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ABSTRACT Ceftriaxone is widely used for respiratory and urinary infections in el-
derly and frail patients, but there are few pharmacokinetic studies. A prospective
population pharmacokinetic study of ceftriaxone in adults over 65 years old was un-
dertaken. Dried blood spots collected at baseline (predose) and 0.5, 1, 4, 8, and 24 h
after administration of 1 g of ceftriaxone were assayed using a validated liquid
chromatography-mass spectroscopy analytical method. Frailty was classified using
the Edmonton frailty scale and grip strength via a hand dynamometer. Estimates of
glomerular filtration rate were determined using creatinine-based and cystatin
C-based equations. Of 26 patients recruited, 23 (88%) were vulnerable or very frail.
Estimates of drug clearance improved significantly with a cystatin C-based estimate
of renal function that accounted for frailty. Simulations indicate that the combined
effects of ranges of size and renal function resulted in a 6-fold range in peak ceftri-
axone concentrations and 9-fold range in total exposure (area under the concen-
tration-time curve [AUC]). For elderly patients with moderate or severe renal impair-
ment, 48-h dosing results in greater trough concentrations and total exposure than
the trough concentrations and total exposure in patients with normal renal function
receiving 24-h dosing. Cystatin C-based measures of renal function improved predic-
tions of ceftriaxone clearance in elderly patients.

KEYWORDS ceftriaxone, frailty, population pharmacokinetics

Ceftriaxone is a broad-spectrum, third-generation cephalosporin antibiotic used
widely for common severe infections like community-acquired pneumonia (1),

urosepsis (2), and gonococcal infections (3, 4). As with many older, extensively used
antibiotics, there are few quality pharmacokinetic (PK)/pharmacodynamic (PD) data.
This knowledge gap is considered a research priority (5). This has particular relevance
in elderly, frail populations that, in resource-rich settings, carry the large burden of the
infections for which ceftriaxone is recommended therapy. There are few published PK
studies in this population, with current dosing regimens extrapolated from studies
conducted in healthy older adults or younger individuals (6, 7).

Aging is associated with a number of physiological changes that may influence the
PK of antimicrobial and other drugs (8, 9). However, the large interindividual variability
in PK parameters in elderly patients suggests that chronological age alone should not
determine drug-dosing regimens (10). Frailty is a state of heightened vulnerability to
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functional dependence or death in response to a stressor (11). The “frailty phenotype”
is an independent risk factor and better predictor of hospitalization and mortality than
chronological age (12). Frailty also has PK implications, given its association with
reduced lean body mass, sarcopenia, increased adiposity, and altered hepatic and renal
drug clearance (CL) (13, 14). These changes in body composition may mean that
estimates of renal function derived from plasma creatinine (Cr) concentrations may not
reflect renal clearance of drugs in elderly populations. This is important for antibiotics
with a narrow therapeutic index, such as gentamicin, with frail patients exhibiting
reduced drug clearance even after adjusting for renal function using established
formulae (8). Cystatin C (CysC), a lower-molecular-weight protein that is produced by all
nucleated cells at a constant rate, is freely filtered by the glomerulus and is a measure
of kidney function that is less dependent on muscle mass (15). Studies have shown
that cystatin C is associated with increased frailty status and that a cystatin C-based
equation is a better marker than a creatinine-based measure in detecting mild to
moderate kidney function reductions in older adults (15, 16).

Given the lack of available PK data for ceftriaxone in elderly patients, we performed
a population PK study in this patient group with frailty as a candidate covariate in the
PK model. We then explored whether estimation of renal function through plasma CysC
might have more utility in a PK model than Cr-based equations. Because ceftriaxone is
typically initiated in an emergency department (ED) setting, we used validated mea-
surement of ceftriaxone concentrations in capillary dried blood spots (DBS) that
allowed repeated, nondisruptive, small-volume sampling (17, 18).

RESULTS
Subject characteristics. Twenty-six patients were enrolled, but 24 were included in

the analysis due to 2 participants withdrawing consent. Most of the participants (92%)
were Caucasian, and 12 (50%) were female. Six (25%) received ceftriaxone for urinary
tract infections and the remainder for lower respiratory tract infections. The median
(interquartile range [IQR]) age was 81 (74 to 86) years. The median (IQR) body mass
index (BMI), Cr clearance with body weight (CLCr) (Cockcroft-Gault), albumin, and
estimated glomerular filtration rate using the Cr-cystatin C method (eGFRCr-Cys) were
27.5 (22 to 33) kg/m2, 48 (26 to 63) ml/min, 38 (35 to 41.5) g/liter, and 36 (23 to 49)
ml/min, respectively. The median (IQR) grip strength and Edmonton frailty scale (EFS)
score were 13.5 (7 to 21) kg and 10 (7.5 to 11.5), respectively. Only three participants
(12%) were considered to be not frail, while 15 (63%) and 6 (25%) patients were
considered to be vulnerable or very frail, respectively. There were strong correlations
between CysC and age (0.60; P � 0.002), EFS and eGFR using the modification of diet
in renal disease formula (eGFRMDRD) (�0.41; P � 0.041), grip strength and EFS (�0.51;
P � 0.012), EFS and CysC (0.57; P � 0.003), and grip strength and serum albumin (0.43;
P � 0.036). There was also a significant correlation between the two measures of renal
function (�0.50; P � 0.014).

PK modeling. There were 101 concentrations from 24 patients available for PK
analysis, none of which were below the limit of quantification. A two-compartment
model performed better than a single compartment model in characterizing the data.
Adding a third compartment did not result in further improvement. It was possible to
estimate interindividual variability for central volume of distribution (VC) and CL.

Of the size measures tested, all improved the fit of the model except ideal body
weight. The use of normal fat weight, which allowed the estimation of the contribution
of fat, resulted in the lowest objective function value (OFV) (�16.00 compared to no
allometric scaling). However, compared to body weight, there was no significant
improvement given the need for four additional parameters (ΔOFV � �3.70, P � 0.45,
�2 df � 4). There were also large standard errors for the FFAT terms (see Materials and
Methods; FFAT represents the relative contribution of fat mass compared to the
contribution of fat-free mass to the size covariate for each parameter). Therefore,
allometric scaling with body weight was used for further modeling.
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Assessment of which measure of renal function was most appropriate for the PK
population model is summarized in Table 1. A model with CLCr performed better than
eGFRMDRD and resulted in a significant fall in the OFV. Plots for the various renal
function estimates against individual clearance estimates obtained from the base
model demonstrated that eGFRCr-Cys correlated best, followed by eGFR using the
cystatin C method (eGFRCys), then Cr clearance with adjusted body weight (CLCr-Adj),
eGFR using the Cr method (eGFRCr), Cr clearance with body weight (CLCr), and finally,
eGFRMDRD (Fig. S1 in the supplemental material). As a result, eGFRCr-Cys was included in
the model and was associated with a 45% reduction in the population variability
estimate for CL. After accounting for allometry based on size and renal function, no
other tested covariates were suitable for inclusion in the final model. Of these, serum
albumin values were available but did not improve model fit.

In the assessment of the relationship between frailty and clearance, grip strength
correlated with clearance when CLCr, CLCr-Adj, or eGFRMDRD was used as the renal
function measure (Table 1). In these cases, the inclusion of grip strength resulted in a
significant reduction in the OFV, as well as reduction in the population variability
estimate for CL. This relationship suggested that a lower CL was associated with weaker
grip strength, a correlate of increased frailty. This is also consistent with a significant
bias with lower grip strength for these renal function estimates compared to estimates
using eGFRCr-Cys (Table 1). There was a nonsignificant trend for a positive bias with
eGFRCr, while there was an opposite trend for eGFRCys. The addition of grip strength did
not improve the model when eGFRCr-Cys, eGFRCys, or eGFRCr was used. The EFS did not
have any significant effect when tested with any of the renal function measures.

Final parameter estimates and bootstrap results are summarized in Table 2. Bias was
�9% for all structural and random model parameters. Goodness-of-fit plots (Fig. 1) and
prediction-corrected visual predictive checks (pcVPC) (Fig. 2) are presented with all
observed percentiles falling within their respective 95% simulated confidence intervals.

Simulation results. Simulations demonstrated the significant effect of impaired
renal function (eGFRCr-Cys � 10 ml/min/1.73m2) on exposure (area under the curve
[AUC]), with up to 5-fold greater exposure and close to three times higher peak
concentrations than with normal renal function (eGFRCr-Cys � 90 ml/min/1.73m2) (Fig.
3A). Size also affected drug exposure, with an approximate doubling of peak concen-
trations and AUC (Fig. 3C). The combined effects of these two covariates resulted in a
6-fold range in peak concentrations and 9-fold range in AUC in the simulations. To
highlight these important differences, comparisons of simulations between a light
patient with impaired renal function receiving 1 g daily and a heavier patient with
normal renal function receiving 2 g twice daily are shown (Fig. 3B). The exposure
profiles indicate that peak and trough concentrations are both higher in the former. The
differences in concentrations derived using CLCr compared with eGFRCr-Cys for dosing

TABLE 1 Changes in OFV with different measures of renal function and the addition of
grip strength as a covariate for clearance

Modela OFVb �OFV P value

Result with addition of grip
strength to CL

OFV �OFV P value

Base model (allometric
scaling only)

�195.018

eGFRMDRD �207.875 �12.857 �0.001 �216.815 �8.94 0.003
CLCr �209.856 �14.838 �0.001 �214.573 �4.717 0.030
eGFRCr �210.851 �15.833 �0.001 �213.563 �2.712 0.100
CLCr-Adj �211.568 �16.55 �0.001 �216.239 �4.671 0.031
eGFRCys �213.673 �18.655 �0.001 �213.952 �0.279 0.597
eGFRCr-Cys �217.224 �22.206 �0.001 �218.401 �1.177 0.278
aeGFRMDRD, estimated glomerular filtration rate using the modification of diet in renal disease formula; CLCr,
creatinine clearance; CLCr-Adj, creatinine clearance adjusted for body weight; eGFRCys, estimated glomerular
filtration rate with cystatin C; eGFRCr-Cys, estimated glomerular filtration rate with cystatin C and Cr.

bOFV, objective function value.
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are presented in Fig. 3D. AUC and peak concentrations were 40% and 10% higher than
expected, respectively, when using traditional measures of renal function. Simulations
for ceftriaxone dosing given every 48 h for patients with moderate (2 g) or severe (1 g)
renal impairment are shown in Fig. 4. Following these doses, AUC and trough concen-
trations were higher than for standard dosing with 1 g every 24 h for patients with
normal renal function. Additional simulations for estimated free ceftriaxone concentra-
tions over time indicated that the times above the breakpoints of 1 mg/liter (Escherichia
coli) and 0.5 mg/liter (Streptococcus pneumoniae) were also prolonged compared with

TABLE 2 Base and final-model population pharmacokinetic estimates and final-model bootstrap results for ceftriaxone in elderly patients

Parametera

Value for:

Mean base

Final model

Mean RSE (%)b Median bootstrap (95% CI)

Objective function value �195.018 �217.224 �226.335 (�255.871 to �191.59)

Structural-model parameters
CLR (liters/h per 60 ml/min) 2.125 11 2.044 (0.98 to 2.66)
CLNR (liters/h per 70 kg) 0.225 33 0.248 (0.028 to 0.667)
CL (liters/h per 70 kg) 0.279
VC (liters per 70 kg) 13.2 13.3 8 13.06 (9.27 to 16.2)
Q (liters/h per 70 kg) 4.99 4.90 34 5.16 (0.95 to 16.0)
VP (liters per 70 kg) 4.87 4.73 17 5.06 (2.87 to 7.86)

Variable-model parameters (% shrinkage)
IIV in CL 42 (8) 22 (22) 21 21 (10 to 30)
IIV in VC 25 (13) 25 (13) 15 24 (16 to 34)
r(CL, VC) 0.085 �0.177 85 �0.248 (�0.839 to 0.452)
RV (%) 16 (8) 16 (16) 15 16 (13 to 18)

aCLR, renal clearance—final model; CLNR, nonrenal clearance—final model; CL, clearance— base model; VC, central volume of distribution; Q, intercompartmental
clearance; VP, peripheral volume of distribution; IIV, interindividual variability; RV, residual variability. IIV and RV are presented as 100 � �variance estimate.

bRSE, residual standard error.

FIG 1 Goodness-of-fit plots for ceftriaxone, including observed concentration against population (A) and individual
(B) predicted concentrations and conditional weighted residuals against time from dose (C) and population
predicted concentrations (D).
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the times above the breakpoints with standard dosing in patients with normal renal
function (Fig. 4).

DISCUSSION

Many elderly patients presenting to hospital with infections are frail. As demon-
strated with ceftriaxone in the present study, traditional Cr-based measures of renal
function do not always adequately predict the renal clearance of antibiotics and other

FIG 2 Prediction-corrected visual predictive checks for ceftriaxone in elderly patients with observed 50th
(solid line) and 5th and 95th (dotted lines) percentiles within their simulated 95% CIs (gray shaded areas)
are shown with overlying data points (Œ).

FIG 3 Results of simulations at steady state demonstrating the effects of changes in renal function (A), changes in body weight (B), the greatest difference in
simulated individuals (C), and the difference in expected (from CLCr) and actual concentrations in frail individuals (D).
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drugs in this patient group. When estimates of renal function are based on measure-
ment of CysC, the effects of frailty can be better accounted for and estimates of drug
clearance significantly improved.

Although estimates based on serum Cr are recommended for drug dose adjustment,
we found that eGFRCr-Cys performed best when intravenous (i.v.) ceftriaxone was
administered to a group of elderly patients. Renal clearance estimated with Cr-based
calculations had an increasing positive bias with decreasing grip strength (up to 50%
in severely frail patients) compared with eGFRCr-Cys. In these patients, exposure to
ceftriaxone (AUC) was underestimated by up to 40%. Although ceftriaxone has a wide
therapeutic index, the consequences of underestimated drug concentrations are likely
to be greater for medications with a narrow therapeutic index, such as gentamicin,
where concentration-dependent toxicity is a major challenge.

There are few data on the optimal dose of ceftriaxone in the elderly, and current
guidelines do not recommend alterations to the dosing regimen in elderly patients. Our
data accord with a small study of six elderly patients with a mean eGFR of 55 ml/min/
1.73m2 that identified a large difference between observed drug clearance in the group
of elderly patients compared with that in younger healthy volunteers (19). In contrast,
another study did not show as large a difference, but the recruited elderly volunteers
had a higher mean eGFR (6). If CysC-based estimates of GFR were routinely available,
this could have implications for ceftriaxone dosing in elderly and frail adults. Our data
show that, among elderly patients with moderately to severely impaired renal function
based on eGFRCr-Cys, there may be the potential to decrease the frequency of dosing
from daily to every second day. If this is confirmed, a decreased dose frequency would
have favorable resourcing implications, including earlier hospital discharge and simpler
ceftriaxone administration in domiciliary-based patients requiring parenteral antibiotic
therapy.

Our study was designed to assess the impact of the frailty phenotype on ceftriaxone
PK. In a study of 38 elderly patients, half were frail (EFS � 8) and their gentamicin
clearance was reduced by 12% (20), but CLCr calculated from ideal body weight was

FIG 4 Results of simulations at steady state demonstrating time-concentration profiles for ceftriaxone
given every 48 h in patients with severely impaired renal function (black solid line; 1-g dose) and
moderate renal impairment (black dotted line; 2-g dose) compared with normal renal function (black
dashed line; 1 g every 24 h). The corresponding gray lines represent simulated free concentrations over
time and are presented in relation to target breakpoints for Escherichia coli (1 mg/liter) and Streptococcus
pneumoniae (0.5 mg/liter). stat, single dose only.
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applied to estimate renal function. When either CLCr, CLcr-Adj, or eGFRMDRD was applied
in the present study, we also demonstrated a statistically significant relationship
between decreasing grip strength (as a marker for increasing frailty) and lower clear-
ance. In the case of CLCr, this relationship estimated a 35% lower ceftriaxone clearance
in patients with the lowest compared to the highest grip strength. These results
suggest that previously reported effects of frailty on drug clearance are likely due to
bias in estimates of renal clearance in this population.

CysC-based estimates of renal function could improve the safety and efficacy of
antibiotics with a narrow therapeutic index, including for situations other than in the
elderly where frailty is common. Compared with gold standard methods for measuring
GFR, eGFRCr-Cys outperforms Cr-based estimates across different patient groups with a
range of degrees of renal impairment (21). A review found that CysC correlated better
with drug clearance and/or trough levels (22), and current Kidney Disease Improving
Global Outcomes (KDIGO) guidelines recommend CysC-based measures of renal func-
tion when precision is required (23). A case in point is vancomycin, where the use of
eGFRCr-Cys improved the proportion of patients achieving trough concentration targets
(24). Despite this evidence, the use of CysC-based measures has not been widely
adopted. This may be in part due to cost considerations or due to the lack of
international standardization of the assay to allow valid comparisons (25).

The present study had limitations. We did not measure unbound (free) ceftriaxone
concentrations because we used the DBS sampling method. However, by applying a
concentration-dependent correction for free concentrations (26), the estimated times
above established breakpoints for the common bacteria causing community-acquired
pneumonia and urinary tract infections were longer in patients with impaired CysC-
based measurements of renal function than for standard dosing. Serum albumin
concentrations were available but were not a significant covariate in our final PK model.
Low serum albumin caused by malnutrition, decreased hepatic production, or urinary
or gastrointestinal protein loss may increase the unbound fraction. Taken together,
these data provide reassurance that theoretical antibiotic efficacy would not be im-
pacted in those elderly patients with increased ceftriaxone exposure profiles. We
measured Cr and CysC on only one occasion during treatment. As with Cr-based
measurements, large changes in renal clearance of drugs can be observed during
severe illness, and it is possible that this applies to CysC with biased estimates of
clearance. Nevertheless, clinicians will often determine the drug dosage based on a
single baseline Cr measurement in this setting.

We conclude that CysC-based measures of renal function improve the prediction of
ceftriaxone clearance in elderly patients and should be considered routine practice for
this patient group. Extending this approach to other renally excreted medications with
a low therapeutic index also warrants further investigation. Due to variations in body
size and renal function in elderly patients, ceftriaxone concentrations and exposure
profiles vary widely, raising the possibility for more efficient dosing regimens, such as
every 48 h, to facilitate provision of ceftriaxone in domiciliary settings.

MATERIALS AND METHODS
Approvals, patients, and sample collection. This study was approved by the South Metropolitan

Health Service Human Research Ethics Committee (SMHS HREC; 2016-129), Western Australia. Partici-
pants were eligible for recruitment if they were �65 years old and required ceftriaxone as part of their
infection management plan, as assessed by ED staff. Participants were excluded if they had received
ceftriaxone within 72 h of admission or had a history of adverse reaction to cephalosporins or if language
barriers prevented provision of informed consent.

It was expected that some participants might not be able to provide informed consent due to acute
delirium or background cognitive impairment. To address this issue, we applied a multistage process in
assessing relevant capacity. The treating ED clinician first determined whether there was a concern that
the prospective participant was incapable of providing informed consent. If no concerns were identified,
the researchers (M.C. and S.J.T.) provided a verbal explanation of the study as well as an information
sheet before written informed consent was obtained. If the ED clinician or researchers had any concerns
regarding capacity, a mini-mental state examination (MMSE) was performed (27). If the participant scored
�21, or �21 but the treating ED clinician was still concerned about capacity, a relative/guardian
provided informed consent on the participant’s behalf.
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Because sampling was minimally invasive, a process of delayed consent was followed so that
ceftriaxone could be promptly administered and initial DBS samples taken. If the prospective participant
did not have capacity and no relative/guardian was contactable, the prospective participant was enrolled
in the study while a researcher attempted to contact a relative/guardian. If no contact was made prior
to the third DBS sample, the participant was withdrawn from the study. Participants were free to
withdraw at any time without prejudice to their ongoing care.

A standard questionnaire, clinical assessment, and blood sample protocol were followed in each case.
Data collected included age, gender, ethnicity, height, weight, serum Cr, liver function tests including
albumin concentrations, full blood count, and CysC. Frailty was assessed using the Edmonton frailty scale
(EFS) (28). Grip strength was measured three times on each hand using a dynamometer (Jamar hydraulic
hand dynamometer), with the greatest value recorded. All measurements were taken at the time of
recruitment or as soon as the patient was alert enough to cooperate. Absence of frailty, apparent
vulnerability, or severe frailty was assumed if the EFS was �5, 6 to 11, or �12, respectively.

Ceftriaxone 1g (Sandoz Australia, Pyrmont, NSW, Australia) was administered intravenously via a slow
push over 3 to 5 min. DBS samples were collected from finger prick samples at baseline (predose) and
then at 0.5, 1, 4, 8, and 24 h postadministration of ceftriaxone. At least two DBS samples were collected
onto DBS cards at each time point (Whatman 903 protein saver cards; GE Healthcare Australia Pty. Ltd.,
Parramatta, NSW, Australia). The DBS cards were air dried for �1 h before being placed into an airtight
foil bag with two desiccant sachets and stored at �80°C until analyzed. Ceftriaxone concentrations from
DBS were measured using a validated liquid chromatography-tandem mass spectroscopy (LC-MS/MS)
assay with a limit of quantification of 0.1 mg/liter (17).

Data analysis. Correlations were assessed using Spearman’s rank correlation coefficient (r) (Graph-
Pad Prism version 6.05; GraphPad Software, Inc., La Jolla, CA, USA).

Pharmacokinetic modeling. NONMEM (version 7.2.0, ICON Development Solutions, Ellicott City, MD,
USA) with an Intel Visual FORTRAN 10.0 compiler was utilized for nonlinear mixed-effects modeling of the
loge predicted plasma concentration-time data sets for ceftriaxone. Predicted plasma concentrations
were determined from measured dried blood spot concentrations using a previously validated method
(17). The first-order conditional estimates method with interaction (FOCE INTER) estimation was used,
with the minimum value of the objective function value (OFV), goodness-of-fit plots, condition number
(�1,000), and predictive checks used to arrive at suitable models during the model-building process. A
significance level of P � 0.05 was set for comparison of nested models. An additive residual variability
(RV) model, equivalent to proportional RV structures on the normal scale, was tested for the log-
transformed data. Base models were parameterized using VC (central volume of distribution), CL
(clearance), and peripheral volume(s) of distribution (VP) and its/their respective intercompartmental
clearance(s) (Q).

Ceftriaxone concentration profiles were modeled using one-, two- and three-compartment models
(ADVAN1, -3, and -11) with first-order elimination from the central compartment. Once the structure of
the models was established, interindividual variability (IIV) of parameters was estimated where supported
by the data.

The effect of body size on pharmacokinetic parameters was investigated before testing of other
covariates. Allometric scaling based on size was applied a priori, with coefficients of 1 and 3/4 for
clearance and volume parameters, respectively. Several measures of size were tested in the model
building process to identify the most appropriate descriptor. These were body weight, adjusted body
weight, ideal body weight, and lean body mass (29). Additionally, models with normal fat weight using
an additional parameter, FFAT, were assessed as follows: normal fat weight � fat-free mass � FFAT �
(body weight � fat-free mass) (30), where FFAT represents the relative contribution of fat mass compared
to the contribution of fat-free mass to the size covariate for each parameter.

Subsequently, the effect of renal function on clearance was assessed. Renal function was estimated
using Cr clearance (Cockcroft-Gault) both with body weight (CLCr) (31) and adjusted body weight
(CLCr-Adj) (32) and the estimated glomerular filtration rate (eGFR) using the modification of diet in renal
disease formula (eGFRMDRD) (33), the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
(2009) Cr method (eGFRCr) (34), the CKD-EPI (2012) cystatin C method (eGFRCys), and the Cr-cystatin C
method (eGFRCr-Cys). (35). Estimates of eGFR (in ml/min/1.73 m2) were converted to ml/min using each
patient’s body surface area (33).

Clearance was modeled as the sum of renal clearance (CLR) and nonrenal clearance (CLNR) as follows:
individual CL � CLNR � allometric scaling � CLR � (individual renal function [ml/min]/60).

The effects of other covariates, including gender, grip strength, EFS, and diagnosis (urinary tract
infection or respiratory infection), were identified by inspection of individual parameter versus covariate
plots. Identified relationships were then tested within NONMEM using a stepwise forward and backward
approach (P � 0.10 for forward steps and P � 0.05 for backward steps). The effect sizes (%) of categorical
data were assessed, while both linear and power relationships were evaluated for continuous covariates.
To test the effect of frailty on drug clearance and its relationship with renal function, the potential effects
of grip strength and frailty score on CL were assessed for all measures of renal function.

Model evaluation comprised goodness-of-fit plots, including observed versus individual and popu-
lation predicted values, residual plots against time from last dose, and population predicted values. A
bootstrap using Perl speaks NONMEM (PSN) with 1,000 samples was performed, and the parameters
derived from this analysis summarized as the median and 2.5th and 97.5th percentiles (95% empirical
confidence interval [CI]) to facilitate evaluation of final estimates. In addition, prediction-corrected visual
predictive checks (pcVPC) were performed, with 1,000 data sets simulated from the final models. The
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observed 10th, 50th, and 90th percentiles were plotted with their respective simulated 95% CIs to assess
the predictive performance of the model and to assess for any major bias.

Simulations. Simulations of plasma concentrations were performed using the final population
pharmacokinetic model. These were at steady state after low (1 g daily) and high (2 g twice a day) dose
regimens, the latter dose administered for central nervous system infections or as adjunctive therapy for
enterococcal endocarditis. Linear PK was assumed, consistent with previous reports of only small,
clinically insignificant changes over a large dose range (36, 37). Median simulated time-concentration
profiles with various weights (35 to 100 kg) and levels of renal function (10 to 90 ml/min/1.73m2)
according to eGFRCr-Cys were obtained. Simulations also explored the potential effect of using CLCr

instead of eGFRCr-Cys as the descriptor of renal function in terms of drug exposures. An additional
simulation estimated time-concentration profiles for a dosing regimen of 1 g every 48 h. Simulations of
free concentrations of ceftriaxone were subsequently estimated from the total concentrations using a
validated correction factor (26). Breakpoints for Streptococcus pneumoniae (0.5 mg/liter) and Escherichia
coli (1 mg/liter) were applied to provide context for PK-PD for free ceftriaxone concentrations (38).
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