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Objectives: To determine whether contemporary β-lactam anti-
infective dosing recommendations in critically ill children achieve 
concentrations associated with maximal anti-infective activity. The 
secondary objective was to describe the microbiological and clinical 
outcomes associated with β-lactam therapeutic drug management.
Design: Electronic Medical Record Review.
Setting: A 189-bed, freestanding children’s tertiary care teaching 
hospital in Philadelphia, PA.
Patients: Patients admitted to the PICU from September 1, 2014, 
to May 31, 2017, with sepsis and those receiving extracorporal 
therapy with either extracorporeal membrane oxygenation or con-
tinuous renal replacement therapy that had routine β-lactam thera-
peutic drug management.
Interventions: None.
Measurements and Main Results: Eighty-two patients were in the 
total cohort and 23 patients in the infected cohort accounting for 248 
samples for therapeutic drug management analysis. The median age 
was 1 year (range, 4 d to 18 yr) with a mean weight of 19.7 ± 22.3 kg 
(range, 2.7–116 kg). Twenty-three patients (28%) had growth of an 
identified pathogen from a normally sterile site. Seventy-eight of 82 
patients (95%) had subtherapeutic anti-infective concentrations and 
did not attain the primary pharmacodynamic endpoint. All patients in 
the infected cohort achieved a microbiological response, and 22 of 
23 (95.7%) had a positive clinical response.

Conclusions: Overall, 95% of patients had subtherapeutic 
anti-infective concentrations and did not achieve the requisite 
pharmacodynamic exposure with current pediatric dosing recom-
mendations. All patients achieved a microbiological response, and 
95.7% achieved clinical response with active β-lactam therapeu-
tic drug management. These data suggest β-lactam therapeutic 
drug management is a potentially valuable intervention to optimize 
anti-infective pharmacokinetics and the pharmacodynamic expo-
sure. Further, these data also suggest the need for additional 
research in specific pediatric populations and assessing clinical 
outcomes associated with β-lactam therapeutic drug manage-
ment in a larger cohort of pediatric patients. (Crit Care Med 2018; 
46:272–279)
Key Words: antibiotic; neonatal; pediatric; pharmacodynamics; 
pharmacokinetics

Pediatric sepsis and septic shock affect approximately 
30% of children admitted to the PICU. A diagnosis 
of pediatric sepsis and septic shock has mortality rate 

of at least 25%, in addition to an increasing prevalence, and 
a median per patient hospital cost of $65,624 (interquartile 
range, $27,300–$169,624) (1–3). From birth through child-
hood, many developmental changes naturally occur which 
can have a profound impact on drug exposure and the sub-
sequent response (4). Compared with adults, children have a 
greater number of functioning nephrons and, therefore, have 
greater clearance via glomerular filtration (5). As a result, chil-
dren between the ages of 6 months and 6 years usually have 
a renal elimination of drugs that is greater than or equal to  
2 greater than their adult counterparts 18 years old and older 
(6, 7). Further, pathophysiologic changes commonly occur 
during critical illness and can dramatically affect a drugs’ 
pharmacokinetics and pharmacodynamics (8–10). Critically 
ill patients can have increases in their volume of distribution 
(Vd) due to fluid balance strategies and intravascular perfu-
sion changes; such increases in Vd will reduce the peak concen-
trations achieved after an infusion and the subsequent trough 
concentrations. Furthermore, critically ill patients often have 
sepsis-induced decreases or increases in cardiac output, which 
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can result in hypo- or hyperperfusion of the kidneys and alter-
ations in drug clearance (10). Although the concept of aug-
mented renal clearance has been rather well described in the 
adult ICU population, there is minimal documentation of its 
effect in the PICU (9).

In the setting of sepsis and septic shock, early and appro-
priate anti-infective therapy has been documented to reduce 
morbidity and mortality in adults and children (11, 12). It 
has also been suggested that outcomes related to infection 
could be improved in critically ill patients by optimizing 
the pharmacokinetics and pharmacodynamic target attain-
ment of anti-infectives (13, 14). The concept of therapeutic 
drug management (TDM) for anti-infectives such as vanco-
mycin and aminoglycosides is reasonably well described (15, 
16), and there is mounting evidence for this practice to 
include β-lactam anti-infectives in critically ill adult patients  
(10, 11, 13, 14, 17) considering β-lactams are the most com-
monly prescribed class of anti-infectives. From a pharmaco-
kinetic and pharmacodynamic perspective, β-lactams display 
time dependent anti-infective activity; therefore, the time that 
the free (unbound) drug concentration is maintained above 
the minimum inhibitory concentration (MIC) is associated 
with bacterial killing (fT > MIC) (18). In vivo animal investiga-
tions have delineated a ƒT > MIC between 40% and 70% of the 
dosing interval is required for optimal efficacy (19) and retro-
spective clinical evaluations have suggested larger drug expo-
sures are required, with β-lactam concentrations up to 4–6 
times the MIC for the entire dosing interval (20, 21). However, 
the practice of β-lactam TDM has not been described in pedi-
atrics, even though the concern of not achieving therapeutic 
concentrations and exposures is more paramount.

The primary objective of this study was to determine 
whether contemporary β-lactam anti-infective dosing recom-
mendations in critically ill children achieve concentrations 
associated with maximal anti-infective activity. The secondary 
objective was to describe the microbiological and clinical out-
comes associated with β-lactam TDM.

MATERIALS AND METHODS

Patient Population and Study Design
Patients with sepsis and those receiving extracorporal therapy 
with either extracorporeal membrane oxygenation (ECMO) 
or continuous renal replacement therapy (CRRT) that are 
prescribed β-lactams routinely undergo active TDM, mean-
ing serum concentrations are obtained and dosing regimens 
adjusted in an attempt to meet certain pharmacokinetic/
pharmacodynamic targets. Therefore, data were prospectively 
collected in consecutive patients requiring β-lactams in our 
33-bed PICU and pediatric cardiac ICU from a single free-
standing children’s hospital (St. Christopher’s Hospital for 
Children, Philadelphia, PA). From September 1, 2014, until 
June 5, 2017, data from all patients that had β-lactam TDM 
were eligible for inclusion. Patients were evaluated regardless 
of anti-infective indication but were expected to remain on 
their β-lactam for at least 48 hours. β-lactams reviewed for 

TDM were ampicillin, cefazolin, cefepime, cefotaxime, cef-
taroline, doripenem, meropenem, and piperacillin/tazobac-
tam. Patients admitted to the PICU who received a β-lactam 
for empiric or definitive therapy with an expected duration of 
greater than or equal to 48 hours and meeting pediatric sep-
sis criteria (22) or receiving extracorporeal therapy were also 
eligible for inclusion. Patients who had cystic fibrosis, acute, 
or chronic renal failure with an estimated creatinine clearance 
less than 60 mL/min/1.73 m2 based on the modified Schwartz 
(23) equation and not receiving CRRT were excluded from 
this analysis. This study protocol was approved by the Drexel 
University College of Medicine Institutional Review Board, 
and the need for informed consent was waived in view of the 
retrospective nature of the data analysis of the prospectively 
compiled database.

Blood Sampling and Pharmacodynamic Analysis
A minimum of two blood samples per child were collected and 
the samples were obtained, when possible, after a dose that 
permitted collection of each sample in succession as dictated 
by clinical care by clinical care staff. For standard 30–60-min-
ute infusion regimens, the first blood sample was typically 
obtained within 20 minutes from the end of the infusion but 
could be obtained up to 2 hours from the end of the infusion, 
and the subsequent blood sample(s) were obtained a mini-
mum of 1 hour after the first sample collection. For prolonged 
(i.e., 3–4 hr infusions) infusion regimens, blood samples were 
obtained at the end of an infusion and again 1 hour post infu-
sion. For 24-hour continuous infusion regimens, blood sam-
ples were obtained a minimum of 8 hours from the start of 
the infusion. Typically, after a patient is started on therapy, two 
to three samples are obtained after a given dose (i.e., during 
the same dosing interval between doses), and patient-specific 
pharmacokinetic variables are calculated. Doses are then 
adjusted and often levels are rechecked in order to determine/
ensure the target levels were achieved after the respective dos-
ing adjustment. While the minimum volume of blood required 
for concentration determination is 0.5 mL, most commonly 
1–2 mLs per sample was obtained. Depending on the age and 
size of the patient, 0.5 mL per sample was collected in certain 
instances. Blood samples for the determination of β-lactam 
drug concentrations were subsequently sent to the laboratory 
for immediate processing and concentration determination. 
Samples were collected in regular red top tubes. Upon receipt 
in the laboratory, samples were centrifuged within 30 minutes 
of collection at 3,000 rpm for at least 15 minutes to separate 
the plasma. Separated plasma was then transferred to a cryo 
vial and stored at –80°C. Couriers then transported the speci-
mens on dry ice from the hospital laboratory to the reference 
laboratory. Upon receipt at the reference laboratory, samples 
were thawed and analyzed. Once the concentration analysis 
was completed, results were reported to the hospital labora-
tory and hospital personnel via phone and fax. Samples were 
analyzed within 24 hours of being collected with the majority 
of results reported within 8–12 hours of collection allowing 
for most dosing regimens to be adjusted within 18–24 hours of 
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initiating therapy. During the study period, β-lactam concen-
trations were determined by validated liquid chromatography 
tandem mass spectrometry (U.S. Food and Drug Administra-
tion guidelines: www.fda.gov/downloads/Drugs/Guidance-
ComplianceRegulatoryInformation/Guidances/UCM070107.
pdf) at Atlantic Diagnostic Laboratories (Bensalem, PA).

The pharmacodynamic target for β-lactams is an unbound 
concentration above the MIC of the infecting organism for  
40–70% of the dosing interval (ƒT > MIC) (19–21). For con-
venience, a ƒT > 4–6 × MIC for 40% of the dosing interval was 
chosen as the primary pharmacodynamic target for analysis 
based on previous work (13). Additionally, a ƒT > 4–6 × MIC for 
at least 40% of the dosing interval is the target most commonly 
used internally at our institution in this patient population when 
designing and adjusting dosing regimens. An upper limit of ƒT = 
6 × MIC was chosen to allow for a determination of suprathera-
peutic levels. Additional pharmacodynamic targets analyzed were 
1) ƒT greater than MIC for 40% of the dosing interval and 2) a 
trough concentration greater than MIC, as previously described 
(13). A noncompartmental pharmacokinetic analysis was con-
ducted on each patients’ individual drug concentrations to 
determine pharmacokinetic variables including elimination rate 
constant, Vd, half-life, and clearance. Equations used included: 1) 
elimination rate constant (k

e
) = (ln [C1/C2])/time difference, 2)  

half-life = 0.693/ k
e
, 3) Vd = dose/initial concentration, 4) 

Clearance = k
e
 × Vd, and 5) Dose (mg/kg/hr) = concentration 

at steady state (µg/mL) × clearance, where clearance = k
e
 (/hr) × 

Vd (L/kg). If an organism was obtained, the MIC of the infecting 
organism was used for the pharmacodynamic calculation. If an 
organism was not obtained, the highest Clinical and Laboratory 
Standards Institute (CLSI) MIC breakpoint was used for each 
drug for the pharmacodynamic calculation. To calculate free 
drug concentrations, the protein binding estimate documented 
in the drugs’ respective package insert was used (24–31). Three 
pediatric drug dosing references (32–34) were then used to 
determine if “standard, published” dosing recommendations 
would have resulted in the desired pharmacodynamic targets. 
Demographic, clinical, and microbiological data were collected 
in addition to clinical outcome data. Descriptive statistics were 
used to describe patient drug concentrations, with data pre-
sented as the mean ± sd or median and range; additionally, per-
centages were used to describe the data, when appropriate.

Microbiological and Clinical Response
Patients eligible for evaluation of the secondary objectives for 
microbiological and clinical response needed to have a proven 
bacterial infection documented by growth of an identified 
pathogen from a normally sterile site in addition to having 
β-lactam TDM with drug concentration results for interpre-
tation and analysis. Microbiological response was defined as 
sterilization of the site from which the documented patho-
gen was obtained. A positive clinical response was defined as 
completion of the antimicrobial treatment course without 
escalation (i.e., addition of a drug with a broader spectrum of 
activity) or addition of an antimicrobial agent. Patients were 
also assessed for reinitiation of antimicrobials within 48 hours 

of the primary course ending and reinfection within 28 days. A 
negative clinical outcome was defined as any clinical outcome 
other than a positive clinical outcome and/or death within 
28 days from initiation of the primary antimicrobial course. 
Additionally, 28-day all-cause mortality from initial receipt of 
a β-lactam was evaluated in both cohorts.

RESULTS
A total of 82 patients, 41 females (50%) and 41 males (50%), 
met inclusion criteria for this study accounting for 248 sam-
ples for TDM and represent the total cohort (TC). A median 
of three samples for TDM was collected per patient (range two 
to eight samples). The median age was 1 year (range, 4 d to  
18 yr) with a mean weight of 19.7 ± 22.3 kg (range, 2.7–116 kg). 
Of the 82 patients, 23 (28%) had growth of an identified 
pathogen from a normally sterile site and compose the infected 
cohort (IC). Patient demographics for the TC and IC are listed 
in Table 1. Of the 82 patient TC, 16 patients received extracor-
poreal therapy with 14 (17%) receiving ECMO and two (2.4%) 
receiving CRRT as compared to five patients receiving extra-
corporeal therapy with three of 23 patients (13%) and two 
of 23 (8.7%) patients in the IC receiving ECMO and CRRT, 
respectively.

Regarding the primary outcome, 78 of 82 patients (95%) 
had subtherapeutic anti-infective concentrations and did 
not attain the primary pharmacodynamic endpoint of  

TABLE 1. Patient Demographic Data for the 
82-Patient Total Cohort and the 23-Patient 
Infected Cohort Groups

Variables
Total  

Cohort
Infected  
Cohort

No. of patients 82 23

Mean age (yr), sd 4.1, 5.3 3, 4.4

Median age (yr), range 1, 4 d to 18 yr 1, 10 d to 16 yr

Mean weight (kg), sd 19.7, 22.3 19, 23.5

Median weight (kg), range 10, 2.7–116 13, 2.7–116

Male patients, n (%) 41 (50) 12 (52)

Female patients, n (%) 41 (50) 11 (48)

Total no. of levels 248 74

Median no. of levels, range 3, 2–8 3, 2–8

Median Pediatric RISk of 
Mortality score, range

17, 2–39 21, 5–32

Number of extracorporeal 
membrane oxygenation 
patients, n (%)

14 (17) 3 (13)

Number of continuous renal 
replacement therapy 
patients, n (%)

2 (2.4) 2 (8.7)

No. of deaths, n (%) 10 (12.2) 1 (4.3)

www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070107.pdf
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ƒT > 4–6 × MIC for 40% of the dosing interval with current 
published pediatric β-lactam dosing recommendations. Of 
the 78 patients with subtherapeutic anti-infective concentra-
tions, five (6.4%) had supratherapeutic concentrations (i.e., 
levels exceeding 4–6 × MIC) and 73 (93.6%) had subthera-
peutic concentrations. Four of 82 patients (5%) had anti-
infective concentrations within the pharmacodynamic target 
range of ƒT > 4–6 × MIC for 40% of the dosing interval cur-
rent published pediatric β-lactam dosing recommendations. 
Therefore, 95% of the patients in the TC did not meet the pri-
mary pharmacodynamic target using current published pedi-
atric β-lactam dosing recommendations. In the IC, no patient 
met the primary pharmacodynamic endpoint of ƒT > 4–6 × 
MIC for 40% of the dosing interval with current published 
pediatric β-lactam dosing recommendations. The five patients 
with supratherapeutic concentrations had reductions in their 
dosing regimens. For the 73 patients with subtherapeutic con-
centrations, all of them had adjustments made to their dosing 
regimens to meet the pharmacodynamic endpoint of ƒT > 4–6 
× MIC for 40% of the dosing interval or were initially started 
on a nonstandard dose (i.e., cefepime 50 mg/kg/dose IV every 
6 hr, meropenem 40 mg/kg/dose IV every 6 hr, or ceftaro-
line 15 mg/kg/dose IV every 6 hr) and subsequently met the 
pharmacodynamic endpoint of ƒT > 4–6 × MIC for 40% of 
the dosing interval. All initial dosing adjustments were made 
within 48 hours of β-lactam initiation, with the majority, 50 
of 56 (89.3%) being made within 18–24 hours after β-lactam 
initiation. All changes made to the dosing regimens were done 
in regards to the interval. For the patients with suprathera-
peutic concentrations, the interval was lengthened (i.e., e.g., 
every 8 hr to every 12 hr), and for the patients with subthera-
peutic concentrations the intervals were shortened or infusion 
times were prolonged (i.e., change from a 30-min infusion to 
a 3-hr infusion or conversion to a continuous infusion). The 

anti-infectives subject to TDM for the TC and IC are pre-
sented in Table 2, and the complete pharmacodynamic analy-
ses for the anti-infectives are presented in Table 3.

Tables 4 and 5 display the sites from which the pathogens 
were isolated and the categorization of infecting pathogens and 
their respective MIC for the β-lactam used during treatment, 
respectively. In the IC, 100% of patients achieved a microbi-
ological response, and 22 of 23 (95.7%) had a positive clini-
cal response with an overall mortality rate of 4.3% in the IC 
compared with a 12.2% mortality rate (10/82 patients) in the 
TC. The IC patient who did not achieve clinical response was a 
neonate on ECMO withdrawn from technological support as 
a result of an ECMO sequelae, intracranial hemorrhage. The 
patient did achieve microbiological response after eradica-
tion of Pseudomonas aeruginosa from the blood for a period of  
5 days prior to withdrawal.

DISCUSSION
In this investigation, we observed a high percentage, 95%, 
of critically ill children did not achieve the a priori primary 
pharmacodynamic endpoint with current published pediatric 
β-lactam dosing recommendations. This is a significant num-
ber and promotes the need to 1) describe innovative, individu-
alized approaches to anti-infective dosing that can enhance the 
achievement of therapeutic concentrations and 2) supports 
the demand for clinical investigations that evaluate whether 
achieving target concentrations with β-lactam dose optimiza-
tion results in improved patient outcomes.

Initially, new anti-infectives are evaluated in vitro and 
tested in animal models for toxicity and efficacy. Afterward, 
dosing regimens are derived based on these in vitro or ani-
mal in vivo pharmacokinetic/pharmacodynamic studies (13). 
The next phase of drug development involves evaluating the 

TABLE 2. β-Lactam Agents for Which Therapeutic Drug Management was Conducted for 
the 82-Patient Total Cohort and the 23-Patient Infected Cohort Groups

 

Anti-Infectives

Total Cohort Infected Cohort

n (%)

Number With  
Nonstandard 

Dose to  
Start,  
n (%)

Number  
With Dosing  

Change,  
n (%)

Number  
Receiving  

Initial  
Combination 

Therapy,  
n (%) n (%)

Number With 
Nonstandard 

Dose to  
Start, n (%)

Number 
With Dosing 

Change,  
n (%)

Number 
Receiving 
Definitive 

Combination 
Therapy,  

n (%)

Ampicillin 4 (4.9) 0 4 (100) 4 (100) — — — —

Cefazolin 3 (3.7) 0 3 (100) 3 (100) — — — —

Cefepime 24 (29.3) 21 (87.5) 12 (50) 24 (100) 2 (8.7) 2 (100) 2 (100) 1 (50)

Cefotaxime 13 (15.9) 2 (15.4) 11 (84.6) 13 (100) — — — —

Ceftaroline 7 (8.5) 7 (100) 1 (14.3) 7 (100) 6 (26.1) 6 (100) 1(16.7) 6 (100)

Doripenem 1 (1.2) 1 (100) 1 (100) 1 (100) — — — —

Piperacillin/ 
tazobactam

14 (17.1) 0 14 (100) 14 (100) 9 (39.1) 0 9 (100) 3 (33.3)

Meropenem 16 (19.5) 16 (100) 10 (62.5) 16 (100) 6 (26.1) 6 (100) 6 (100) 3 (50)
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dosing regimens in healthy human volunteers for tolerability 
and then clinical efficacy studies in a noncritically ill popula-
tion. Eventually, these dosing regimens are then used in the 
ICU population which can result in suboptimal outcomes 
(13). Similarly, pediatric pharmacokinetic studies are done on 
a smaller scale as compared to their adult counterparts, if they 
are done at all. Critically ill adult patients have been shown 
to exhibit altered Vd for anti-infectives and commonly need 
larger initial doses to rapidly achieve therapeutic concentra-
tions (13, 35). Further complicating the situation is the pro-
portion of patients displaying augmented renal clearance 
necessitating even higher doses and/or more frequent dosing 
intervals to overcome increased drug elimination to allow 
for therapeutic concentrations and exposures (9, 36). Dosing 
regimens are reliant on an equation, simplified here, where 
dose = desired concentration × Vd × clearance value. As can 
be seen with a simple manipulation of the above equation, if 
the Vd or clearance changes, the desired target concentration 
will not be obtained following administration of a “standard 
dose.” For example, if a “standard” cefepime dose is given and 
the clearance estimate is doubled, the actual concentration will 
be reduced in comparison to the target concentration. This 
relationship is rarely used when selecting and designing dosing 
regimens in the PICU (32–34). Frequently, the site of infection 

and ex vivo treatment devices (i.e., ECMO and CRRT) are 
rarely considered when designing drug dosing regimens, 
which is a paradigm that must be amended as ongoing anti-
infective pharmacokinetic and pharmacodynamic research is 
conducted considering 95% of the TC needed a dosage modi-
fication based on current published pediatric β-lactam dosing 
recommendations (32–34).

Underdosing and low exposures have been linked to the 
development of anti-infective resistance which was first dis-
covered with fluoroquinolones and more recently shown to 
develop with β-lactams (37, 38). Low exposures have also 
been linked to morbidity and mortality, and active manage-
ment of anti-infective concentrations and exposures has been 
associated with improved outcomes (14). Depending on the 
specific organism and disease state, infection and sepsis mor-
tality estimates in the pediatric population are greater than or 
equal to 25% (1–3). The mortality rate in our TC was 12.2% 
and in the IC was 4.3% suggesting there may also be morbid-
ity and mortality reduction in the pediatric population as a 
result of active management of anti-infective concentrations 
and exposures. Further, our inability to determine an infect-
ing organism and its’ MIC could have had an impact on the 
mortality rate difference between the TC and IC. Although 
the highest CLSI MIC breakpoint was used for the pharma-
codynamic calculations, the dosing adjustments made based 
on that presumed MIC may, in fact, not have been optimal. 
The organism may have had an MIC in the intermediate or 
resistant range of susceptibilities to the β-lactam the patient 
was being treated with. Additionally, there are other factors 
independent of the anti-infective and dosing change(s) that 
could have contributed to mortality such as host factors that 
were not measured or accounted for with this investigation. 
Most of the literature describing pharmacokinetic alterations 
with ECMO and CRRT are with older equipment and devices. 
This is another area of research and literature that must be 
revised to incorporate contemporary devices and treatment 
modalities considering infection rates and mortality estimates 
increase when extracorporeal therapies are used (39, 40). 
Even though the number of patients in the IC that received 
extracorporeal therapies was small, they also had a high rate 

TABLE 3. Pharmacodynamic Analysis for the 82-Patient Total Cohort and the 23-Patient 
Infected Cohort Evaluating ƒt > 4–6 × Minimum Inhibitory Concentration for 40% of the 
Dosing Interval, ƒt > Minimum Inhibitory Concentration for 40% of the Dosing Interval, 
and Trough Concentrations Above the Minimum Inhibitory Concentration

 

Groups

 

n

Total Cohort

n

Infected Cohort

4-6 × Time  
> MIC, n (%)

Time  
> MIC, n (%)

Trough  
> MIC, n (%)

4-6 × Time  
> MIC, n (%)

Time  
> MIC, n (%)

Trough  
> MIC, n (%)

All 82 9 (10.9) 31 (37.8) 23 (28) 23 0 4 (17.4) 0

Extracorporeal membrane 
oxygenation

14 4 (28.5) 6 (42.9) 5 (35.7) 3 0 0 0

Continuous renal 
replacement therapy

2 0 0 0 2 0 0 0

TABLE 4. The Sites of Pathogen Isolation for 
the 23-Patient Infected Cohort Group

Site of Pathogen Isolation n Percent

Blood 14 46.7

Bone 5 16.7

Urine 3 10

Peritoneal fluid 2 6.7

Cerebrospinal fluid 2 6.7

Wound 2 6.7

Bronchoalveolar lavage fluid 1 3.3

Pericardial fluid 1 3.3
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of microbiological response, clinical response, and lower rate 
of mortality as compared to the literature, again suggesting 
benefit of active management of anti-infective concentrations 
and exposures. In general, β-lactam antimicrobials are gener-
ally well tolerated (41). In an adult ICU population, Beumier  
et al (42) found a correlation between elevated β-lactam 
trough concentrations and neurologic deterioration in 
patients receiving meropenem and piperacillin, but not in 
patients receiving cefepime. Not surprisingly, the patients 
with diminished renal function were most likely to have ele-
vated β-lactam trough concentrations. While the majority of 
patients in the TC had subtherapeutic concentrations, 6.4% 
of the TC had supratherapeutic concentrations for which dos-
ing adjustments were made. Monitoring of renal function 
is essential in any ICU population and dosage adjustments 
should be made based on renal function and drug levels, when 
available, to minimize the possibility of adverse events occur-
ring from elevated anti-infective concentrations.

This investigation has several limitations. First, these data 
are from a single center and may not be generalizable to other 
pediatric institutions. Second, pathogens were only isolated 
in 28% of the population which prevented evaluation of 
microbiological and clinical response in the entire cohort. 
Third, as is common in pediatric sepsis and septic shock, 
all of our patients were started on anti-infective regimens 
with at least two drugs. Without identifying an organism, 
it is not possible to determine the impact of each particu-
lar anti-infective for each patient in the TC. TDM routinely 

occurs in our institution for vancomycin targeting troughs 
of 15–20 µg/mL and for gentamicin/tobramycin targeting 
peaks of at least 8–12 µg/mL and troughs less than 2 µg/mL, 
depending on the clinical scenario. Therefore, we could not 
accurately determine the impact of combination therapy in 
the TC and IC. However, active TDM with vancomycin and 
aminoglycosides is commonplace across most pediatric insti-
tutions. Therefore, the morbidity and mortality estimates 
to date have included patients undergoing TDM with van-
comycin and aminoglycosides. Fourth, for the pharmacody-
namic analysis, when an organism was not obtained, the CLSI 
MIC breakpoint was used and may not reflect the MIC of 
the actual infecting pathogen(s), if the underlying cause of 
disease was in fact bacterial in origin. Fifth, a single pharma-
codynamic target was used for the primary outcome analysis. 
There is still debate regarding what the clinical pharmaco-
dynamic target(s) should be and it is unlikely that a single 
pharmacodynamic target would be appropriate for all drugs, 
all pathogens, and all indications. Sixth, the blood concentra-
tions used for the pharmacodynamic analysis serve as a sur-
rogate marker and do not necessarily reflect the anti-infective 
concentration at the site of infection. However, blood sam-
ples are more readily available and analyzable and are likely 
to correlate with the concentrations at the site of infection. 
Seventh, drug concentration measurements were performed 
as total drug and not unbound drug concentrations and in 
critically ill patients, the assumption of static protein bind-
ing values may not be accurate when interpreting total drug 

TABLE 5. Infecting Pathogens and Anti-Infective Minimum Inhibitory Distribution

Organisms
Total No. of 

Isolates Drug
MIC 

(µg/mL)
No. of Isolates  

With MIC

Pseudomonas aeruginosa 4 Piperacillin/tazobactam 16 4

 3 Meropenem 0.25 2

  Meropenem 8 1

 1 Cefepime 2 1

Methicillin resistant 
 Staphylococcus aureus 

6
 

Ceftaroline

Ceftaroline

0.38

0.5

1

4

  Ceftaroline 1 1

Escherichia coli 3 Piperacillin/tazobactam 4 3

 1 Meropenem 0.25 1

Acinetobacter species 2 Piperacillin/tazobactam 8 1

  Piperacillin/tazobactam 16 1

 1 Meropenem 1 1

Klebsiella pneumoniae 1 Piperacillin/tazobactam 4 1

 1 Meropenem 2 1

Enterobacter species 1 Cefepime 1 1

Serratia species 1 Meropenem 0.25 1

MIC = minimum inhibitory concentration. 
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concentrations. Finally, we employed an opportunistic sam-
pling strategy to minimize accessing central catheters, bundle 
specimens, and inflict minimal pain on the child contribut-
ing blood samples when they could not be obtained via a cen-
tral line. While convenient for the child, sampling times as 
well as the sparse number of samples collected for each child 
may not have been ideal to fully characterize the pharmaco-
kinetics of each antimicrobial in each individual child. We 
believe, however, that the use of individual variable estimates 
is capable of providing a reasonable pharmacokinetic pro-
file for each patient and mimics the sampling strategy com-
monly employed in clinical practice for aminoglycosides and 
vancomycin.

CONCLUSION
Overall, 95% of patients had subtherapeutic anti-infective 
concentrations and did not achieve the requisite phar-
macodynamic exposure with current published pediat-
ric β-lactam dosing recommendations. All patients with a 
documented pathogen achieved a microbiological response, 
and 95.7% achieved clinical response with active β-lactam 
TDM. These data suggest β-lactam TDM is a potentially 
valuable intervention to optimize anti-infective pharmaco-
kinetics and the pharmacodynamic exposure. Further, these 
data also suggest the need for additional research in specific 
pediatric populations and assessing clinical outcomes asso-
ciated with β-lactam TDM in a larger cohort of pediatric 
patients.
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