 100 mg decrease in 
the CsA dose. 

Significant effects of several laboratory val-
ues were identified. First, an increase in Hct con-
tributed to a modest decrease in CLSRL/F.21 This 
effect was previously reported for tacrolimus.46 
Since SRL is concentrated in erythrocytes,7 as Hct 
increases, free SRL levels available for elimination 
decrease. Second, CLSRL/F is decreased as TC20 
or TG increases.19 This could be due to increased 
SRL bioavailability following high-fat meals since 
patients with hyperlipidemia tend to consume high-
fat meals.19,20 Zahir et al.19 also proposed that SRL 
may be a low intrinsic clearance drug in which 
hepatic clearance depends on fraction unbound. 
Patients with hyperlipidemia may have a lower 
unbound SRL fraction since the drug extensively 
distributes across the plasma membrane and binds 
to erythrocytes, decreasing hepatic clearance. The 
authors also reported that heart transplant patients 
with non-IHD had lower CLSRL/F than IHD patients, 
which might also be associated with dyslipidemia 
since IHD patients tend to consume a high-fat diet. 
Nonetheless, this covariate (IHD) can be confounded 
by the effect of TG and should be interpreted with a 
caveat. Third, a one-fold of ALB lower than average 
level contributed to a modest increase in CLSRL/F 
of 17%.9 This would be expected since it increased 
the free SRL fraction available for elimination. 
Fourth, and impaired liver function, expressed as 
AST above upper limit normal contributed to lower 
CLSRL/F,26 which is not surprising given that SRL is 
extensively metabolized by the liver. Fifth, Cheng 
et  al. reported that the higher BIL was associated 

with, the lower CLSRL/F; however, underlying mech-
anism of this effect could not be clarified.29

Several studies identified a significant associa-
tion between weight and CLSRL/F, with an increase in 
CLSRL/F with bodyweight.9,24,28,29,36 This association 
is commonly described using a power relationship43 
and is widely applied since higher body weight may 
relate to larger elimination organs. Whereas Sabo 
et  al.35 reported a significant association between 
BSA and CLSRL/F in pediatric patients with solid 
tumors using a power relationship, which is deemed 
appropriate given that SRL dose is given based on 
BSA in patients with cancer. Moreover, one study 
reported that females had approximately 40% lower 
CLSRL/F than males,27 which is incongruent with a 
physiological basis that females have lower body 
weight, corresponding to smaller elimination organs. 

Glolubovic et al. identified that CLSRL/F of 
adults decreased with advancing age,26 which is in 
agreement with physiological basis, while Wang 
et al.27 reported an increase in CLSRL/F with age in 
a pediatric population aged 0.2-6 years. This was 
expected based on the development of elimination 
organs that approaches adults with increasing age. 
Moreover, Emoto et al.23 described the developmen-
tal trajectory of CLSRL in neonates and infants using 
postmenstrual age (PMA) and a sigmoidal Emax 
model, which could aid dosing recommendations 
in this population. Based on their model, CLSRL 
approached the mature level at the PMA of approx-
imately 144-196 weeks. 

CYP3A5 polymorphisms significantly influence 
CLSRL/F, as Djebli et al.17 and Chen et al.28 found that 
non-expressers (CYP3A5*3/*3) had approximately 
50% lower CLSRL/F than expressers (CYP3A5*1/*1 
and CYP3A5*1/*3). With a similar trend, Shi et al.9 
and Peng et al.25 reported that patients carrying 
CYP3A5*1/*1, CYP3A5*1/*3, CYP3A5*3/*3 had a 
ratio of CLSRL/F of 1: 0.74: 0.55 and 1: 0.96: 0.78, 
respectively. This effect could assist SRL dosing 
when CYP3A5 genotyping is available. 

In conclusion, PopPK models of SRL con-
ducted using a nonlinear mixed-effects approach 
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were summarized, and significant predictors for 
CLSRL were identified. These models, with Bayesian 
forecasting, can be used to guide SRL dosage indi-
vidualization. However, the choice of model selec-
tion should be based on the characteristics of the 
target population in which the model is to be used. 
Moreover, most models were not externally evalu-
ated. Therefore, the predictive performance of such 
models should be assessed before applying them in 
clinical practice. 
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