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ABSTRACT Critical illness, including sepsis, causes significant pathophysiologic changes
that alter the pharmacokinetics (PK) of antibiotics. Ceftriaxone is one of the most pre-
scribed antibiotics in patients admitted to the pediatric intensive care unit (PICU). We
sought to develop population PK models of both total ceftriaxone and free ceftriaxone
in children admitted to a single-center PICU using a scavenged opportunistic sampling
approach. We tested if the presence of sepsis and phase of illness (before or after 48 h
of antibiotic treatment) altered ceftriaxone PK parameters. We performed Monte Carlo
simulations to evaluate whether dosing regimens commonly used in PICUs in the
United States (50 mg/kg of body weight every 12 h versus 24 h) resulted in adequate
antimicrobial coverage. We found that a two-compartment model best described both
total and free ceftriaxone concentrations. For free concentrations, the population clear-
ance value is 6.54 L/h/70 kg, central volume is 25.4 L/70 kg, and peripheral volume is
19.6 L/70 kg. For both models, we found that allometric weight scaling, postmenstrual
age, creatinine clearance, and daily highest temperature had significant effects on clear-
ance. The presence of sepsis or phase of illness did not have a significant effect on
clearance or volume of distribution. Monte Carlo simulations demonstrated that to
achieve free concentrations above 1 wg/ml for 100% of the dosing intervals, a dosing
regimen of 50 mg/kg every 12 h is recommended for most patients. A continuous infu-
sion could be considered if the target is to maintain free concentrations four times
above the MICs (4 wg/ml).

KEYWORDS beta-lactams, ceftriaxone, critically ill, pharmacokinetics,
pharmacodynamics

ediatric sepsis is the result of a life-threatening infection that can lead to organ fail-

ure and has in-hospital mortality rates as high as 25% (1, 2). Beta-lactam antibiotics
are the mainstay of treatment for sepsis. Timely administration of appropriate antibiot-
ics and adequate fluid resuscitation are critical for survival (1, 2). Despite the crucial
role of beta-lactam antibiotics in treating sepsis, there is limited evidence to guide their
dosing in critically ill pediatric patients, as current dosing regimens of beta-lactam anti-
biotics are based on pharmacokinetic (PK) studies in noncritically ill patients. This
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knowledge gap is important to address since critical illness can alter the PK of drugs,
including antibiotics.

Sepsis causes significant pathophysiologic changes in the body that vary over the
course of illness. These physiologic changes affect drug distribution, metabolism, and
clearance (i.e., pharmacokinetics). The effectiveness (i.e.,, pharmacodynamics [PD]) of
beta-lactams is determined by the time that the concentration of the free, non-pro-
tein-bound drug is above the bacterial MIC during a dosing interval (fT>,c). Thus,
altering PK can affect the ability to attain the PD target.

The effect sepsis has on the PK of drugs may depend on the phase of sepsis (early
versus late). During the early phase of sepsis, capillary leakage and aggressive fluid
administration result in an increase in the volume of distribution (V), leading to low an-
tibiotic concentrations in the blood. Additionally, augmented renal clearance resulting
in increased drug elimination through the urine can further lower blood concentra-
tions (3). During the late phase of sepsis, worsening end-organ dysfunction (e.g., kidney
and liver failure) affects drug metabolism by the liver and drug elimination through the
kidney, altering antibiotic clearance. Alternatively, as sepsis resolves blood vessel integrity
is restored, fluid administration is limited, and renal function and clearance may normalize.
During this time, patients may be at increased risk of harm from antibiotic exposure-
induced drug toxicity.

Beta-lactam antibiotic PK can be significantly altered due to disease and also affected
by the maturation of renal and hepatic clearance mechanisms in young children (i.e., mat-
uration effect). However, therapeutic drug monitoring (TDM) and precision dosing to
ensure appropriate concentrations are attained are not routinely performed. Model-based
precision dosing, where patient factors and real-time concentration measurements are
used to individualize dosing regimens to attain PD targets, may help to reduce toxic
effects and avoid potential adverse outcomes from both high and low exposures (4).
However, implementation of model-based precision dosing requires robust population PK
models that describe the variability of beta-lactam antibiotics across patients and in differ-
ent phases of critical illness.

Ceftriaxone is a third-generation cephalosporin that provides broad-spectrum Gram-
positive and Gram-negative coverage and is often used as first-line therapy for critically ill
children with sepsis. Dosing of ceftriaxone in the United States ranges from 50 mg/kg of
body weight every 12 h (q12h) to 50 mg/kg every 24 h (q24h) and varies between inten-
sive care units of different institutions. Ceftriaxone population PK studies in critically ill
adults (5) and PK studies in noncritically ill children have existed for years (6-8). Only
recently has a population PK model been published of ceftriaxone in critically ill children,
which primarily used total concentrations with a protein binding factor and confirmed
that a 100-mg/kg daily dose was adequate (9). We sought to develop population PK mod-
els of both total ceftriaxone concentrations and free ceftriaxone concentrations in critically
ill children admitted to the pediatric intensive care unit (PICU) using a scavenged oppor-
tunistic sampling approach. We tested if the presence of sepsis altered ceftriaxone PK pa-
rameters among children who were critically ill and whether PK parameters varied by
phase of illness (early versus late), as we hypothesized that clearance and volume of distri-
bution would be higher in early phases of illness. We also performed Monte Carlo simula-
tions to evaluate whether dosing regimens commonly used in PICUs in the United States
(50 mg/kg g12h and 50 mg/kg g24h) resulted in adequate antimicrobial coverage.

RESULTS

Patient population and hospitalization characteristics. We initially enrolled 195
patients who were admitted to the PICU, given at least one dose of ceftriaxone, and
from whom we obtained residual blood or plasma from at least one clinical sample
that contained ceftriaxone. From these 195 patients, we obtained 734 samples with
total ceftriaxone concentrations. We removed six samples that were obtained during
ceftriaxone infusion (within 30 min of administration start time) and one sample whose
total concentration at the end of a dosing interval was 800 ug/ml, approximately 10
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times higher than the average concentration obtained during similar time points. Thus,
a total of 7 samples (0.95%) were removed. For this analysis, we excluded 10 patients
who were identified as being on extracorporeal membrane oxygenation (ECMO) and/
or continuous renal replacement therapy (CRRT) given the variable effects of these
extracorporeal support devices on clearance and volume of distribution. We also
excluded one patient who received an intramuscular dose of ceftriaxone. The remain-
ing 184 patients contributed 636 samples with total ceftriaxone concentrations. For
sepsis patients, we collected a median of 3 samples (range, 1 to 19) per patient
over a median of 4 days. For nonsepsis patients, we collected a median of 1.5 sam-
ples (range 1 to 13) per patient over a median of 3 days. Of these 636 samples,
there was enough plasma remaining in 581 samples (91%) from 180 patients to
measure free concentrations.

Demographics and hospitalization characteristics of the 184 patients are shown in
Table 1. The median age was 4.2 years with a range of 1 month to 30 years, with 12 of
the patients over the age of 19 (6.5%). More than 60% of the cohort had a comorbid
condition, defined as a condition requiring subspecialty care or medication for treat-
ment. In our cohort, 122 patients (66%) met sepsis definition (i.e., meeting 2 systemic
inflammatory response syndrome [SIRS] criteria and receiving at least 7 days of antibi-
otics). Septic patients, compared to nonseptic patients, had a longer PICU length of
stay (LOS) (median, 3.5 days [interquartile range, or IQR, 2 to 7] versus 3.0 [IQR, 1.3 to 6]
days, respectively; P = 0.048) and hospital LOS (median, 9.0 days [IQR, 5.3 to 17] versus
5.0 days [3 to 10], respectively; P = 0.007). Surprisingly, patients with sepsis had more
ventilator-free days (2 days [IQR, 1 to 3]) than nonseptic patients (1 day [IQR, 0 to 2],
P < 0.007). As expected, those with sepsis were on ceftriaxone for more days than
those without sepsis (4.0 days [IQR, 3 to 7] versus 3.0 days [IQR, 2 to 3], respectively,
P < 0.001). There was no difference in percent protein binding of ceftriaxone between
patients with sepsis and without sepsis (76% [IQR, 67 to 83%)] versus 78% [IQR, 67 to
83%], P=0.61).

We specifically evaluated volume of fluid boluses and cumulative fluid balance in
our entire cohort to determine if fluid administration affected volume of distribution.
Patients had more total volume of fluid boluses in the first 2 days than on study days 3
to 7 (26 ml/kg [IQR, 9.5 to 50.7 ml/kg] versus 0 ml/kg [IQR, 0 to 0 ml/kg], P < 0.001)
(Fig. 1A). However, percent cumulative fluid balance was higher on study day 5 than
study day 2 (8.1% [IQR, 3.1 to 15.0%] versus 5.7% [IQR, 2.2 to 9.3%], P < 0.001) (Fig. 1B).

Population pharmacokinetic models for total and free concentrations. Results
of univariate testing of the covariates on the base models, which included allometric
scaling of weight, are shown in Table 2. For the model of total concentrations, matura-
tion effect, pediatric risk of mortality Ill (PRISMIII), pediatric index of mortality 3 (PIM3),
daily highest temperature, daily lowest temperature, daily blood pH, daily highest lac-
tate, creatinine clearance (a reflection of the calculated glomerular filtration rate [GFR]),
C-reactive protein (CRP), and albumin each caused the objective function value (OFV)
to drop by >3.84 (P < 0.05) when tested on total ceftriaxone clearance in the forward
inclusion step. Early versus late sampling times (based on if samples were obtained
from the patient before or after 48 h of antibiotic treatment), PRISMIII, daily blood pH,
daily highest lactate, and cumulative fluid balance were identified to have a significant
effect on central volume, as demonstrated by an OFV drop of more than 3.84 during
forward selection. When including all the significant covariates in the full model, prior
to backward elimination, we opted to use only daily highest temperature instead of
lowest temperature, since higher temperatures increase ceftriaxone clearance, reduc-
ing the probability of target attainment (PTA). During backward elimination, those
covariates that did not cause an increase in OFV by at least 6.63 (P < 0.01) were elimi-
nated. The remaining covariates on clearance were albumin, daily highest temperature,
daily blood pH, maturation effect, and creatinine clearance, a reflection of the calcu-
lated GFR. For central volume, daily blood pH remained a significant covariate. Since
the residual standard error (RSE) for daily blood pH on central volume was high (58%),
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TABLE 1 Demographics and hospitalization characteristics of patients included in population PK modeling®

Sepsis (N = 122), 74%

P value (nonsepsis

Parameter Overall (N=184) Nonsepsis (N = 62) culture negative versus sepsis)

Age (yr) 0.21
Median (IQR) 42(1.3,11.8) 2.8(1.1,11.3) 4.8(1.5,11.8)

Sex, no. (%) 0.38
Female 90 (48.9) 27 (43.5) 63 (51.6)
Male 94 (51.1) 35 (56.5) 59 (48.4)

wt (kilograms) 0.50
Median (IQR) 15.2(10.4,39.4) 13.5(9.4,36.2) 16.1(10.7,42.2)

Race, no. (%) 0.53
White 131(71.2) 41 (66.1) 90 (73.8)
Black 36 (19.6) 15 (24.2) 21(17.2)
Hispanic 9 (4.9) 3(4.8) 6 (4.9)
Asian 3(1.6) 2(3.2) 1(0.8)
Native American or American Indian 0(0) 0(0) 0(0)
Hawaiian or Pacific Islander 0(0) 0 (0) 0(0)
Other 0(0) 0(0) 0(0)
Unknown 5(2.7) 1(1.6) 4(3.3)

Presence of comorbid conditions, no. (%) 0.21
No 70 (38.0) 28 (45.2) 42 (34.4)
Yes 114 (62.0) 34 (54.8) 80 (65.6)

PICU length of stay (days) 0.048
Median (IQR) 3.0(2.0,7.0) 3.0(1.3,6.0) 3.5(2.0,7.0

Hospital length of stay
Median (IQR) (days) 8.0 (4.0, 14.5) 5.0 (3.0, 10.0) 9.0(5.3,17.0) 0.007
Missing, no. (%) 1(0.5) 1(1.6) 0(0)

Vasopressor-free days 0.13
Median (IQR) 3.0 (2.0, 6.0) 3.0(1.0, 5.0) 3.0(2.0,6.8)

Ventilator-free days (days in hospital off <0.001

ventilator)

Median (IQR) 2.0(1.0,3.0) 1.0 (0.0, 2.0) 2.0(1.0,3.0)

28-day outcome, no. (%) 0.41
Alive 178 (96.7) 59(95.2) 119 (97.5)
Deceased 6(3.3) 3(4.8) 3(2.5)

Complicated course (specific for sepsis)?
No 115 (94.3)
Yes 7(5.7)

Days on ceftriaxone <0.001
Median (IQR) 3.0 (3.0, 6.0) 3.0 (2.0, 3.0) 4.0(3.0,7.0)

PRISMIII score 0.71
Median (IQR) 3.0 (0.0, 6.0) 3.0(0.0, 6.0) 3.0(0,5.8)

PIM2 score 0.14
Median (IQR) —4.6 (—5.0, —3.4) —4.5(—4.9, —3.3) —4.6(—5.9, —3.5)

PIM3 score 0.36
Median (IQR) —4.8(—5.8, —3.9) —4.7 (—5.7, —4.2) —49(—5.8, —3.7)

aComorbid condition defined as a condition requiring subspecialty care or medication for treatment. Complicated course for patients with sepsis defined as two organ

failures on day 7 of hospital course or mortality by day 28.

we removed it from the model. When we individually eliminated each of the remaining
covariates from the reduced model, we found that elimination of albumin effect on
clearance increased the OFV by only 6.261 (P > 0.01); thus, it was removed from the
model. The final total ceftriaxone model contains the covariates of daily highest tem-
perature, daily blood pH, maturation effect, and creatinine clearance as a reflection of
the calculated GFR on total ceftriaxone clearance (see Table 3). The final population
estimates are body clearance (CL) of 1.66 L/h/70 kg, intercompartment clearance (Q) of

January 2022 Volume 66 Issue 1 e01427-21

aac.asm.org 4

Downloaded from https://journals.asm.org/journal/aac on 30 March 2022 by 129.125.58.147.


https://aac.asm.org

Ceftriaxone in Critically Ill Children Antimicrobial Agents and Chemotherapy

A p<0.001

A |

©
A
o
=3
o
-

140 - 8 [ * * p—
g 30- :
120 4 Ko ! ) i 5
@ 20 A ;
= 100 ° i i
°d g i 10 i q
o E 1 3 JES S SN
Ew 2 — |  J S Y ) S iy P 1 .
% @ 60 s 04 g i i i
>3 - i ; ;
s 8 40 2 i i
- O g > .10 H
- . g™ %
é 20 2 c —
8 8 -20-
0 ‘ o . i . ' ; y Y
182 3.7 1 2 3 4 5 6 7
(n=184) (n=182) (n=150) (n=105) (n=75) (n=59) (n=49)
Study Days

Study Days

FIG 1 (A) Total volume of fluid administered as boluses on study days 1 and 2 versus study days 3 to 7. (B) Cumulative percent fluid balance in patients
still on ceftriaxone therapy on each study day. Negative percent fluid balance indicates there was higher cumulative fluid output than intake until that
study day. n, number of patients from which percent fluid balance was calculated. For each box plot, the dark horizontal line is the median, the upper
border of the box is the 75th percentile, and the lower border of the box is the 25th percentile. Circles represent individual outlier observations.

3.52 L/h/70 kg, central volume (V;) of 9.56 L/70 kg, and peripheral volume (V) of 7.48
L/70 kg for total ceftriaxone. Between-subject variability was 24.8% for CL and 42.4%
for V,.

For the population PK model of free concentrations, maturation effect, PRISMIII,
PIM2, PIM3, creatinine clearance (a reflection of the calculated GFR), and daily highest
temperature had significant effect (OFV drop of at least 3.84) when univariately tested
on clearance (Table 2). Only daily highest lactate significantly improved the model
when tested on central volume. Following backward elimination, the final free ceftriax-
one model contained the covariates of daily highest temperature, PRISMIIl, maturation
effect, and creatinine clearance, a reflection of the calculated GFR, on free ceftriaxone
clearance. The final population estimates were CL of 6.54 L/h/70 kg, Q of 4.26 L/h/
70 kg, V, of 25.4 L/70 kg, and V, of 19.6 L/70 kg for free ceftriaxone. Between-subject
variability was 33.3% for CL and 56.5% for V.

Model evaluation. Goodness-of-fit plots were generated to evaluate the relation-
ship between the observed concentrations and predicted concentrations (Fig. 2A and
B, top). Both models performed reasonably well, with slight deviations from the line of
identity at higher concentrations. Conditional weighted residuals were also plotted
against predicted concentration and time (Fig. 2A and B, bottom). Values were equally
distributed around the line of zero. The pcVPC plots (Fig. 3A and B) show the 5th, 50th,
and 95th percentiles of the prediction-corrected concentrations and suggest a good
model fit for the observed total and free ceftriaxone concentrations. Bootstrap valida-
tion was performed and demonstrated stability and reproducibility of the models
(Table 3).

Monte Carlo simulation. Using Monte Carlo simulation, we evaluated the probabil-
ity of four dosing regimens to attain two different pharmacodynamic targets, 100%
fTomc and 100% fT_,. uc (free concentrations above the MIC or 4xMIC, respectively,
for 100% of dosing intervals), in patients with or without fever (defined as =38.5°C),
while stratifying by age and creatinine clearance, as a reflection of the calculated GFR
(Table 4, Fig. 4; see also Table S1 and Fig. S1 to S5 in the supplemental material). We
also identified the MICs below which there would be =90% probability that concentra-
tions would remain above the MIC for the entire dosing interval for each of the four
evaluated dosing regimens (Tables S2 and S3). Based on an optimal PTA of 90% or
above, we found that patients who are febrile, which commonly occurs in critically ill
patients with sepsis, are at risk of not meeting either pharmacodynamic target when
utilizing a 50-mg/kg g24h regimen, regardless of creatinine clearance, a reflection of
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TABLE 2 Impact of covariates in total and free models on CL and central volume®
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Change in OFV for:

Parameter and covariate Total concn Free concn
Univariate analysis (forward addition)
CL
Maturation effect —35.43* —32.59*
Presence of sepsis —0.027 —0.196
Early versus late concn —2.297 —0.257
PRISMIII —17.034* —19.405*
PIM2 —3.22 —4.957*
PIM3 —5.843* —5.905*
Daily highest temp (dichotomized) —4.982* —14.023*
Daily lowest temp (dichotomized) —11.108* —-2.176
Daily blood pH (dichotomized) —23.06* —0.68
Daily highest lactate —8.137* —2377
Creatinine clearance —51.678* —36.478*
CRP —4.719* —0.337
Albumin —4.342* —3.568
Procalcitonin —1.028 —1.289
Cumulative fluid balance —0.001
V1
Presence of sepsis —0.228 +0.737
Early versus late concn —4.923* —0.606
PRISMIII —8.629* —2.166
PIM2 —2316 —0.791
PIM3 —3.543 —2.029
Daily highest temp (dichotomized) —3.01 —0.667
Daily lowest temp (dichotomized) —0.336 —0.427
Daily blood pH —7.57* -0.117
Daily highest lactate —7.814* —4.158*
CRP —0.1 —1.744
Albumin —1.403 —0.805
Cumulative fluid balance —4.893* —0.451
Vol of fluid bolus -0.327
Creatinine clearance —0.567
Procalcitonin -0.019
Multivariate analysis (backward elimination)
CcL
Daily highest temp +15.768* +26.868*
Daily blood pH +16.518* +9.553**
Maturation effect +29.798** +28.287*
Creatinine clearance +53.018* +42.689**

9Base models for comparison for univariate testing already included weight as covariate (allometric scaling with
exponent of 0.75 for clearances and linear scaling for volumes). An asterisk indicates that in univariate testing
the covariate was significant (AOFV = —3.84, P < 0.05) and included in full model prior to backward
elimination. Two asterisks indicate that when covariate was eliminated from final model, it was statistically
significant (AOFV = 6.63, P < 0.01). Medians and ranges of covariates are the following: PMA for maturation
effect, 260 weeks; 39.68 to 1,601.56 weeks; PRISMIII, 3; 0-42; PIM2, —4.56; —7.33-2.87; PIM3, —4.78; —7.68-4.75;
daily highest temperature, 37.6°C; 33.1 to 42°C, dichotomized to less than and greater than or equal to 38.5°C;
daily lowest temperature, 36.3°C; 27.6 to 39.1°C, dichotomized to greater than and less than or equal to 36°C;
daily blood pH, 7.36; 6.63 to 7.55, dichotomized to greater than and less than or equal to 7.2; daily highest
lactate, 1.3; 0.3 to 19.3; creatinine clearance (calculated by bedside Schwartz equation for children, CKD-EPI for
adults), 149.5 ml/min/1.73m? 12.24 to 563.18 ml/min/1.73m? CRP, 13.3 mg/dl; 0.4 to 31 mg/dl; albumin,
2.8 gm/dl; 0.9 to 6.1 gm/dl; procalcitonin, 1.65 mg/dl; 0.1 to 591.08 mg/dl.

the calculated GFR. A daily 100-mg/kg regimen improves probabilities of target attain-
ment, but they still fall below 90% in febrile patients between ages 1 and 5 across all
creatinine clearance brackets, even for the lower stringent target. However, dosing ev-
ery 12 h achieves the less stringent pharmacodynamic target (100% fT-,,c) across all
creatinine clearance brackets, except for 6- to 12-month-old infants with augmented
renal clearance (PTA, 89%). To achieve the most stringent target of concentrations
above 4xMIC for 100% of the dosing interval, continuous infusions of 50 mg/kg over
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TABLE 3 Final population pharmacokinetic models for total ceftriaxone concentrations and free ceftriaxone concentrations®

Total ceftriaxone concn® Free ceftriaxone concn®
Bootstrap estimates Bootstrap estimates (n = 1,000,
(n =1,000, 95% success) 77% success)

Parameter Estimate RSE (%) Median  2.5% 97.5% Estimate RSE (%) Median 2.5% 97.5%
CLpop (L/h/70 kg) 1.66 33 1.66 1.54 1.78 6.54 5.6 6.50 5.40 7.40
HILL 2.85 26 2.94 1.70 6.10 4.26 235 4.44 2.84 12.27
TMs, (Wk) 39.9 10.7 40.5 314 47.9 454 9.8 451 35.1 53.2
O1 (PHDI) 0.794 8.7 0.90 0.642 0.932
©O1 (PRISMIII) —0.0142 30.7 —0.0141 —0.0249 —0.0046
02 (CRCL) 0.347 15.6 0.344 0.224 0.444 0.357 17.9 0.349 0.213 0.477
O3 (HITEMPDI) 1.12 3 1.15 1.06 1.20 1.19 3.1 1.19 1.12 1.27
onp (L/h/70 kg) 3.52 38.1 3.48 0.57 6.65 4.26 15.1 4.23 2.84 12.27
v, pop (L/70 kg) 9.56 25.7 9.44 5.92 14.8 254 13.8 254 15.9 355
Vapop (L/70 kg) 7.48 21 7.62 5.31 10.7 19.6 9 19.5 16.5 239
BSV

CL, CV (shrinkage)  24.8 (17.9%) 15.2 243 20.5 28.6 33.3(15.9%) 17.4 324 25.8 37.6

V,, CV (shrinkage) 42.4 (49%) 33.8 40.8 19.8 62.9 56.5 (41.7%) 33.2 55.4 15.9 72.3

Q, CV (shrinkage) Fixed to 20% (84.4%) Fixed to 20% (81.5%)

V,, CV (shrinkage) Fixed to 30% (61.3%) Fixed to 20% (73.6%)
Residual variability

Proportional 0.0460 13.6 0.0448 0.0336 0.0590 0.0742 14 0.0740 0.0557 0.0948

Additive Fixed to 0.0001 Fixed to 0.0001

9RSE, residual standard error; CL, clearance; Q, intercompartmental clearance; V, volume; WT, weight; HILL, Hill coefficient for maturation effect; TM,, age in weeks when
clearance is half the adult value; PHDI, 0 when blood pH >7.2, 1 when blood pH =7.2; CRCL, creatinine clearance; HITEMPDI, 0 when highest temperature of the day is
<38.5°C, 1 when = 38.5°C; CV, coefficient of variation.

62
bCl . — wr) 0.75 PMAHI PHDI CRCL HITEMPDI. _ W1\ 075, _ L wn\ 10, _ wr) 10
CLi= Clpop X (%5) " x PMAFILL - TVET %61 X \1a95) x03 Qi = Qpop x (55) Vi = Vipop - (%) i Vai = Vapop % (%) -

c 62
_ Wt 0.75 PMAMI 61xPRISM3 CRCL HITEMPDI
CLi= Clpop x (%3)" x PIATIL T ) X € % (a95) *03 :

24 h are needed, especially in critically ill children with normal and augmented renal
clearance.

Patients without fever have lower clearance of free ceftriaxone and, therefore, have
higher PTAs than febrile patients, as expected (Table S1 and S3, Fig. S3 to S5).
However, similar to febrile patients, patients without fever are still at risk of not meet-
ing either pharmacodynamic target with a 50-mg/kg g24h dosing regimen. To achieve
the less stringent target (100% fT_,,c), @ dosing regimen of 50 mg/kg q12h should be
utilized in patients with normal or augmented renal clearance. For patients with acute
kidney injury, the twice-daily 50-mg/kg dosing regimen or 100-mg/kg daily regimen is
recommended for patients between the ages of 1 to 5 years; in the other age groups,
once-daily dosing with 50 mg/kg is sufficient for attainment of the lower stringent
target.

DISCUSSION

We describe the population pharmacokinetics of total and free ceftriaxone in crit-
ically ill children in the pediatric intensive care unit. To our knowledge, this is the larg-
est study to date of ceftriaxone in critically ill children and the first study to develop a
population PK model using only measured free concentrations, the active antimicrobial
portion.

Our previous work has shown that there is high variability in plasma protein bind-
ing of other B-lactam antibiotics in the critically ill pediatric population (10), which is
not unexpected given the high prevalence of hypoalbuminemia in critical illness (11).
Since ceftriaxone is more highly bound to protein than many other B-lactam antibiot-
ics, we sought to measure both total and free concentrations and develop separate
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FIG 2 Goodness-of-fit plots for total ceftriaxone model (A) and free ceftriaxone model (B). Top left,
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FIG 3 Prediction-corrected visual predictive check (pcVPC) plots of total ceftriaxone model (A) and free ceftriaxone model (B). Open
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Red dashed lines, 5th and 95th percentiles of the prediction-corrected observed concentrations. Shaded areas are the simulation-

based 95% confidence interval around the 5th, 50th, and 95th, percentiles.

models to account for dynamic protein binding throughout illness course instead of
assuming a fixed binding percentage or developing an integrated model that incorpo-
rated binding capacity and dissociation constants. Having these two separate models
also allows for greater flexibility in their future use for model-informed precision dos-
ing with Bayesian estimation (12), as institutions may only be able to measure total
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TABLE 4 PTA in patients with fever based on Monte Carlo simulation®

%PTA
Acute kidney injury Normal creatinine clearance Augmented renal clearance

Age group and dosing regimen 100% T yuc 100% fT . 4mic 100% fT_ yuc 100% T, 4mic 100% T yuc 100% fT . 4mic
1-3 mo

50 mg/kg q12h 100 100 100 97 100 88"

50 mg/kg q24h 29 91 86* 50* 66* 23*

100 mg/kg g24h 100 97 94 71* 82 46*

50 mg/kg continuous 100 100 100 100 100 100
3—6mo

50 mg/kg q12h 100 98 99 85* 96 65"

50 mg/kg q24h 93 66* 63* 20* 39* 6*

100 mg/kg g24h 97 82* 80* 41* 58* 21*

50 mg/kg continuous 100 100 100 100 100 100
6-12 mo

50 mg/kg q12h 100 94 96 67* 89 42*

50 mg/kg q24h 83* 43* 39* 7* 20 3*

100 mg/kg g24h 91 65* 59* 20* 38* 8*

50 mg/kg continuous 100 100 100 100 100 100
1=2yr

50 mg/kg q12h 929 90 97 64* 92 47*

50 mg/kg g24h 73* 36* 38* 6* 23* 3*

100 mg/kg g24h 87* 56* 58* 19* 43* 10*

50 mg/kg continuous 100 100 100 100 100 100
2—5yr

50 mg/kg q12h 100 91 97 70* 94 53*

50 mg/kg q24h 77* 38* 44* 9* 30" 4

100 mg/kg q24h 89 61* 65" 25% 50 14*

50 mg/kg continuous 100 100 100 100 100 100
5—12yr

50 mg/kg q12h (2,000 mg/dose max) 100 96 100 81* 98 70*

50 mg/kg g24h (2,000 mg/dose max) 87* 55* 62* 17* 48* 8*

100 mg/kg g24h (4,000 mg/dose max) 95 75* 80* 38* 70* 25*

50 mg/kg continuous (2,000 mg max) 100 100 100 100 100 100
12—18 yr

50 mg/kg q12h (2,000 mg/dose max) 100 95 100 82* 98 68*

50 mg/kg g24h (2,000 mg/dose max) 91 55* 68* 18* 53* 9*

100 mg/kg g24h (4,000 mg/dose max) 97 78* 87* 42* 77* 27*

50 mg/kg continuous (2,000 mg max) 100 100 100 100 100 100

aThe scenarios shown are when the patients have acute kidney injury, normal creatinine clearance, or augmented renal clearance and have a temperature of =38.5°C. Two
different pharmacodynamic targets were evaluated: free concentrations above 1 wg/ml (CLSI breakpoint for Enterobacteriaceae and S. pneumoniae) for 100% of the dosing
interval (100% fT_,,c) and free concentrations above 4 ug/ml for 100% of the dosing interval (100% fT_ ). Asterisks indicate PTA of <90%, the optimal PTA.

concentrations but not free, unbound concentrations. The PK parameters of CL, V;, and
V, in the model of free concentrations are 2.5- to 4-fold higher than those of the model
of the total concentrations. This finding is consistent with the reported ceftriaxone pro-
tein binding of 60 to 95% (5 to 40% free fraction, which would be expected to change
parameters 2.5- to 20-fold), which is known to be dependent on total ceftriaxone con-
centrations (13).

Our initial hypothesis was that ceftriaxone clearance and volume of distribution
would be significantly different in the first 48 h of treatment (early phase of critical ill-
ness) compared to later phases of critical iliness. While univariate testing showed that
early versus late phase of illness did have a significant effect on central volume of dis-
tribution for total ceftriaxone concentrations (effect on peripheral volume was not
tested), it was not statistically significant in multivariate analysis. One reason for this is
that while the amount of fluid administered as boluses is greater in the first 2 days
of critical illness, cumulative fluid balance is higher in the later days of critical illness
(Fig. 1), and these two factors may counteract one another.
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FIG 4 Probability of target attainment obtained from Monte Carlo simulations for a target defined as 100% fT>,, for patients with a fever
(temperature = 38.5°C) and augmented renal clearance (ARC) (2 to 6 standard deviations above the median clearance for age). Blue circles,
50 mg/kg every 12 h regimen. Gray squares, 50 mg/kg every 24 h regimen. Orange triangles, 50 mg/kg given continuously every 24 h. Green
filled circles, 100 mg/kg every 24 h.
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We also found that the presence of sepsis did not significantly affect ceftriaxone
clearance or volume of distribution. Many of the patients who were categorized as
nonsepsis initially met systemic inflammatory response syndrome (SIRS) criteria and
likely had pathophysiologic changes that would affect ceftriaxone disposition similar
to those with sepsis. It is often around 48 h after admission that clinicians decide to
continue patients on a full course of antibiotics to treat a bacterial infection or discon-
tinue treatment. Thus, even patients without sepsis have clinical characteristics in the
early phase of illness similar to those of septic patients.

Similar to previously published PK models of ceftriaxone in critically ill adults and
children (5, 9), we found that a two-compartment model best fit our data. We do find
differences in our population PK parameters compared to the other models.
Compared to the Garot et al. adult model (5), our clearance for total ceftriaxone is
1.66 L/h/70 kg, while the clearance in the adult model was 0.88 L/h/76 kg, with 76 kg
being the median weight for the adult population. The difference in ceftriaxone clear-
ance may be due to higher creatinine clearances, reflections of calculated GFR, in our
population, since nearly a quarter of the population in the adult model required renal
replacement therapy. Our central volumes (V,) and peripheral volumes (V,) for total
ceftriaxone are comparable (9.56 L/70 kg and 7.81 L/76 kg versus 7.48 L/76 kg and
7.35 L/76 kg). Compared with the critically ill pediatric model (9), we demonstrate
lower clearance for total ceftriaxone (1.66 L/h/70 kg versus 2.08 L/h/70 kg) despite our
population’s median creatinine clearance, a reflection of the calculated GFR, being
much higher than that reported in the Hartman et al. model (149.5 ml/min/1.73 m?
[calculated primarily with the bedside Schwartz equation] versus 85.22 ml/min/1.73m?
[calculated by modified Schwartz equation]). A reason for the difference is that the
Hartman et al. pediatric model estimated parameters to describe protein binding,
combining total and free concentrations for modeling. Our population clearance value
for total ceftriaxone is similar to that found in hospitalized patients with community-
acquired pneumonia who had a mean age close to that of our population (1.42 L/h/
70 kg) (14). Our slightly higher clearance value compared to the pneumonia study
may be a result of critical illness leading to augmented renal clearance and lower al-
bumin concentrations, which can also increase drug clearance. Our central volume for
total ceftriaxone is smaller than that reported by Hartman et al. (9.56 L/70 kg versus
22 L/70 kg) but again may be due to their combining total and free concentrations.
The central volume in Hartman et al.’s model is more similar to that in our model of
free concentrations (25.4 L/70 kg).

Covariate analysis showed that weight has a significant effect on all four parameters
(CL, Q, V;, and V,), with allometric scaling for clearance and intercompartmental clear-
ance in our models. The previously published critically ill pediatric model also showed
an effect of weight on body clearance with allometric scaling and on central volume
with linear scaling but not with intercompartment clearance or peripheral volume (9).
Similar to the previously published ceftriaxone models in critically ill adults and chil-
dren by Garot et al. and Hartman et al. (5, 9), respectively, we found that creatinine
clearance, a reflection of calculated GFR, significantly affected ceftriaxone clearance.
This is not surprising, given that up to 67% of ceftriaxone is excreted unchanged in the
urine (15). Interestingly, our population’s median creatinine clearance was much higher
than the median creatinine clearance in the Hartman et al. model. This difference may
be a reflection of a lower median age (2.53 years versus 4.2 years), and nearly half of
the patients were under the age of 2 years in Hartman et al.'s model.

Unlike other published models, we showed additional covariate effects. When the
highest daily temperature is at or above 38.5°C, there was a nearly 20% increase in
clearance of free drug. As body temperature increases, we expect that blood flow to
the kidneys increases due to tachycardia and vasodilation, with increased clearance of
drug and lower probability of target attainment (PTA). We also noted an effect of pH
on the clearance of total ceftriaxone and the PRISMIIl mortality score, of which pH is a
component, on free ceftriaxone clearance. We dichotomized the effect of pH and
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found that when the daily blood pH is below 7.2, the clearance of total ceftriaxone
decreases by over 20%. Blood pH may be low from lactic acid production due to vaso-
constriction and decreased blood flow to the kidneys and/or liver, thereby affecting
excretion and metabolism. PRISMIIl is a mortality score calculated 4 h after PICU admis-
sion from multiple physiologic variables, including vital signs and lab values, reflecting
kidney and liver function (16); the higher the score, the higher the mortality risk. We
found that increasing PRISMIII scores were associated with a decrease in free ceftriax-
one clearance, likely due to kidney and liver dysfunction, as reflected in the score.
Albumin was identified as a significant covariate for total concentrations, but when
eliminated from the final total model, the OFV increase was less than 6.63 (P > 0.01). It
may be that the effect of albumin is masked by another covariate, such as temperature
or blood pH, that was selected first due to greater effects.

Renal clearance and hepatic metabolism mature over the first 2 years of life. Population
pharmacokinetic analysis of ceftriaxone in noncritically ill infants has previously shown an
effect of age, scaled to an exponent of 0.21, on ceftriaxone clearance (17). We initially
tested age on ceftriaxone clearance and found a significant effect but sought to character-
ize the maturation effect using the Hill equation and postmenstrual age (PMA) instead of
using age only, as recommended by Anderson and Holford (18, 19). We found maturation
of organ function had a significant effect on both total and free ceftriaxone clearance, with
the change in OFV nearly as large as that when including creatinine clearance. Our models
show that the mechanisms contributing to ceftriaxone clearance (e.g., renal clearance and
biliary excretion) reach 50% of full maturation between PMA of 39.9 and 45.4 weeks (i.e,,
at birth or shortly thereafter) with a Hill coefficient between 2.85 and 4.26. Our findings for
ceftriaxone show that maturation of ceftriaxone clearance precedes that of GFR matura-
tion (age at which half of the adult clearance function is achieved [TM], 47.6 weeks; Hill
coefficient of 3.4) and clearance of other drugs, including acetaminophen-paracetamol
and morphine (18, 19).

At our institution, ceftriaxone is dosed at 50 mg/kg q12h for most critically ill
patients, while other institutions frequently dose ceftriaxone at 50 mg/kg q24h for crit-
ically ill pediatric patients unless meningitis is suspected (personal communication).
Our results suggest that a 50-mg/kg q24h approach puts critically ill pediatric patients
at risk of not meeting pharmacodynamic targets, especially those patients with fevers
and augmented renal clearance. Our simulation results are similar to those found in
the Hartman et al. study, which showed that a 50-mg/kg q12h dosing regimen is pre-
ferred for MICs greater than 1, especially when creatinine clearance is greater than
80 ml/min/1.73 m? (9), which is true of most patients with normal or augmented renal
clearance. Further studies are needed to evaluate the relationship between target
attainment and clinical outcomes.

Our study is not without limitations. The between-subject variability for Q and V,
were fixed to 20 or 30%, and the shrinkage for both these parameters in both models
was high (61 to 84%). This finding is expected given the nature of sparse opportunistic
sampling and having less data per individual subject. Therefore, we specifically did not
test covariates on Q and V, given the sparse sampling approach and that we obtained
concentrations from the blood (central compartment) only. Except for weight, no other
covariates were found to significantly affect V, despite testing several variables, includ-
ing volume of boluses and cumulative fluid balance. Thus, the between-subject vari-
ability remains quite large (42.4 to 56.5%), similar to what was seen in critically ill adults
(5) and lower than that seen in a younger critically ill pediatric population (9). We also
dichotomized certain variables based on clinically relevant thresholds, even though
there is likely a continuous effect. We dichotomized pH due to the tight range typically
observed even in critical illness and chose to dichotomize the daily highest tempera-
ture based on the presence or absence of fever, as defined by 38.5°C.

Conclusions. We successfully developed population PK models of total ceftriaxone
and free ceftriaxone using an opportunistic sampling approach in critically ill children.
Phase of illness (early versus late) did not influence any of the parameters. However,
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weight, creatinine clearance (a reflection of calculated GFR), daily highest temperature,
and maturation effect had effects on both total and free ceftriaxone clearance. In addi-
tion, blood pH and risk of mortality score were found to be significant covariates of
total ceftriaxone clearance and free ceftriaxone clearance, respectively. These models
can allow for individualized dosing of ceftriaxone using patient characteristics, including
weight, age, renal function, and temperature. Monte Carlo simulations with our free cef-
triaxone model showed that using a 50-mg/kg g24h approach in critically ill children did
not achieve the target of free concentrations above the MIC for 100% of the dosing
interval. Thus, we recommend a 50-mg/kg q12h approach in critically ill children and to
consider a continuous infusion in patients with augmented renal clearance.

MATERIALS AND METHODS

Study design and ethics. A prospective, observational B-lactam study was conducted in the pediat-
ric ICU (PICU) of Cincinnati Children’s Hospital Medical Center (CCHMC) between October 2018 and
March 2020. The parent B-lactam antibiotic study included patients who were administered at least one
dose of ceftriaxone, cefepime, meropenem, or piperacillin-tazobactam. For this ceftriaxone study, patients of
all ages (newborn to 30 years) admitted to the PICU and who received at least one dose of ceftriaxone were
eligible for the study. Only those patients who did not have residual blood samples for ceftriaxone concen-
tration measurement were excluded from the study. The study was approved by the CCHMC Institutional
Review Board, which granted a waiver of consent.

Drug dosing and administration. Ceftriaxone initiation and dosing regimen were determined by
the clinical team for each patient. In the CCHMC PICU, ceftriaxone is most commonly prescribed as
50 mg/kg/dose (maximum, 2,000 mg) every 12 h and typically administered over 30 min.

Opportunistic sampling. Blood samples were obtained using scavenged opportunistic sampling as
described previously (10, 20). Briefly, all patients in the PICU who were administered at least one dose of
ceftriaxone were screened to determine if the clinical team had ordered laboratory tests (e.g., complete
blood counts and metabolic panels) after a ceftriaxone dose was given. Blood samples were requested
within 7 days of blood draws from the clinical laboratory, which stores the residual sample at 4°C after
test completion. We conducted stability studies, as described previously (10), and showed that total cef-
triaxone did not degrade more than 15% over a period of 7 days at 4°C (see Table S4 in the supplemen-
tal material). Samples that were obtained within 30 min of the start of ceftriaxone administration or
more than 30 h after a dose were excluded. Samples were collected daily while patients were on cef-
triaxone, up to seven study days. Study day 1 was considered the first day the patient was in the PICU
and administered a B-lactam antibiotic dose (typically ceftriaxone but may have been cefepime, pipera-
cillin-tazobactam, or meropenem for patients whose antimicrobial regimen was narrowed to ceftriaxone
as part of the parent beta-lactam study). Time zero was defined as the time the first B-lactam dose was
given on study day 1. Early samples were considered those that were drawn within the first 48 h of anti-
biotic treatment. Late samples were those drawn after the first 48 h of antibiotic treatment. We chose
48 h as the threshold as it is the typical time frame when clinicians determine if a patient warrants a full
antibiotic course. After obtaining residual blood or plasma from the clinical laboratory, samples were
centrifuged (2,060 x g, 10 to 20°C, 10 min; Eppendorf 5417R) and the supernatant was removed and
stored at —80°C until ceftriaxone concentrations were measured (average time of storage at —80°C,
6 months; range, 2 to 10 months). The time samples were out of the 4°C refrigerator before storage in
the freezer was usually no more than 1 h.

Total and free ceftriaxone assays. Sample preparation for total ceftriaxone concentrations in plasma
was achieved using protein precipitation and ultracentrifugation procedures. To a 100-ul aliquot of
plasma sample, 100 ul of internal standard and 300 | of methanol were added. After vortex mixing, the
sample was centrifuged at 10,000 x g for 10 min at 4°C. After centrifugation, the liquid phase was dis-
tributed to an autosampler vial. A 10-ul aliquot of the sample was injected into the high-performance
liquid chromatography (HPLC) system.

Sample preparation for free ceftriaxone concentrations in plasma was based on ultrafiltration, as
described in the Centrifree user guide (Merck Millipore, Burlington, MA). A 0.4-ml aliquot of plasma was
distributed over a Centrifree ultrafiltration device. The filled ultrafiltration device was subjected to cen-
trifugation at 2,500 x g for 30 min at room temperature using a benchtop centrifuge (Clinifuge; Heraeus
Instruments). After centrifugation, a 100-ul aliquot of filtrate was pipetted into an autosampler vial. To
this vial, 100 ul internal standard was added. After mixing, a 10-ul aliquot of the sample was injected
into the HPLC system.

Total and free ceftriaxone were quantified using an automated Hitachi Chromaster system (Tarrytown,
NY) equipped with a Model 5110 quaternary pump, Model 5210 autosampler, Model 5310 column oven,
and Model 5410 UV detector. The EZChrom Elite software was used for monitoring output signal and proc-
essing result. The analytical column was a 250-mm by 4.6-mm validated C,; column (PerkinEImer, Waltham,
MA) with 5-um spherical particles connected to a Security Guard (Phenomenex, Torrance, CA) equipped
with a C,; cartridge (4-mm by 3-mm). MAGNA nylon filter (0.2 um; 47-mm diameter) from GE Water &
Process Technologies (Boston, MA) for the filtration of mobile phase.

In this report, we adapted a previously published assay (21) with minor modifications to determine
ceftriaxone concentrations using ion-pairing HPLC with UV detection. The mobile phase consisted of an
aqueous solution containing 50 mM dibasic sodium phosphate and 10 mM cetyltrimethylammonium
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bromide (pH 6.9) with acetonitrile (63:37, vol/vol). The column temperature was set at 35°C and the flow
rate at 1 ml/min. Ceftriaxone and chloramphenicol (used as an internal standard) were detected using a
UV detector set at a wavelength of 274 nm. The limit of detection and the limit of quantitation for this
assay were 0.3 ug/ml and 1 wg/ml, respectively. Linear assay range was established from 1 to 200 ug/
ml. The coefficients of variation ranged from 3.2 to 5.6% for intraday precision and from 4.2 to 7.3% for
interday precision. Concentrations of ceftriaxone examined were 10, 40, 80, and 160 ug/ml (n = 6 for
each concentration fortified in plasma).

Clinical data collection. Clinical data related to the hospitalization were extracted by chart review for
up to seven study days while the patient was on ceftriaxone. Data collected included but were not limited
to demographics (age, sex, weight, height, body mass index, and comorbidities), antibiotic doses and
administration times, sepsis-related data (length of antibiotic courses, cultures and organisms, and fluid
administration), vital signs, concomitant medications, fluid intake and output, organ failure, ventilator and
vasopressor use, clinical lab results, and mortality risk scores. We also collected outcome data, including
length of stay in the PICU and hospital, and 28-day outcome. Mortality scores, including PRISMIII (16), PIM2
(22), and PIM3 (23), were also calculated using the relevant patient demographics, clinical status, vital
signs, and laboratory values. To meet the definition of sepsis for our study, patients must have met at least
two of the four systemic inflammatory response syndrome criteria (24) and received at least 7 days of anti-
biotics. Creatinine clearances, as a reflection of calculated GFRs, were calculated using the bedside
Schwartz equation for patients under the age of 19 and the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation, as recommended by the National Institute of Diabetes and Digestive
and Kidney Diseases (25, 26). All data were stored in a secure REDCap database (27).

Pharmacokinetic model development with covariate selection. For pharmacokinetic modeling,
patients who received continuous renal replacement therapy or extracorporeal membrane oxygenation
therapy were excluded from analysis. In addition, patients who received nonintravenous doses (i.e.,
intramuscular) were excluded. Separate models were developed for total ceftriaxone and free ceftriax-
one concentrations. Population PK parameters were estimated using NONMEM, version 7.2 (Icon
Development Solutions, Ellicott City, MD), and Pirana 2.9.9 (Certara, Princeton, NJ), with the first-order
conditional estimation with the interaction (FOCE-l) subroutine. One- and two-compartment models
were compared, and a two-compartment model was selected based on goodness-of-fit metrics. Weight
was tested as a covariate on all four PK parameters (clearance [CL], central volume [V,], intercompart-
mental clearance [Q], and peripheral volume [V.,]). CL and Q were scaled allometrically by weight
[(weight/70)°7°], while V, and V, were scaled linearly by weight [(weight/70)'°] for the base model
before additional covariates were tested.

Potential clinical covariates were first selected for testing based on biological plausibility and then
on plots of covariates and the interindividual variability of PK parameters (7). Covariates were only
tested on CL and V,. Most covariates were tested as a continuous variable normalized to the population
median. Percent cumulative fluid balance was calculated by taking the difference between cumulative
fluid intake and cumulative fluid output for each study day and dividing the difference by admission
weight. After initial trials of covariate testing, the following covariates were tested as dichotomous varia-
bles: sepsis (present or not), sample collected before or after 48 h of antibiotic treatment (early versus
late), daily lowest temperature (36°C threshold), daily highest temperature (38.5°C threshold), and blood
pH (7.2 threshold). Maturation effect was evaluated using postmenstrual age (PMA), as described previ-
ously (18, 28, 29). PMA was calculated by the summation of age at PICU admission (in weeks) and gesta-
tional age (in weeks). For those whose gestational age was not documented or for patients over the age
of 3 years, gestational age was assumed to be 40 weeks. Maturation effect was tested as a covariate with
the equation WM, where Hill is the Hill coefficient and TMy, is the age (in weeks) at which half of
the adult clearance function is achieved (18, 19).

The impact of covariates was screened by univariate analysis. Covariates that decreased the objec-
tive function by at least 3.84 (P < 0.05) were included in the full multivariate model. Backward elimina-
tion of each covariate from the multivariate model was then performed. Covariates that led to an
increase in the objective function by 6.63 (P < 0.01) when eliminated were retained. For the total model,
between-subject variability (BSV) for Q was fixed to 0.04 (w?) (@ = 20%), and BSV for V, was fixed to 0.09
(w = 30%). For the free model, BSV for Q and V, were fixed to 0.04 (w = 20%). The additive error (o) for
both models was fixed to 0.0001, as this assumption allowed for the greatest model stability when multi-
ple error models were tested. The performance of the final population models was evaluated with good-
ness-of-fit plots and by using bootstrap analysis (n = 1,000) and prediction-corrected visual predictive
check (pcVPC) (30).

Monte Carlo simulation analysis. Monte Carlo simulation analysis using MICLab version 2.72
(Medimatics, Maastricht, Netherlands) (31-34) was conducted using the final free population PK model,
since the free portion is considered to represent the active antimicrobial component. The simulation
data set was created using the CDC-NHANES demographic data (35) to simulate weights in the following
age ranges: 1 to 3 months, 3 to 6 months, 6 to 12 months, 1 to 2 years, 2 to 5 years, 5 to 12 years, and 12
to 18 years. Ages were then converted to PMA by assuming a gestational age of 40 weeks (19). Within
each age range, creatinine clearances (as a reflection of calculated glomerular filtration rates) were dis-
tributed between categories of acute kidney injury (AKI), normal creatinine clearance, and augmented
renal clearance (ARC). We defined normal creatinine clearance as within two standard deviations of the
median creatinine clearance in each age group (36, 37). ARC was defined as two standard deviations
above the median creatinine clearance (38); we placed a maximum limit of six standard deviations above
the median. AKI was defined as less than two standard deviations below the median. For each age range
and creatinine clearance bracket, we also varied temperature dichotomously (=38.5°C or less). We fixed
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PRISMIII scores to O, since the mortality risk score is not available at the time of admission, when antibi-
otics are usually prescribed when concerned for sepsis. We tested four different dosing regimens:
50 mg/kg every 12 h, 50 mg/kg every 24 h, 100 mg/kg every 24 h (4,000 mg/dose maximum), and
50-mg/kg continuous infusion, with a maximum of 2,000 mg per dose. In total, we performed 168 simu-
lations with 1,000 patients in each simulated scenario. We used free concentration above MIC and
4xMIC for 100% of the dosing interval (100% fT_,, and 100% fT_,..c) as the pharmacodynamic targets
for the critically ill population (39) to calculate the percent probability of target attainment (PTA). For
the MIC, we used the Clinical and Laboratory Standards Institute (CLSI) ceftriaxone breakpoint for
Enterobacteriaceae and Streptococcus pneumoniae of 1 g/ml (40).

Statistical analysis. Statistical analyses were performed using the statistical software R studio, ver-
sion 1.2.1335. Medians of continuous variables were compared using a Wilcoxon rank sum test. Paired
nonparametric variables were compared using Wilcoxon signed rank test. Categorical variables were
compared using Fisher's exact test or chi-squared test. Statistical significance was met at a P value of
<0.05.
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