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Abstract
Purpose To assess ceftriaxone population pharmacokinetics in a large pediatric population and describe the proper dose for
establishing an optimized antibiotic regimen.
Methods From pediatric patients using ceftriaxone, blood samples were obtained and the concentration was measured using
high-performance liquid chromatography ultraviolet detection. The NONMEM software program was used for population
pharmacokinetic analysis, for which data from 99 pediatric patients (2 to 12 years old) was collected and 175 blood concentra-
tions were obtained.
Results The best fit with the data was shown by the one-compartment model with first-order elimination. According to covariate
analysis, weight had a significant impact on the clearance of ceftriaxone. UsingMonte Carlo simulation, in a pediatric population
with community-acquired pneumonia, a dose regimen of 100 mg/kg every 24 h produced satisfactory target attainment rates
while remaining within the required minimum inhibitory concentration (2 mg/L).
Conclusion Population pharmacokinetics of ceftriaxone was evaluated in children and an optimum dosing regimen was con-
structed on the basis of the pharmacokinetics-pharmacodynamics model-based approach.
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Introduction

In children, community-acquired pneumonia (CAP) is one
reason for the immense rate of hospital admissions [1]. The
occurrence of CAP infection is 5 to 11/1000 people/year in
Europe and North America in adults [2]. In the USA, the

average occurrence of CAP is about 2.5/1000 people/year in
inpatient adults, in patients aged 65 to 79 years, the occurrence
is 6.3/1000 people/year, and in patients 80 years old and older,
the ratio of occurrence is as high as 16.4/1000 people/year [3].
According to research performed in 2013 in China, there are
16,585 CAP inpatient cases registered, among which high
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percentages are in patients ≤ 5 years (37.3%) and in individ-
uals over 65 years old (28.7%). By comparison, only 9.2% of
adults aged 26–45 years develop CAP. [4]. Pneumonia is a
major cause of death in children less than 5 years old in China;
among the 6.3 million pediatric patients who died, 14.8% are
pneumonia cases in children under 5 years old [5].

Ceftriaxone belongs to 3rd-generation cephalosporins. In
its chemical structure, as with other 3rd-generation members,
there is substitution of the amino-thiazolyl group at the R1
position of the β-lactam ring. Ceftriaxone’s effectiveness
against CAP has been confirmed by a wide range of clinical
trials. It is effective against Haemophilus influenzae and
Streptococcus pneumoniae at lower minimum inhibitory con-
centration (MIC) levels, and inhibits a wide range of patho-
gens in community-acquired pneumonia [6]. Ceftriaxone has
a long half-life of about 6 to 8 h and a high ratio of protein
binding (95%) [7]. The pharmacokinetic (PK) parameters of
its unbound proportion (free drug) are linear and dose depen-
dent [8, 9]. Its pharmacokinetics, based on the free concentra-
tion, is linear over the 150 to 1500 mg dose range [10]. The
free drug plasma concentration increases in a disproportionate
manner with increasing doses, so a once-a-day dosing regi-
men is appropriate [11]. The theoretical and physiological
implications of these pharmacokinetic properties have been
evaluated by McNamara et al. [12, 13].

Previously performed studies on ceftriaxone in this contest
have a small number of patients, narrow age range, or less
powerful PK analysis method, making it difficult to provide
evidence-based dosing recommendation in children as sum-
marized in Table 1 [14–21]. A recent systematic review also
highlighted that there are insufficient evidences about the op-
timal dose of antimicrobials in children with CAP [22].
Ceftriaxone has high affinity for binding to plasma protein,
and its pharmacokinetics varies among the children. This may
lead to low microbiologic success [23]. Moreover, the recom-
mended ceftriaxone dosage for children varies around the
world as shown in Table 2 [23–30]. The current research work
was performed to evaluate ceftriaxone population pharmaco-
kinetics in Chinese children aged 2 to 12 years using
modeling-simulation techniques to establish the optimum cef-
triaxone dosage regimen for children with CAP.

Methodology

Design of the study

This was a prospective, open-label ceftriaxone pharmacoki-
netic study carried out at the Children’s Hospital of Hebei
Province affiliated to Hebei Medical University, China. The
inclusion criteria were as follows: pediatric patients (age 2 to
12 years) with confirmed or suspected community-acquired
pneumonia, using ceftriaxone as part of their regular antibiotic

regimen, and written parental consent for participation in the
research work. The exclusion criteria were as follows: receiv-
ing other systemic trial drug therapy, using ceftriaxone not as
a part of the regular antibiotic treatment, other factors that the
principal investigator considered would cause patients to be
unsuitable for inclusion. The ethics board of the Children’s
Hospital of Hebei Province affiliated to Hebei Medical
University approved this study.

Dosing regimen and pharmacokinetic sampling

Ceftriaxone (Rocephin, Roche Pharmaceuticals, Inc), as intra-
venous infusion, was administered either at a dose of 50–
100 mg/kg once a day (QD) or two times a day (BID) over
30 min. A volume of 0.3 mL per blood sample was taken for
PK analyses. For collecting pharmacokinetic samples, an op-
portunistic sampling design was selected [31]: samples were
exclusively collected from blood remaining after routine bio-
chemical and microbiological tests performed as part of pa-
tient clinical care. Infusion and sampling times were accurate-
ly noted. There was inclusion of samples with validated sam-
pling information only. The samples of blood were obtained
during routine clinical practice, then centrifuged at 2500×g at
4 °C for 10 min, and the samples of plasma were kept at −
70 °C.

Analytical method for ceftriaxone

For ceftriaxone, the analytical method was described previ-
ously [32]. Concisely, through high-performance liquid chro-
matography ultraviolet detection and as an internal standard
using metronidazole, ceftriaxone concentration was mea-
sured. The calibration curve was 2.0–600.0 μg/mL. For con-
trols, the intra-day and inter-day coefficients of variation (CV)
were 4.5% and 2.4%, respectively. The lower limit of quanti-
fication was 2.0 μg/mL.

Ceftriaxone population pharmacokinetic modeling

For pharmacokinetic analysis, the nonlinear mixed-effects
modeling program (NONMEM V 7.2, Icon Development
Solutions, USA) was used. By using the first-order condition-
al estimation (FOCE) method with interaction, the pharmaco-
kinetic parameters and their variability were assessed.

By using the exponential model, pharmacokinetic parame-
ters’ inter-individual variability was assessed, shown as

θi ¼ θ mean*exp ηið Þ:

Here, θi represents the ith subject parameter value, θ is the
mean parameter typical value (within the population), while ηi
is the variability between the subjects, supposed to allow
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normal distribution (with a mean of zero and variance). The
forward and backward selection procedure was followed by
covariate analysis. The likelihood ratio test was used for eval-
uation of the effects of variables on model parameters. Age,
height, current weight, blood urea nitrogen, albumin, and con-
centration of creatinine (obtained in ≤ 48 h of PK samplings)
were considered potential variables that could affect pharma-
cokinetic parameters, so their effects were evaluated. In the
covariate model building initial stage, each covariate was con-
sidered if a significant (p < 0.05, X2 distribution with 1 degree
of freedom) decreasing (decrease > 3.84) objective function

value (OFV) from our basic model and a decrease in the PK
parameter variability were achieved. Entire significant covar-
iates were assembled instantly into the full model. Afterwards,
the covariates were removed from the full model independent-
ly. If a rise greater than 6.635 (p < 0.01, X2 distribution) was
observed in OFV, the covariates were considered significantly
correlated with the PK parameters and were hence kept in the
final model. Statistical and graphical criteria were used for
validation of the model. Goodness-of-fit plots comprising
conditional weighted residuals (CWRES) vs time, DV vs in-
dividual prediction (IPRED), observed DV vs population

Table 1 Ceftriaxone studies in the pediatric population

Studies Study population Age Number of patients Number of samples PK analysis
method

Grubbauer et al. [13] Children with bacterial
meningitis

15 months to 15 years 33 66 PHARM

Steele et al. [14] Pediatric patients with
bacterial meningitis

8 days to 2 years 30 NA NONLIN

Fukumoto et al. [15] Pediatric patients with
pneumonia

(Mean age) 3.21 years 21 NA NA

Schaad et al. [16] Children with viral infections
and epilepsy

7 to 15 months and 2 to 6 years 10 90 NONLIN

Chadwick et al. [17] Pediatric patients with
CNS infections

0.6 to 52 months 17 136 NA

RIO et al. [18] Pediatric patients with
bacterial meningitis

2 to 42 months 19 114 NONLIN

Standing et al. [19] Pediatric patients with
severe acute malnutrition

2 to 45 months 81 234 NONMEM

Isla et al. [20] Pediatric patients with
acute otitis media

NA NA 373 (S. pneumoniae) 438
(H. influenzae) pediatric
strains

NONMEM

Present study Children with CAP 2 to 12 years 99 175 NONMEM

NA not available, NONLIN nonlinear least squares program, NONMEM nonlinear mixed-effect modeling

Table 2 Ceftriaxone pediatric dosage regimen according to reference textbooks and existing study guidelines

Source Age Unit dose (mg/kg) Dose interval (h) Max dose (G) Indications

The Blue Boo 0–28 days 25–50 24 Lower respiratory tract infection,
acute bacterial otitis media, skin
and skin structure infections, urinary
tract infections, uncomplicated
gonorrhea, pelvic inflammatory
disease, bacterial septicemia, bone
and joint infections, intra-abdominal
infections, meningitis, and surgical
prophylaxis

1 month to 18 years 50–80 24 4

AAP Pediatric patients 50–75 12 to 24 2

AHFSDI ESSENTIALS (ASHP) Pediatric patients 50–75 12 to 24 2

The Harriet Lane Handbook Pediatric patients 50–75 24 2

FDA (Rocephin) ® Pediatric patients 50–75 12 2

BNF for children 1 month to 11 years 50 to 80 24 2

WHO 2 months to 5 years 50 24 1

Above 5 years 50 12 1

Drug.com 1 month or older 50–75 12 2

PDR Pediatric patients 50–75 12 to 24 2

Epocrates >3 months 50–100 12 to 24 2

Current study Pediatric patients 50–100 12 to 24 2

AAP American Academy of Pediatrics, AHFS DI American Hospital Formulary System Drug Information, BNF British National Formulary, WHO
World Health Organization, FDA U.S. Food and drug Administration, PDR Prescribers’ Digital Reference
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prediction (PRED), and PRED vs CWRES were primarily
used for diagnostics [31]. Final model performance and sta-
bility were also investigated using a nonparametric bootstrap
with replacement and resampling. Resampling was repeatedly
performed five hundred times, then estimated parameter
values achieved from the bootstrap process were compared
to the original dataset values. The whole process was carried
out in an automated fashion by using PsN (v2.30) [33].
Through normalized prediction distribution errors (NPDE),
the final model was also evaluated statistically and graphical-
ly. Using parameters of the final population model, a simula-
tion of 1000 datasets was performed. Results of the NPDE
were graphically summarized by default according to the
NPDE package (v1.2): (i) QQ plot of the NPDE and (ii) his-
togram of the NPDE. N (0, 1) distribution was expected to be
followed for the NPDE [34].

Optimization and evaluation of the dosing regimen

The effect of ceftriaxone on bacteria is time dependent, so the
pharmacokinetic and pharmacodynamic relationship is the du-
ration that the concentration of the free fraction of the drug
remains above the MIC (fT >MIC). For cephalosporins, to
achieve the maximum antibacterial activity, a probability of
target attainment of about 70% was needed for a 60–70%

dosing interval [35, 36]. European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines
reported that pathogens which may cause community-
acquired pneumonia, along with the relevant range of MIC
values, were also included in dosing optimization [37]. The
ceftriaxone MIC range for most of the common causative
pathogens was between 0.06 and 2.0 mg/L, so a MIC value
of 2 mg/L was chosen as the pharmacokine t ic-
pharmacodynamic breakpoint. Ceftriaxone pediatric dose
simulations were performed on the basis of milligrams per
kilogram. Monte Carlo simulations were carried out using
parameter estimates achieved from the final model.
Simulation of the original dataset was performed one hundred
times, and for each original pediatric patient, the time period
above the MIC was obtained. To ensure that population dis-
tribution characteristics were the same, therefore the original
pediatric patients were considered for the simulation. Given
the unique pharmacokinetic properties, a simulation was per-
formed for each once-daily and twice-daily dosing regimen
(50, 75, and 100 mg/kg). Calculation of the probability of
target attainment was performed to optimize the antibiotic
therapy for each dosing regimen. From total concentrations
(Ctot), the free concentrations (Cfree) were estimated using
in vivo binding parameters of ceftriaxone [38] and the follow-
ing given equation [39]:

Cfree ¼ 1

2
− nP � P½ �=4:5ð Þ þ 1

Kaff
−Ctot

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nP � P½ �=4:5ð Þ þ 1

Kaff
−Ctot

� �2

þ 4Ctot
Kaff

s6664
7775� 552:9=1000

where nP 517 μmol/L is the total concentration of pro-
tein binding sites and the binding affinity constant (Kaff) is
0 .0367 L/μmol . [P ] i s t he ind iv idua l a lbumin
concentration.

Results

Study population

In our study, 99 pediatric patients with hospital admission
between 2017 and 2018 were recruited. Parental informed
consent was provided, and the criteria for inclusion were
met by all patients selected for the study. The total dose ad-
ministered was 240–1500 mg/24 h. The mean (standard devi-
ation [SD]) values of age and weight were 5.14 (2.59) (range
2.00–11.7) years and 19.3 (6.89) (range 10.5–45.0) kg at the

time of study, respectively. Table 3 summarizes the patient
characteristics.

Model building

For PK modeling, 175 ceftriaxone concentrations obtained
from 99 pediatric patients (range 1–2 PK samples per patient)
were available. The mean sampling time since last dose was
7.66 h (range 0.50–28.08 h). Ceftriaxone sample concentra-
tions were in range from below the value limit of quantifica-
tion (< LOQ) to 284.39. One concentration was lower than the
LOQ, and this value was replaced by a constant value of 1 μg/
mL, which in statistical analyses is equal to half of the LOQ
(2 μg/mL). Figure 1 shows ceftriaxone concentration vs time
profile.

The one-compartment model with first-order elimination
was the best fit for the obtained data. Compared to the one-
compartment model (OFV = 1346.868), the two-compartment
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model has a similar OFV (OFV= 1343.485), but results were
not stable. In addition, the two-compartment model has high
residual variability (37.0%, one compartment 33.7%). In
terms of ceftriaxone clearance (CL) and volume of distribu-
tion (V), this model was parameterized. Using the exponential
model, the inter-individual variability was best described and
then determined for CL and V. For describing residual vari-
ability, the proportional model was the best.

Covariate analysis

Current weight was a priori incorporated into the basic model
using the allometric size approach (where allometric coeffi-
cients were 0.75 for CL and 1 for V), which significantly
dropped the OFV value by 57.64 points (1289.23–1346.87),
subtracting the OFV value of the current body weight from the
OFV value of the structural model. Height, blood urea nitro-
gen, albumin, and creatinine were also evaluated in this
modeling, but they had no effect on the OFV. The density
plots of the main covariates tested in the model are shown in
Fig. 2.

Final PK model parameter estimates are summarized and
given in Table 4. At a steady state, the median (range) of the

estimated weight normalized clearance and the volume of dis-
tribution was 0.03 (0.01–0.05) L/h/kg and 0.16 (0.12–0.18) L/
kg respectively. The AUC0–24, for the assessed dosage reg-
imen, was in range from 460.4 to 2291.3 mg*h/L at steady
state.

Evaluation of the model

Model diagnostics for the finalmodel of ceftriaxone displayed the
acceptable goodness of fit. Figure 3a, b shows that the predictions
are unbiased. Diagnostic plots of CWRES vs time and PRED
demonstrated no trends as shown in Fig. 3c, d. Additionally,
estimates of the median parameter achieved from the bootstrap
procedure agreed quite closely with the respective values of the
final population model, which indicates that our final model is
sufficiently stable and can redetermine the population pharmaco-
kinetic parameter estimates, as shown in Table 4. Figure 3e, f
shows the NPDEs. NPDE distribution and histogram agreedwith
the theoretical N (0, 1) distribution and density, which shows a
good fit of themodel to the individual data. TheNPDEmeanwas
0.0546 [Wilcoxon’s signed rank test (p= 0.604)] while the vari-
ance was 0.921 [Fisher’s variance test (0.469)].

Table 3 Baseline characteristics
of 99 children Number Mean (SD) Median (range)

Patients 99

Age (years) 5.14 (2.59) 4.45 (2.00–11.7)

Height 109 (19.4) 110 (55.0–150)

Weight (kg) 19.3 (6.89) 17.0 (10.5–45.0)

Albumin 39.0 (4.35) 38.9 (28.1–53.9)

BUN 2.84 (0.84) 2.72 (1.48–5.64)

Serum creatinine concentration (μmol/L) 31.8 (7.50) 31.0 (17.0–49.0)

Ceftriaxone treatment duration (days) 5 (4) 5 (1–17)

Dose (mg/dose) 570 (253) 510 (240–1500)

BUN blood urea nitrogen

Fig. 1 Changes in ceftriaxone
concentration over time
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Optimization of dosing regimen

Target attainment rates of the free ceftriaxone concentration
above theMIC target of 2mg/L at 60–70%of the dosage interval
increased with simulated dosing. For cephalosporins, maximum
effects have been observed consistently at a dosing interval of
60–70% [36]. Using 60% fT >MIC as the PD target, the target

attainment rates of dosing regimens of 50 mg/kg BID, 50 mg/kg
QD, 75 mg/kg BID, 75 mg/kg QD, 100 mg/kg BID, and
100 mg/kg QD were 99.4%, 51.2%, 100%, 68.9%, 100%, and
81.8%, respectively. Considering the target attainment rate, safe-
ty, and applicability of different dose regimens, 100 mg/kg QD
was enough to produce a satisfactory target attainment rate for
CAP therapy.

Fig. 2 The density plots of the main covariates tested in the model

Table 4 Ceftriaxone population-
pharmacokinetic parameters and
bootstrap results

Parameters Full dataset Bootstrap

Final estimate RSE (%) Median 5th–95th

V (L)

V = θ1 × (CW/17) 2.78 3.80 2.78 2.61–2.93

θ1

CL (L/h)

CL = θ2 × (CW/17)0.75

Θ2 0.491 3.60 0.493 0.463–0.524

Inter-individual variability (%)

V 12.5 28.9 15.3 6.98–22.3

CL 21.6 14.8 25.0 17.2–31.8

Residual variability (%) 29.9 12.0 25.9 19.8–32.5

In our population, 17 kg and 4.45 years are the values of median weight (day of the study) and age, respectively

CL clearance, V volume of distribution, CW weight in kilogram
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Discussion

In this study, the population pharmacokinetics of ceftriaxone
was assessed in a large representative cohort of children with
CAP using the strategy of opportunistic sampling [40]. To
optimize the dosage regimen of antimicrobial therapy, the
developmental pharmacokinetics and pharmacodynamics,
safety, and microbiology are important considerations [41].
The pharmacokinetic and pharmacodynamic parameters,
which correlate with beta-lactam bacteriological and clinical
efficacy, are the percentages of time that the concentration of
the serum-unbound drug exceeds the MIC value for the

concerned pathogens (TMIC) [42]. Generally in adults, a
TMIC of at least 40–50% of the dosing interval is acceptable
[43]. However, children need a higher TMIC target to prevent
the occurrence of antibiotic resistance and achieve the re-
quired efficacy [44]. In cephalosporins, maximum effects
have been observed consistently at a dosing interval of 60–
70% [36]. In the present research, as a more conservative
endpoint, a target T >MIC of 60% of the dosing interval
was chosen. Ceftriaxone is a typical agent of the cephalospo-
rin group, having stronger activity against Streptococcus
pneumoniae and Haemophilus influenzae, the most common
pathogens responsible for causing CAP [45]. MIC

Fig. 3 Ceftriaxone model
evaluation. a PRED vs DV. b
IPRED vs DV. c CWRES vs
time. d CWRES vs PRED. e
NPDE distribution histogram. f
NPDE QQ plot vs theoretical N
(0, 1) distribution
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breakpoints of Streptococcus pneumoniae and Haemophilus
influenzaewere 0.5 mg/L and 0.125 mg/L, and for most of the
relevant pathogens, the susceptibility breakpoints were less
than 2 g/mL, according to the EUCAST guidelines [37]. We
thus selected a high MIC of 2 mg/L as a breakpoint to deter-
mine the TMIC for ceftriaxone use in CAP.

Most of the adverse dug events (ADEs) caused by cepha-
losporins were because of the inappropriate drug use especial-
ly in the pediatric population, among which the highest num-
ber of ADEs has been reported for ceftriaxone among the
group members [46]. Moreover, the ceftriaxone dosage regi-
men established by various referenced sources and guidelines
varies considerably, as shown in Table 2. These variations in
the observations of routine health care practices demonstrate
the urgent need for authentic pharmacokinetic data for pediat-
ric patients. Pharmacometrics approach relevance and impor-
tance for quantitative evaluation of factors that may explain
the inter-individual variability of drug disposition, and thus,
doses have been well established currently, particularly in the
pediatric population [47]. The European Medicines Agency
(EMA) in recent times reported the need for population phar-
macokinetic approaches because of their ability to determine
covariates related to individualizing doses for specific patients
and maturating individuals [48]. Monte Carlo simulations
were used to calculate percent fT >MIC to obtain effective
concentrations. The results demonstrated that the optimum
concentration was achieved with doses of 100 mg/kg QD.
Ceftriaxone has a special pharmacokinetics profile with a long
half-life because its pharmacokinetic parameters of the free
drug proportion are linear and dose dependent [6, 9]. Based
on long half-life and sustained levels in plasma, a once-a-day
dosing regimen of ceftriaxone in children with pneumonia
was more effective against the causative pathogens [12].
Studies performed in adults also highlighted that once-daily
administration of ceftriaxone can be effective [7, 8]. Its once-
daily dosing regimen provides a distinctive benefit over the
other agents of the cephalosporin group, which require admin-
istration several times a day. This advantage can contribute to
the acceptance of ceftriaxone in out-patient departments and
cost-effectiveness as well [6].

However, our study had some limitations; the optimum
dosing regimen established on the basis of modeling and sim-
ulation approaches needs to be evaluated more in clinical
practices for confirmation of its clinical benefits. Controlled
trials will be necessary to establish the clinical efficacy of such
therapeutic regimens.

Conclusion

A ceftriaxone population pharmacokinetic model was assessed
while using a large sample size covering the entire age range of
children with CAP. An optimal dosing regimen of 100 mg/kg

QD was established using developmental pharmacokinetic-
pharmacodynamic modeling and simulation.
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