
 

 

 University of Groningen

Pharmacokinetic parameters over time during sepsis and the association of target attainment
and outcomes in critically ill children and young adults receiving ceftriaxone
Tang Girdwood, Sonya; Tang, Peter; Fenchel, Matthew; Dong, Min; Stoneman, Erin; Jones,
Rhonda; Ostermeier, Austin; Curry, Calise; Forton, Melissa; Hail, Traci
Published in:
Pharmacotherapy

DOI:
10.1002/phar.2774

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Tang Girdwood, S., Tang, P., Fenchel, M., Dong, M., Stoneman, E., Jones, R., Ostermeier, A., Curry, C.,
Forton, M., Hail, T., Mullaney, R., Diseroad, E., Punt, N., Kaplan, J., & Vinks, A. A. (2023). Pharmacokinetic
parameters over time during sepsis and the association of target attainment and outcomes in critically ill
children and young adults receiving ceftriaxone. Pharmacotherapy. https://doi.org/10.1002/phar.2774

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1002/phar.2774
https://research.rug.nl/en/publications/9de8590d-3354-4ea6-89ae-c97701b8ec39
https://doi.org/10.1002/phar.2774


Pharmacotherapy. 2023;00:1–13.    | 1wileyonlinelibrary.com/journal/phar

Received: 15 July 2022  | Revised: 16 December 2022  | Accepted: 21 January 2023

DOI: 10.1002/phar.2774  

R E S E A R C H  A R T I C L E

Pharmacokinetic parameters over time during sepsis and the 
association of target attainment and outcomes in critically ill 
children and young adults receiving ceftriaxone

Sonya Tang Girdwood1,2,3  |   Peter Tang3,4 |   Matthew Fenchel5 |   Min Dong2,3  |   
Erin Stoneman6 |   Rhonda Jones6 |   Austin Ostermeier1,3 |   Calise Curry1 |    
Melissa Forton1 |   Traci Hail1 |   Randi Mullaney1 |   Emily Diseroad7 |   Nieko Punt8,9 |   
Jennifer Kaplan3,6 |   Alexander A. Vinks2,3

1Division of Hospital Medicine, Department of Pediatrics, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
2Division of Clinical Pharmacology, Department of Pediatrics, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
3Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, Ohio, USA
4Division of Pathology, Department of Pediatrics, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
5Division of Biostatistics and Epidemiology, Department of Pediatrics, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
6Division of Critical Care Medicine, Department of Pediatrics, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
7Department of Pharmacy, Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA
8Department of Clinical Pharmacy and Pharmacology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands
9Medimatics, Maastricht, The Netherlands

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Pharmacotherapy: The Journal of Human Pharmacology and Drug Therapy published by Wiley Periodicals LLC on behalf of Pharmacotherapy 
Publications, Inc.

Correspondence
Sonya Tang Girdwood, 3333 Burnet 
Avenue, MLC 9016, Cincinnati, OH 45229, 
USA.
Email: sonya.tanggirdwood@cchmc.org

Present address
Austin Ostermeier, Division of Hospitalist 
Medicine, Department of Pediatrics, 
St. Louis Children's Hospital, St. Louis, 
Missouri, USA
Melissa Forton, Norton Infectious 
Diseases Institute, Norton Healthcare, 
Louisville, Kentucky, USA

Funding information
National Institute of Child Health and 
Development Cincinnati Pediatric 
Clinical Pharmacology Postdoctoral 
Training Program, Grant/Award Number: 
5T32HD069054- 09; Gerber Foundation 
Novice Research Award; CCHMC Arnold 
Strauss Fellow Award; CCHMC Hospital 
Medicine Fellow Award; Child Health 
Research Career Development Award, 
Grant/Award Number: 5K12HD028827; 

Abstract
Introduction: Early sepsis results in pharmacokinetic (PK) changes due to physiologic al-
terations. PK changes can lead to suboptimal drug target attainment, risking inadequate 
coverage from antibiotics like ceftriaxone. Little is known about how ceftriaxone PK and 
target attainment quantitatively change over time in patients with sepsis or the associa-
tion between target attainment and outcomes in critically ill children and young adults.
Methods: A retrospective analysis of a prospective study was conducted in a single- 
center pediatric intensive care unit. Septic patients given at least one ceftriaxone dose 
(commonly as 50 mg/kg every 12 h) and who had blood obtained in both the first 
48 h of therapy (early) and afterwards (late) were included. Normalized clearance and 
central volume were estimated and compared in both sepsis phases. We evaluated 
target attainment, defined as concentrations above 1× or 4× the minimum inhibitory 
concentration (MIC) for 100% of dosing intervals, and investigated the association 
between target attainment and clinical outcomes.
Results: Fifty- five septic patients (median age: 7.5 years) were included. Normalized 
clearance and central volume were similar in both phases (6.18 ± 1.48 L/h/70 kg early 
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1  |  INTRODUC TION

Critical illness leads to significant variability in drug pharmacokinet-
ics (PK) and pharmacodynamics (PD). Early sepsis is characterized by 
vasodilation, capillary leak, and hypoalbuminemia, all of which lead 
to increased volume of distribution and low drug exposure.1– 4 Fluid 
resuscitation to mitigate hypotension also contributes to a larger 
volume of distribution.5,6 In some states of critical illness, there is an 
initial increase in cardiac output, resulting in augmented renal clear-
ance (ARC).2,4,7,8 This phenomenon leads to increased clearance of 
renally- eliminated drugs and lower drug exposure. In contrast, in 
states of shock, decreased organ perfusion results in lower drug 
clearance.1,2

β- lactam antibiotics (e.g., cephalosporins, carbapenems) are a 
prime example of drugs demonstrating high PK/PD variability in 
critically ill patients. Their effectiveness is dependent on the time 
that free, non- protein- bound, concentrations are above the bac-
terial minimum inhibitory concentrations (fT > MIC).1,2,9– 11 We have 
demonstrated that intermittent β- lactam dosing leads to highly 
variable concentrations (up to 40- fold) in critically ill children and 
young adults.12,13 This high PK variability leads to inconsistent PD 
target attainment and could result in ineffective bactericidal activ-
ity.14 In adults, only 30% to 65% of patients achieve targets, defined 
as concentrations remaining above 1– 4× MIC for 100% of the dos-
ing intervals (100%fT > 1– 4×MIC), early in the course of illness (before 
day 2).15,16

Despite the known pathophysiologic changes during sepsis, 
there are limited quantitative data on how β- lactam PK and PD tar-
get attainment change over time. Ceftriaxone is one of the first- line 
antibiotics used for sepsis in patients with no significant medical 
history. We published a population PK model of ceftriaxone in crit-
ically ill children and young adults, which did not find that phase of 

illness (based on a 48- h threshold) had impacted PK.13 However, our 
population- level study included all patients admitted to the pediat-
ric intensive care unit (PICU), not just septic patients. Therefore, we 
sought to compare ceftriaxone PK parameters between early and 
late phases of sepsis at an individual level and compare the percent-
ages of patients who attain targets between both sepsis phases 
in critically ill children and young adults. We also investigated the 
relationship between target attainment and clinical outcomes. We 
hypothesized that due to augmented renal clearance, vasodilatation, 
and aggressive fluid resuscitation in the early phase, clearance and 
volume of distribution will be higher in early sepsis, resulting in a 
lower percent of patients who attain targets. At our institution, pa-
tients admitted to the PICU for sepsis are typically initiated on every 
12- h (q12h) dosing of ceftriaxone, then transitioned to every 24- h 
(q24h) dosing upon transfer to a lower acuity unit, whereas other 
institutions often administer q24h ceftriaxone dosing regardless of 
location or phase of care. This study was also conducted to provide 
evidence about our transitioning practices. In addition, these find-
ings could provide the basis of providing individualized dosing during 
different phases of sepsis for patients at risk of not attaining targets 
and experiencing poor outcomes.

2  |  METHODS

2.1  |  Study design and ethics

This study was part of a larger prospective β- lactam PK/PD study in 
which patients who were admitted to the PICU and administered at 
least one dose of ceftriaxone, cefepime, piperacillin/tazobactam, or 
meropenem were eligible for enrollment.12,13 Eligible patients had 
residual blood or plasma obtained from clinical samples (scavenged 

vs. 6.10 ± 1.61 L/h/70 kg late, p = 0.60; 26.6 [IQR 22.3, 31.3] L/70 kg early vs. 24.5 
[IQR 22.0, 29.4] L/70 kg late, p = 0.18). Individual percent differences in normalized 
clearance and central volume between sepsis phases ranged from −39% to 276% and 
−51% to 212% (reference, late sepsis), respectively. Fewer patients attained the 1× 
MIC target in late sepsis (82% late vs. 96% early, p = 0.013), which was associated 
with transition to once daily dosing, typically done due to transfer from the pediatric 
intensive care unit (PICU) to a lower acuity unit. Failure to attain either target in late 
sepsis was associated with antibiotic broadening.
Conclusion: Ceftriaxone PK parameters were similar between early and late sepsis, 
but there were large individual differences. Fewer patients attained MIC targets in 
late sepsis and all who did not attain the less stringent target received once daily dos-
ing during this period. The failure to attain targets in late sepsis was associated with 
antibiotic broadening and could be an area for antibiotic stewardship intervention.

K E Y W O R D S
ceftriaxone, critical care, pediatrics, pharmacodynamics, pharmacokinetics, sepsis, target 
attainment
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opportunistic samples)17 for antibiotic concentration measurement. 
This larger study was approved with a waiver of consent for sam-
ple collection by the Cincinnati Children's Hospital Medical Center 
(CCHMC) Institutional Review Board.

2.2  |  Patient population

During the larger prospective study, 195 patients were admitted to 
the PICU, administered at least one ceftriaxone dose and had re-
sidual blood obtained.13 For this retrospective analysis, we applied 
the following inclusion criteria for this study. Patients must have met 
sepsis criteria, defined as meeting at least two systemic inflamma-
tory response syndrome criteria18 and receiving at least 7 days of 
antibiotics. In addition, patients must have received ceftriaxone, and 
no other β- lactam antibiotic, for at least the first 48 h. Study day 1 
was defined as the first day the patient was admitted to the PICU 
and received a ceftriaxone dose. Time zero was the time of the first 
ceftriaxone dose on Day 1. In our cohort, the number of hours be-
tween PICU admission time and time zero ranged from −8 (i.e., first 
dose given 8 hours prior to PICU admission) to 96 h (median: −1 h). 
We defined the early phase of sepsis as the first 48 h after time zero 
and late phase of sepsis as after 48 h of ceftriaxone therapy. We 
used the 48- h threshold as this is the time at which sepsis rule- outs 
are usually completed and clinicians decide whether a full course of 
antibiotics is needed. The first 48 h is also thought to be the critical 
period in which antibiotic exposure should be maximized.11 Patients 
on extracorporeal devices, including but not limited to continuous 
renal replacement therapy and extracorporeal membrane oxygena-
tion, were excluded. Finally, patients could be included in this ret-
rospective analysis if they had adequate volume from opportunistic 
samples obtained during both phases of sepsis for free ceftriaxone 
concentration measurement. After applying these criteria, 55 pa-
tients of the 195 patients enrolled in the parent study were included 
in this analysis.

2.3  |  Ceftriaxone dosing and concentration 
measurement

Ceftriaxone dosing was determined by the clinical team. In the 
CCHMC PICU, the typical regimen is 50 mg/kg/dose (max: 2000 mg) 
every 12 h (q12h), regardless of the type of suspected infection. In 
a minority of patients (~10%), which includes those with suspected 
urinary tract infections or acute otitis media, a dosing regimen of 
50 mg/kg/dose every 24 h (q24h) may be initiated. Patients are often 
transitioned from q12h to q24h when they transfer to a lower acute 
care unit.

Residual blood was requested from all laboratory draws obtained 
for clinical purposes (e.g., complete blood counts, metabolic panels) 
throughout the duration of ceftriaxone therapy, even after transfer 
to a different unit, for a maximum of 7 days (scavenged opportunistic 
sampling).13 Only blood draws that were collected within 30 minutes 

of an administered dose (the standard infusion time), were excluded. 
Blood was centrifuged, and plasma was separated and frozen within 
7 days of the blood draw based on our previously reported stabil-
ity studies.13 Total and free plasma ceftriaxone concentrations were 
measured by High Performance Liquid Chromatography as previ-
ously described.13

2.4  |  PK parameter estimation

We used our published ceftriaxone population PK model in critically 
ill children and adults13 to estimate PK parameters. In this model, 
significant covariates of ceftriaxone clearance include weight, 
post- menstrual age (i.e. maturation effect), creatinine clearance, 
presence of fever, and Pediatric Risk of Mortality (PRISMIII) score. 
Intercompartmental clearance (Q), central volume (V1), and periph-
eral volume (V2) are dependent on weight. The reference/normalized 
patient for the model is 70 kg,19 of an older age with negligible matu-
ration effect, has a creatinine clearance of 149.5 mL/min/1.73 m2, 
is afebrile, and has a PRISMIII score of 0. Using the precision dos-
ing software, MwPharm++ 2.0.4.335 (Mediware), which utilizes 
Bayesian estimation, we generated estimated concentration versus 
time profiles using the population PK model, individual patient co-
variates, and individual measured free ceftriaxone concentrations. 
For the 55 patients included in the study, there were 329 free 
concentrations (average: 6.0/patient, range: 2– 16/patient). These 
sampling numbers allowed for robust estimation of individual con-
centration versus time profiles and PK parameters.20 We estimated 
the normalized clearance, central volume, intercompartmental clear-
ance, and peripheral volume. Due to the nature of sparse sampling, 
the estimations for intercompartmental clearance and peripheral 
volume were often estimated to be close to the median, with more 
weight being placed on body clearance and central volume when fit-
ting the profile to observed concentrations. Thus, we report only 
the normalized clearance and central volume. We performed visual 
predictive check of the profiles to ensure the fit of the observed 
concentrations were appropriate for each individual patient. In ad-
dition, the software generates standard error estimates of the pre-
dictions and provides the 5th– 95th confidence interval around the 
predicted concentration- time profile as a goodness of fit diagnostic 
(see representative profiles in Figure S1).

2.5  |  PD target attainment

There is no consensus on the optimal PD target for β- lactam antibi-
otics for bactericidal activity, especially in critically ill patients. The 
minimum target should be that free concentrations remain above 
the bacterial MIC for 40%– 70% of the dosing interval (40%– 70% 
fT>MIC), with the specific percentage being antibiotic dependent. 
Data suggest that more stringent PD targets, including 100% fT>MIC 
and 100% fT>4×MIC, are needed in critically ill patients for bacterial 
clearance.10,11,21– 24 For this study, we evaluated attainment of the 
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two most stringent targets, 100% fT>MIC and 100% fT>4×MIC, using 
estimated concentration versus time profiles in MwPharm++.

For patients from whom bacteria were not cultured (i.e. culture- 
negative sepsis), the Clinical Laboratory Standards Institute (CLSI) 
breakpoint for Streptococcus pneumoniae (non- meningitis) for ceftri-
axone (1 μg/mL)25 was used. Otherwise, MICs or CLSI or European 
Committee on Antimicrobial Susceptibility Testing (EUCAST) break-
points of the cultured bacteria were used for PD analysis.

2.6  |  Clinical data collection for patient 
characteristics and outcomes

Chart review was conducted to obtain data for demographics, pa-
tient characteristics, and outcomes. Comorbid condition was defined 
as a medical condition for which medication would be prescribed or 
subspecialty care is warranted. Complicated course of sepsis was 
defined as having two or more organ failures on day 7 of study or 
mortality by day 28. To assess presence of acute kidney injury (AKI) 
in early and late sepsis, the baseline creatinine value for each patient 
was determined from one of the following: (1) lowest creatinine in 
the 3 months prior to PICU admission for patients without chronic 
kidney disease or prior 3– 12 months for patients with chronic kidney 
disease (if available), (2) creatinine imputed from a presumed base-
line creatinine clearance of 120 mL/min/1.73 m2 (based on bedside 
Schwartz equation),26,27 or (3) lowest creatinine during hospitaliza-
tion. Imputed creatinine was used for 9 of the 55 patients. Using the 
baseline creatinine, the Kidney Disease Improving Global Outcomes 
(KDIGO) stage was determined in early and late sepsis. Any stage 
greater than zero was considered as AKI. For patients who did not 
have AKI, we considered creatinine clearance, as determined by 
bedside Schwartz, greater than 150 mL/min/1.73 m2 in the first 48 h 
of therapy as ARC.

For outcomes, we assessed PICU length of stay (LOS), hospital 
LOS, vasopressor- free days in PICU, ventilator- free days in PICU, an-
tibiotic broadening and fever duration in the first 7 days of study. 
Antibiotic broadening was defined as switching to an intravenous 
antibiotic with a broader spectrum of antibacterial activity (typically 
piperacillin/tazobactam, cefepime, ceftaroline) within 2 days of the 
last ceftriaxone dose. Since drawing blood and obtaining urine can 
be difficult in young children, we also examined number of days 
when repeat cultures were obtained and the number of C- Reactive 
Protein (CRP) and procalcitonin measurements that were obtained 
in the first 7 days.

2.7  |  Univariate statistical analysis

For comparison of PK parameters between sepsis phases, paired 
t- test was performed for the normally distributed clearance and 
Wilcoxon Sign Rank test was performed for the non- normally dis-
tributed central volume. McNemar's test was used to compare per-
centages of patients who attained targets.

To associate target attainment with clinical characteristics and 
outcomes, Wilcoxon Rank Sum was used for continuous variables 
and Fischer's exact test was used for categorical data. Kaplan Meier 
analysis was performed to compare hospital LOS as previously de-
scribed28 when it was found that univariate analysis did not demon-
strate statistically significant differences but absolute differences 
in the medians that could be clinically significant. Statistical anal-
yses were performed in R version 3.6.1 (Auckland, New Zealand). 
Statistical significance was considered as p ≤ 0.05.

2.8  |  Multivariable models for target 
attainment and clinical outcomes

To evaluate potential predictors for attainment of either target 
(100% fT>MIC, 100% fT>4×MIC), we performed multivariable logistic 
regression. Predictors evaluated included early versus late sepsis, 
q12h versus q24h dosing, age, PRISMIII score, culture- negative ver-
sus culture- positive sepsis, presence of comorbidities, complicated 
versus uncomplicated sepsis, presence of AKI, and use of total par-
enteral nutrition (TPN). Predictors with p- value <0.20 in univariate 
analyses (Fisher's exact test for categorical predictors, Wilcoxon 
rank sum test for continuous predictors) were initially included in 
the full logistic regression model.

We evaluated predictors of three clinical outcomes: antibiotic 
broadening (logistic regression model), PICU LOS, and hospital LOS 
(analysis of covariance models). For all three outcomes, we evalu-
ated the following predictors: target attainment (separate models 
for each target), age, PRISMIII, culture- negative versus culture- 
positive sepsis, presence of comorbidities, complicated versus 
uncomplicated sepsis, presence of AKI, ventilator days, vasopres-
sor days, and days on ceftriaxone. Predictors with p- value < 0.20 
in univariate analyses were included. For antibiotic broadening, a 
dichotomous outcome, Fisher's exact test was used to determine 
categorical predictors and Wilcoxon rank sum test was used for 
continuous predictors. For the continuous LOS outcomes, Wilcoxon 
rank sum test was used to determine categorical predictors and 
Spearman correlations were used for continuous predictors. Final 
predictors were selected stepwise with backward direction with 
p- value set at 0.05.

3  |  RESULTS

3.1  |  Demographics and clinical characteristics

We included 55 patients in our analysis (Table 1). The median age was 
7.5 years (range: 1 month to 26 years). Over 2/3 of patients had at least 
one comorbid condition. The majority of patients (41/55, 75%) had 
concomitant methicillin- resistant Staphylococcus aureus coverage for 
at least 48 h. The predominant source of infection was pneumonia/
upper airway infection (62%). All patients were alive at day 28 and 
three patients (5.5%) had a complicated course of sepsis. The median 
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number of days on ceftriaxone was 7 days (IQR 4– 8), signifying that 
half of patients were switched to another antibiotic to complete a 
total antibiotic course of at least 7 days. Three patients received q24h 
dosing during their entire ceftriaxone course. Two patients initially 
received q12h dosing but transitioned to q24h dosing within the first 
48 h (early sepsis) upon transfer to a lower acuity unit. Ten patients 
were transitioned from q12h to q24h dosing in late sepsis; for 9 of the 
10 patients, the transition was due to transfer to a lower acuity unit. 
A total of 15 patients (27%) received every 24- h dosing in late sepsis.

Forty percent of patients (22/55) had AKI in the first 48 h 
(Table 1). Of the 33 patients without AKI, 16 (48%) had ARC, which 
we defined as an estimated creatinine clearance greater than 
150 mL/min/1.73 m2. AKI resolved between early sepsis and late 
sepsis for half of the patients, while four patients who did not have 
AKI in early sepsis developed AKI in late sepsis.

3.2  |  PK parameters

Normalized ceftriaxone clearance was similar in both sepsis phases 
(Table 2). However, percent differences in normalized clearance 
at the individual level ranged from −39% to 276% (reference: late 
sepsis, positive difference indicates higher clearance in early sepsis) 
(Table S1). Normalized central volume of distribution in early sepsis 
was similar to that in late sepsis (Table 2). Individual percent differ-
ences in central volume ranged from −51% to 212% (Table S1). There 
were no statistically significant differences in age, weight, PRISMIII 
score, or presence of AKI in early stage between patients with 50% 
or higher increase in clearance or volume in early sepsis compared to 
those without (Table S2)

TA B L E  1  Demographics and hospitalization characteristics of 
cohort.

Number of patients n = 55

Demographics

Age (years) Median (IQR) 7.5 (1.5, 13.8)

Sex

Female 32 (58.2%)

Male 23 (41.8%)

Weight (kilograms) median (IQR) 22.0 (11.1, 47.0)

Self- identified Race

White 41 (74.5%)

Black 9 (16.4%)

Hispanic 4 (7.3%)

Unknown 1 (1.8%)

Presence of comorbid conditions

No 18 (32.7%)

Yes 37 (67.3%)

Hospitalization charcteristics

Presumed sources of infection

Pneumonia/upper airway 
infection (e.g., tracheitis)

34 (62%)

Systemic (e.g., tick- borne illness, 
culture- negative sepsis, 
bacteremia)

12 (22%)

Genitourinary infection 4 (7.3%)

Meningitis 3 (5.5%)

Osteomyelitis 2 (3.6%)

Abdominal 2 (3.6%)

Endocarditis 1 (1.8%)

Multiple of the above listed 
sources

3 (5.5%)

Albumin on Day 1 (g/dL) Mean ± SD 3.1 ± 0.62 (Missing data: 
n = 9)

Total Bilirubin on Day 1 (mg/dL) 
Median (IQR)

0.30 (0.30, 0.65) (Missing 
data: n = 32)

Number of Patients on TPN while 
on Ceftriaxone

5 (9.1%) (4 during late phase; 
1 for entire course)

28 day Outcome

Alive 55 (100%)

Complicated Course?

No 52 (94.5%)

Yes 3 (5.5%)

Days on Ceftriaxone Median (IQR) 7.0 (4.0a, 8.0)

PRISMIII Score Median (IQR) 3.0 (0.5, 6.5)

Presence of AKI in Early Sepsis

No 33 (60%)

Yes 22 (40%)

Presence of AKI in Late Sepsis

No 40 (73%)

Yes 15 (27%)

Number of patients n = 55

Number of patients whose AKI 
resolved from early to late 
sepsis

11 (20%)

Number of patients whose AKI 
developed in late sepsis

4 (7.3%)

Number of patients whose 
CrCL > 150 mL/min/1.73 m2 in 
Early Sepsis (excluding those 
who had AKI) (n = 33)

16 (48%)

Note: Complicated course defined as two or more organ failures on 
day 7 or mortality within 28 days. Comorbid condition was defined 
as a medical condition for which medication would be prescribed or a 
subspecialty care is generally warranted.
Abbreviations: AKI, acute kidney injury; CrCL, estimated creatinine 
clearance; dL, deciliter; g, grams; IQR, Interquartile range; PRISM, 
Pediatric Risk Mortality Score; SD, standard deviation; TPN, total 
parenteral nutrition.
aPatients who were on ceftriaxone for fewer days than required to meet 
the definition of sepsis (receiving at least 7 days of antibiotics) signify 
that these patients were transitioned to enteral antibiotics or switched 
to other antibiotics before day 7.

TA B L E  1  (Continued)
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3.3  |  Target attainment

A smaller percentage of patients reached targets in late sepsis com-
pared to early sepsis (Table 3: 100% fT>MIC: 82% vs. 96%; fT>4×MIC: 
75% vs. 80%, respectively), which was statistically significant for the 
less stringent target (100% fT>MIC, p = 0.013). All patients who did 
not meet the less stringent target in early or late sepsis received cef-
triaxone q24h during the phase of interest (Table 3).

Of the 10 patients who did not meet the less stringent target 
in late phase, four received ceftriaxone q24h in both early and late 
sepsis. Two of the four patients did initially meet target in early sep-
sis while on q24h dosing but not in late sepsis (Table 4). Six of ten 
patients who did not meet target in late phase were initially on q12h 
dosing, then transitioned to q24h dosing in the PICU or after trans-
ferring to a unit of less acuity during the late phase. Modeling and 
simulation showed that had all 10 patients received q12h ceftriax-
one during late phase, they would have met the less stringent target.

For the more stringent target (100% fT>4×MIC), six patients re-
ceived q12h dosing in early sepsis but still did not attain target 
(Table 3). In late sepsis, the majority (86%) who did not meet the 
more stringent target received q24h dosing.

3.4  |  Association between target attainment, 
patient characteristics and outcomes with 
univariate analyses

We investigated the association of attaining both targets in each sep-
sis phase with patient characteristics and outcomes (Tables 4 and 5). 
No significant differences were observed in percentage of patients 
with culture- negative or culture- positive sepsis or PRISMIII scores 
based on target attainment. More patients who did not attain the 
less stringent target (100% fT > MIC) in late sepsis required TPN (30% 
who did not attain target vs. 4% who attained target, p = 0.037). 
Patients who did not attain the less stringent target (100% fT > MIC) 
in late sepsis had significantly shorter PICU stays compared with 
patients who attained the less stringent target (2.0 [IQR 1.3, 3.5] 
vs. 5.0 [IQR 3.0, 8.0] days, p = 0.0067, respectively). Similarly, those 
who did not attain the more stringent target (100% fT>4×MIC) in early 
or late sepsis had shorter PICU stays compared with patients who at-
tained the more stringent target (early: 2.0 [IQR 1.5, 4.0] vs. 5.0 [IQR 
2.0, 8.0] days, p = 0.032; late: 2.0 [IQR 2.0, 3.8] vs. 6.0 [IQR 3.0, 8.0] 
days, p = 0.0010, respectively). Due to the significant differences 

in PICU LOS, there were significant differences in vasopressor- free 
days (Tables 4 and 5). Hospital LOS were not significantly different 
between target attainment groups.

A higher percentage of patients who did not meet the less strin-
gent target (100% fT>MIC) in the late phase had antibiotics broadened 
(50% of 10 patients who did not attain target vs. 11% of 45 patients 
who attained targets, p = 0.012). There was also a significant differ-
ence in antibiotic broadening for the more stringent target (100% 
fT>4×MIC) in the late phase (43% who did not attain target vs. 9.8% who 
attained target, p = 0.012) in univariate analysis. There was a trend 
to obtain more repeat cultures in patients who did not attain the less 
stringent target in late sepsis (2.0 [IQR 1.2, 2.0] in patients who did 
not attain target vs. 0.0 [IQR 0.0, 2.0] in patients who attained target, 
p = 0.087). There were more procalcitonin measurements in the first 
7 days in patients who attained the more stringent target in early sep-
sis (1.0 [IQR 0.0, 1.3] in patients who attained target vs. 0.0 [IQR 0.0, 
1.0] in patients who did not attain target, p = 0.035).

3.5  |  Kaplan– Meier analysis of hospital 
lengths of stay

We further investigated the finding that patients who did not meet 
the less stringent target (100% fT>MIC) in late sepsis had statistically 
significant shorter PICU LOS yet clinically significant (>7 days differ-
ence) but non- statistically significant longer hospital LOS through 
Kaplan Meier analysis. Although there is a separation of the curves 
for hospital LOS in the 10– 30 day range between patients who did or 
did not attain target in late sepsis (Figure 1), the difference was not 
statistically significant (p = 0.3).

3.6  |  Predictors for target attainment

For the less stringent target (100% fT>MIC), predictors that were in-
cluded in the final model were early versus late phase, TPN use, and 
PRISMIII score. Although there was a strong association between 
q12h and q24h dosing with target attainment, since all patients who 
received q12h dosing in either phase attained the target, this pre-
dictor could not be included in the full model. The only significant 
predictor was early versus late phase. The odds of reaching 100% 
fT>MIC was 4.9 times (odds ratio (OR) 4.9, 95% confidence interval 
(CI): 1.3– 18.9) greater during early phase than late phase.

TA B L E  2  Comparison of pharmacokinetic parameters, clearance, and central volume of distribution between early and late sepsis.

Early (first 48 h of treatment) 
(n = 55)

Late (after 48 h of treatment) 
(n = 55) p- Value

Clearance (CL) of Ceftriaxone (L/h/70 kg), mean ± SDa 6.18 ± 1.48 6.10 ± 1.61 0.60

Central Volume (V) of Ceftriaxone (L/70 kg), median 
[IQR]b

26.6 [22.3, 31.3] 24.5 [22.0, 29.4] 0.18

aPaired t- test.
bWilcoxon Sign Rank test performed for comparisons.
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    |  7GIRDWOOD et al.

For the most stringent target (100% fT>4×MIC), q12h versus 
q24h dosing, PRISMIII score, and TPN use were included in the 
full model. In the final model, only dosing frequency was a signifi-
cant predictor with the odds of reaching the target being 37 times 
(OR 37, 95% CI: 7.9– 172) greater with q12h dosing than with q24h 
dosing.

3.7  |  Predictors of clinical outcomes

Significant predictors identified by univariate analyses for antibiotic 
broadening included target attainment (both 100% fT>MIC, 100% 
fT>4×MIC) and number of days on ceftriaxone. In the two final models, 
one for the less stringent and more stringent target as a predictor, 
the odds of antibiotic broadening are 6.5 times (OR: 6.5, 95% CI: 
1.5– 29) greater when the less stringent target was not attained and 
3.8 times (OR: 3.8, 95% CI: 1.2– 13) greater when the more stringent 
target was not attained.

In the full model for PICU LOS and using 100% fT>MIC target at-
tainment as a predictor, attaining the target, increased number of 
days on ventilator, and having complicated sepsis were all signifi-
cantly associated with longer PICU LOS (Table S3A). When using 
100% fT>4xMIC target attainment as a predictor instead, attaining 
the target and number of days on ventilator were significantly as-
sociated with PICU LOS (Table S3B). Finally for each of models for 
the hospital LOS, one for each of the targets, only number of days 
on the ventilator was significantly associated with hospital LOS 
(Table S3C,D).

4  |  DISCUSSION

In this study of critically ill children and young adults with sepsis 
who received ceftriaxone as initial therapy, we did not find a signifi-
cant difference in ceftriaxone clearance or central volume between 
early and late sepsis. Contrary to our hypothesis, we found that a 
lower percentage of patients attained targets in late sepsis rather 
than in early sepsis. This unexpected finding appears to be driven 
by extending the dosing interval from 12 to 24 h. We found in mul-
tivariable analyses that failure to attain either target is associated 
with antibiotic broadening, an important antimicrobial stewardship 
outcome.

There are several potential reasons why we did not detect a 
difference in PK parameters. One reason is our small sample size. 
Despite enrolling nearly 200 patients in the PICU who received cef-
triaxone, only 55 patients met inclusion criteria. The major contribu-
tor for this small sample size is that many patients who require only 
ceftriaxone for infections do not have blood drawn frequently to 
allow for ceftriaxone measurements in both sepsis phases. Although 
122 patients of our initial cohort met the definition of sepsis, less 
than half met inclusion criteria. Since sepsis is a heterogeneous 
problem, it may also be difficult to generalize how PK parameters 
change for all septic patients. At an individual level, there were pa-
tients whose clearances and central volume were 2– 3 fold higher in 
early sepsis. These specific patients may benefit from more frequent 
dosing or continuous infusion of ceftriaxone to ensure adequate ex-
posure. Identifying these patients could be based on high volumes 
of fluid boluses administered early in sepsis, physical signs of fluid 

Early (first 48 h of 
treatment) (n = 55)

Late (after 48 h of 
treatment) (n = 55) p- Value

Number of patients who attained 
free ceftriaxone concentrations 
above CLSI breakpoint/MIC for 
100% of dosing interval (%)

53 (96%) 45 (82%) 0.013

Number of patients who did NOT 
attain 1× MIC target

2 10

q24h dosing 2 (100%) 10 (100%)

q12h dosing 0 (0%) 0 (0%)

Number of patients who attained free 
ceftriaxone concentrations above 
4 times CLSI breakpoint/MIC for 
100% of dosing interval (%)

44 (80%) 41 (75%) 0.55

Number of patients who did NOT 
attain 4× MIC target

11 14

q24h dosing 5 (45.4%) 12 (85.7%)

q12h dosing 6 (54.6%) 2 (14.3%)

Note: Two targets were assessed: concentrations above 1× Clinical Laboratory Standards Institute 
(CLSI) breakpoint or minimum inhibitory concentration (MIC) for 100% of dosing intervals and 
concentrations above 4× CLSI breakpoint/MIC for 100% of dosing intervals. Of those who did not 
attain targets in a specific phase, dosing interval in that phase of sepsis also provided. Q24h: every 
24 h; q12h: every 12 h.
Statistical significance of bold values: p < 0.05.

TA B L E  3  Comparison of frequency of 
target attainment in early and late sepsis.
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8  |    GIRDWOOD et al.

TA B L E  4  Association of target attainment in early sepsis and in late sepsis with hospitalization characteristics and outcomes.

Overall cohort 
n = 55

Early sepsis target attainment Late sepsis target attainment

Did not attain target 
n = 2

Attained 
target n = 53 p- Value

Did not attain 
target n = 10

Attained target 
n = 45 p- Value

Number of patients for 
whom Q24h dosing 
initiated in early 
sepsis

6 (10.9%) 2 (100%) 4 (7.5%) 0.010 4 (40%) 2 (4.4%) 0.0076

Number of patients 
who had Q24h 
dosing in late 
sepsis (initiated or 
continued from 
early sepsis)

15 (27.3%) 2 (100%) 13 (24.5%) 0.071 10 (100%) 5 (11.1%) <0.001

Number of patients with each dosing regimen in phase of interest

Q24h – 2 (100%) 4 (7.5%) 0.010 10 (100%) 5 (11.1%) <0.001

Q12h 0 (0%) 49 (92.5%) 0 (0%) 40 (89%)

Age (years)
Median (IQR)

7.5 (1.5, 13.8) 4.1 (3.6, 4.7) 8.2 (1.5, 13.8) 0.64 2.2 (1.5, 4.7) 8.2 (1.7, 13.8) 0.33

PRISM III score
Median (IQR)

3.0 (0.5, 6.5) 1.0 (0.5, 1.5) 3.0 (1.0, 7.0) 0.18 2.0 (0, 5.3) 3.0 (2.0, 7.0) 0.34

PICU LOS (days)
Median (IQR)

4.0 (2.0, 7.5) 2.5 (1.8, 3.3) 4.0 (2.0, 8.0) 0.24 2.0 (1.3, 3.5) 5.0 (3.0, 8.0) 0.0067

Hospital LOS (days)
Median (IQR)

13.0 (8.0, 24.0) 14.0 (12.5, 15.5) 13.0 (8.0, 26.0) 0.87 19.5 (8.8, 26.8) 12.0 (8.0, 18.0) 0.51

Days on Vasopressor 
in PICU

Median (IQR)

1.0 (1.0, 2.0) N/A (0 on pressors) 1.0 (1.0, 2.0) – 1.0 (1.0, 1.0) 1.0 (1.0, 2.0) 0.72

Vasopressor- Free Days 
in PICU

Median (IQR)

4.0 (2.0, 7.5) 2.5 (1.8, 3.3) 4.0 (2.0, 8.0) 0.31 2.0 (1.0, 3.5) 5.0 (2.0, 8.0) 0.015

Days on ventilator in 
hospital

5.0 (3.0, 13.0) N/A (0 on ventilator) 5.0 (3.0, 13.0) – 1.0 (1.0, 7.0) 5.5 (3.0, 15.8) 0.22

Ventilator- free days in 
PICU

Median (IQR)

2.0 (1.0. 2.5) 2.5 (1.8, 3.3) 2.0 (1.0, 2.0) 0.58 1.5 (1.0, 2.0) 2.0 (1.0, 3.0) 0.58

Sepsis type

Culture- negative 40 (73%) 2 (100%) 38 (72%) 1 7 (70%) 33 (73%) 1

Culture- positive 15 (27%) 0 (0%) 15 (28%) 3 (30%) 12 (27%)

Presence of comorbidities

No 18 (33%) 1 (50%) 17 (32%) 1 2 (20%) 16 (36%) 0.47

Yes 37 (67%) 1 (50%) 36 (68%) 8 (80%) 29 (64%)

Complicated sepsis

No 52 (94.5%) 2 (100%) 50 (94.3%) 1 10 (100%) 42 (93%) 1

Yes 3 (5.5%) 0 (0%) 3 (5.7%) 0 (0%) 3 (7%)

Acute kidney injury in early sepsis

No 33 (60%) 2 (100%) 31 (59%) 0.51 7 (70%) 26 (58%) 0.72

Yes 22 (40%) 0 (0%) 22 (41%) 3 (30%) 19 (42%)

Acute kidney injury in late sepsis

No 40 (73%) 2 (100%) 38 (72%) 1 8 (80%) 32 (71%) 0.71

Yes 15 (27%) 0 (0%) 15 (285) 2 (20%) 13 (29%)

Total parental nutrition use

No 50 (91%) 2 (100%) 13 (25%) 0.071 7 (70%) 43 (96%) 0.037

Yes 5 (9%) 0 (0%) 40 (75%) 3 (30%) 2 (4%)
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    |  9GIRDWOOD et al.

overload, or lower than expected creatinine values (i.e., augmented 
renal clearance).

Our definition of time zero also introduced limitations. Patients 
may have had physiologic changes related to sepsis occurring hours 
or even days before hospital presentation. Therefore, some patients 
may have been misclassified, having physiology more similar to what 
would be expected in late sepsis during the first 48 hours of our 
study. This concern is evidenced by our finding that more patients 
had AKI in the first 48 h of the study than a creatinine clearance 
>150 mL/min/m2.

Our prior study demonstrated that while we give more boluses 
in the first 2 days of therapy, patients on ceftriaxone for more than 
2 days were likely to have higher fluid balance in later days,13 offset-
ting any differences in volume of distribution. In addition, we esti-
mated only central volume, not total volume, due to the limitations 
of sparse sampling, as described earlier. Total volume of distribution 
may have been significantly different.

We unexpectedly found that the percentages of patients who 
met targets were lower in late sepsis. Further analysis suggested this 
finding was driven by extending the ceftriaxone dosing interval from 
q12h to q24h, as all patients who did not attain the less stringent 
target in either phase were on q24h dosing. Multivariable analyses 
showed that early phase was associated with failure to attain the less 
stringent target (we could not test q24h dosing due to all patients on 
q12h dosing attaining target) and that q24h dosing was associated 
with failure to attain the more stringent target. When the dosing 
interval is lengthened, the probability of concentrations remaining 
above target for the entire interval is lower. For the more stringent 

target, six patients received q12h dosing in early sepsis who did not 
reach target, in comparison to only two patients on q12h dosing in 
late sepsis who did not attain target. This finding may be a signal that 
there are physiologic changes in early sepsis that decrease probabil-
ity of target attainment even with higher frequency dosing.

How target attainment affects outcomes remains a major ques-
tion within the beta- lactam research community. Most studies in 
adults have not shown improved mortality rates among those who 
attain targets but have shown an increase in rates of bacterial erad-
ication, symptom resolution, suppression of resistance, and shorter 
ICU LOS.16,29,30 Since pediatric mortality in our ICU is low and a large 
percentage of patients have culture- negative sepsis, we also inves-
tigated outcomes related to antimicrobial stewardship and those 
that cause discomfort for young patients with additional laboratory 
evaluations. For both targets, multivariable analyses showed that 
lack of target attainment is associated with antibiotic broadening. 
Interestingly, patients who attained the more stringent target in 
early sepsis had more procalcitonin measurements, a biomarker for 
bacterial infection that clinicians maymonitor over time. Antibiotic 
broadening has implications for antimicrobial stewardship as more 
broad- spectrum antibiotics are more expensive and associated with 
antimicrobial resistance and toxicities such as nephrotoxicity and 
neurotoxicity.

It was surprising to find that those patients who did not meet 
targets had shorter PICU stays. Since our previous population PK 
model showed that lower PRISM III scores are associated with higher 
ceftriaxone clearance,13 decreasing the probability of target attain-
ment, we investigated to see if there was a difference in PRISMIII 

Overall cohort 
n = 55

Early sepsis target attainment Late sepsis target attainment

Did not attain target 
n = 2

Attained 
target n = 53 p- Value

Did not attain 
target n = 10

Attained target 
n = 45 p- Value

Days on Ceftriaxone
Median (IQR)

7.0 (4.0, 8.0) 8.0 (6.5, 9.5) 7.0 (4.0, 8.0) 0.51 7.0 (5.0, 9.3) 6.0 (4.0, 8.0) 0.72

Broaden antibiotics

No 45 (82%) 1 (50%) 44 (83%) 0.33 5 (50%) 40 (89%) 0.012

Yes 10 (18%) 1 (50%) 9 (17%) 5 (50%) 5 (11%)

Fever duration (days)
Median (IQR)

2.0 (1.0, 3.0) 4.5 (3.8, 5.3) 2.0 (1.0, 3.0) 0.11 2.5 (2.0, 3.8) 2.0 (1.0, 3.0) 0.068

Number of repeat 
cultures in 7 days

Median (IQR)

1.0 (0.0, 6.0) 2.0 (1.0, 3.0) 1.0 (0.0, 2.0) 0.68 2.0 (1.0, 2.0) 0.0 (0.0, 2.0) 0.087

Number of CRP in 
7 days

Median (IQR)

0.0 (0.0, 1.0) 3.5 (1.8, 5.3) 0.0 (0.0, 1.0) 0.39 0.0 (0.0, 1.0) 0.0 (0.0, 1.0) 0.72

Number of 
procalcitonin 7 days

Median (IQR)

1.0 (0.0, 1.0) 0.0 (0.0, 0.0) 0.0 (0.0, 1.0) 0.076 0.5 (0.0, 1.0) 1.0 (0.0, 1.0) 0.21

Note: Target defined as Concentrations above 1× Clinical Laboratory Standards Institute (CLSI) breakpoint/MIC for 100% dosing interval.
Abbreviations: CRP, C- reactive protein; IQR, interquartile range; LOS, length of stay; PICU, pediatric intensive care unit; PRISM, pediatric risk 
mortality score; Q12h, every 12 h; Q24h, every 24 h.
Statistical significance of bold values: p < 0.05.

TA B L E  4  (Continued)
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10  |    GIRDWOOD et al.

TA B L E  5  Association of target attainment in early sepsis and in late sepsis with hospitalization characteristics and outcomes.

Overall cohort 
n = 55

Early sepsis target attainment Late sepsis target attainment

Did not attain 
target n = 11

Attained target 
n = 44 p- Value

Did not attain 
target n = 14

Attained target 
n = 41 p- Value

Number of patients for 
whom Q24h dosing 
initiated in early sepsis

6 (10.9%) 5 (45.5%) 1 (2.3%) <0.001 5 (35.7%) 1 (2.4%) 0.0029

Number of patients who 
had Q24h dosing in 
late sepsis (initiated or 
continued from early 
sepsis)

15 (27.3%) 6 (54.5%) 9 (20.5%) 0.052 12 (85.7%) 3 (7.3%) <0.001

Number of patients with each dosing regimen in phase of interest

Q24h – 5 (45.5%) 1 (2%) <0.001 12 (85.7%) 3 (7.3%) <0.001

Q12h 6 (54.5%) 43 (98%) 2 (14.3%) 38 (92.7%)

Age (years) 7.5 (1.5, 13.8) 3.0 (1.6, 9.1) 8.2 (1.3, 14.3) 0.46 2.2 (1.5, 13.9) 8.2 (2.4, 13.7) 0.58

PRISM III Score
Median (IQR)

3.0 (0.5, 6.5) 2.0 (0, 4.5) 3.0 (1.8, 7.0) 0.27 2.0 (0, 5.3) 3.0 (2.0, 7.0) 0.40

PICU LOS (days)
Median (IQR)

4.0 (2.0, 7.5) 2.0 (1.5, 4.0) 5.0 (2.0, 8.0) 0.032 2.0 (2.0, 3.8) 6.0 (3.0, 8.0) 0.0010

Hospital LOS (days)
Median (IQR)

13.0 (8.0, 24.0) 16.0 (7.0, 41.0) 12.5 (8.0, 23.0) 0.94 17.0 (7.3, 25.0) 12.0 (8.0, 19.0) 0.78

Days on Vasopressor in 
PICU

1.0 (1.0, 2.0) 2.5 (2.3, 2.8) 1.0 (1.0, 1.0) 0.081 1.5 (1.3, 1.8) 1.0 (1.0, 1.5) 0.73

Vasopressor- free days in 
PICU

Median (IQR)

4.0 (2.0, 7.5) 2.0 (1.5, 3.5) 5.0 (2.0, 8.0) 0.030 2.0 (1.3, 2.8) 5.0 (2.0, 8.0) 0.014

Days on ventilator in 
Hospital

5.0 (3.0, 13.0) 3.5 (1.8, 26.3) 6.0 (3.0, 13.0) 0.46 1.5 (1.0, 2.8) 6.0 (3.5, 18.0) 0.017

Ventilator- free days in 
PICU

Median (IQR)

2.0 (1.0. 2.5) 2.0 (1.0, 2.0) 2.0 (1.0, 3.0) 0.94 2.0 (1.0, 2.0) 2.0 (1.0, 3.0) 0.37

Sepsis type

Culture- negative 40 (73%) 8 (73%) 32 (73%) 1 11 (79%) 29 (71%) 0.73

Culture- positive 15 (27%) 3 (27%) 12 (27%) 3 (21%) 12 (29%)

Presence of comorbidities

No 18 (33%) 4 (36%) 14 (32%) 1 2 (14%) 16 (39%) 0.11

Yes 37 (67%) 7 (64%) 30 (68%) 12 (76%) 25 (61%)

Complicated sepsis

No 52 (95%) 11 (100%) 41 (93%) 1 14 (100%) 38 (93%) 0.56

Yes 3 (5%) 0 (0%) 3 (7%) 0 (0%) 3 (7%)

Acute kidney injury in early sepsis

No 33 (60%) 7 (64%) 26 (59%) 1 10 (71%) 23 (56%) 0.36

Yes 22 (40%) 4 (36%) 18 (41%) 4 (29%) 18 (44%)

Acute kidney injury in late sepsis

No 40 (73%) 9 (82%) 31 (71%) 0.71 12 (86%) 26 (68%) 0.30

Yes 15 (27%) 2 (18%) 13 (29%) 2 (14%) 13 (32%)

Total parental nutrition use

No 50 (91%) 10 (91%) 40 (91%) 1 11 (79%) 39 (95%) 0.098

Yes 5 (9%) 1 (9%) 4 (9%) 3 (21%) 2 (5%)

Days on Ceftriaxone
Median (IQR)

7.0 (4.0, 8.0) 5.0 (5.0, 6.5) 7.0 (4.0, 8.0) 0.35 7.0 (5.0, 7.0) 6.0 (4.0, 8.0) 1
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    |  11GIRDWOOD et al.

mortality scores between the groups to account for the shorter 
PICU stays and found no statistical difference. It appears, however, 
that number of ventilator days has a significant impact on PICU LOS, 
rather than PRISMIII score, and could explain our finding of shorter 
PICU LOS for patients who did not meet targets.

The difference in median hospital LOS was more than a week 
longer for patients who did not meet the less stringent target in 
late sepsis. Although the difference was not statistically significant, 
there could be clinical implications. Six of 10 patients who did not 
meet the less stringent target in late phase were initially on q12h 

dosing and then transitioned to q24h dosing in the PICU or after 
transferring to a unit of less acuity; the remaining four patients 
were on q24h dosing in both phases. It is possible that these pa-
tients appeared to be clinically improving, leading to the change in 
dosing regimen and/or transfer out of the unit. All 10 patients then 
did not reach the target in late sepsis and for half of them, this tar-
get attainment failure was associated with antibiotic broadening. 
Switching antibiotics could lead to increased days in the hospital 
whether for an additional 48- h rule out or a full course of therapy. 
Further studies are warranted to delineate the appropriate timeline 
to transition from q12h ceftriaxone dosing to q24h dosing of cef-
triaxone to prevent the need for antibiotic broadening and longer 
hospital stays. Given that enteral β- lactam antibiotics are typically 
given at least q12h, the likelihood of attaining targets on enteral 
antibiotics may be higher than q24h dosing of ceftriaxone due to 
more frequent enteral dosing (i.e., concentrations will remain above 
target for entire dosing interval if intervals are shorter). Thus, when 
a septic patient admitted to the PICU is improving, transitioning 
to enteral antibiotics may be better than q24h ceftriaxone dosing. 
Comparing the effects of q24h ceftriaxone transition and enteral 
transition would need to be studied.

One study limitation is that since the majority of patients did 
not have bacteria cultured, we utilized the CLSI breakpoint as a sur-
rogate for MIC. This breakpoint of 1 μg/mL could be higher than 
the actual MICs of the bacteria that were not cultured. Therefore, 
it is possible that in some cases targets would have been attained 
if the MIC had been known and the high CLSI breakpoint was not 
used. We did perform univariate analyses to investigate if there was 
a higher percentage of patients who did not attain targets that had 
culture- negative sepsis but no association was identified. It was also 
not a significant predictor in multivariable models.

Overall cohort 
n = 55

Early sepsis target attainment Late sepsis target attainment

Did not attain 
target n = 11

Attained target 
n = 44 p- Value

Did not attain 
target n = 14

Attained target 
n = 41 p- Value

Broaden antibiotics

No 45 (82%) 9 (82%) 36 (82%) 1 8 (57%) 37 (90%) 0.012

Yes 10 (18%) 2 (18%) 8 (18%) 6 (43%) 4 (9.8%)

Fever duration (days)
Median (IQR)

2.0 (1.0, 3.0) 2.0 (1.0, 2.0) 2.0 (1.0, 3.3) 0.35 2.5 (2.0, 3.8) 2.0 (1.0, 3.0) 0.025

Number of repeat cultures 
in 7 days

Median (IQR)

1.0 (0.0, 6.0) 0.0 (0.0, 1.5) 1.0 (0.0, 2.0) 0.54 2.0 (0.0, 2.0) 0.0 (0.0, 2.0) 0.13

Number of CRP in 7 days
Median (IQR)

0.0 (0.0, 1.0) 0.0 (0.0, 1.0) 0.0 (0.0, 1.0) 0.93 0.5 (0.0, 1.0) 0.0 (0.0, 1.0) 0.33

Number of procalcitonin 
7 days

Median (IQR)

1.0 (0.0, 1.0) 0.0 (0.0, 1.0) 1.0 (0.0, 1.3) 0.035 1.0 (0.0, 1.0) 1.0 (0.0, 1.0) 0.42

Note: Target defined as Concentrations above 4× Clinical Laboratory Standards Institute (CLSI) breakpoint/MIC for 100% dosing interval.
Abbreviations: CRP, C- reactive protein; IQR, interquartile range; LOS, length of stay; PICU, pediatric intensive care unit; PRISM, pediatric risk 
mortality score; Q12h, every 12 h; Q24h, every 24 h.
Statistical significance of bold values: p < 0.05.

TA B L E  5  (Continued)

F I G U R E  1  Kaplan– Meier survival curve representing the 
proportion of patients remaining in the hospital over time (days) 
for patients who did (dashed line) or did not attain (solid line) 
the less stringent target (100% fT>MIC) in late sepsis. Each step 
down represents discharge (alive) from the hospital. N: number of 
patients in each group.
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Our population excluded patients who had antibiotics broad-
ened within the first 48 h. It is possible that target attainment failure 
in early sepsis led to antibiotic broadening in these excluded pa-
tients. This exclusion of patients who broadened antibiotics within 
48 h and of patients on extracorporeal support devices likely biased 
our patients to be less sick and have a 100% survival rate. At our 
institution, most patients admitted to the PICU are initiated on q12h 
ceftriaxone dosing regardless of type of infection. However, this 
does not occur uniformly at other institutions (personal communica-
tion). Therefore, our findings may not be generalizable. Future stud-
ies may include multi- center studies to evaluate target attainment 
and association with outcomes between institutions with different 
ceftriaxone dosing regimens.

5  |  CONCLUSION

In our cohort of patients with sepsis and treated with ceftriaxone, 
we did not find a difference in PK parameters between early and 
late sepsis but found that dosing q24h does place patients at risk of 
not meeting PK/PD targets. We also demonstrate that not attaining 
targets is significantly associated with antibiotic broadening, which 
has implications for antimicrobial stewardship.
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