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Sepsis in neonates and infants remains a major cause of death despite a decline in
child mortality and morbidity over the last decades. A key factor in further reducing poor
clinical outcomes is the optimal use of antibiotics in sepsis management. Developmental
changes such as maturation of organ function and capacity of drug metabolizing
enzymes can affect the pharmacokinetic profile and therefore the antibiotic exposure
and response in neonates and infants. Optimal antibiotic treatment of sepsis in neonates
and young infants is dependent on several key components such as the determination
of treatment phase, the administered dose and the resulted drug exposure and
microbiological response. During the initial phase of suspected sepsis, the primary focus
of empirical treatment is to assure efficacy. Once bacterial infection as the cause of sepsis
is confirmed the focus shifts toward a targeted treatment, ensuring an optimal balance
between efficacy and safety. Interpretation of antibiotic exposure and microbiological
response in neonates and infants is multifaceted. The response or treatment effect can
be determined by the microbiological parameters (MIC) together with the characteristics
of the pathogen (time- or concentration dependent). The antibiotic response is influenced
by the properties of the causative pathogen and the unique characteristics of the
vulnerable patient population such as reduced humoral response or reduced skin barrier
function. Therapeutic drug monitoring (TDM) of antibiotics may be used to increase
effectiveness while maximizing safety and minimizing the toxicity, but requires expertise
in different fields and requires collaborations between physicians, lab technicians, and
quantitative clinical pharmacologists. Understanding these clinical, pharmacological, and
microbiological components and their underlying relationship can provide a scientific
basic for proper antibiotic use and reduction of antibiotic resistance in neonates and
infants. This highlights the necessity of a close multidisciplinary collaboration between
physicians, pharmacists, clinical pharmacologists and microbiologist to assure the
optimal utilization of antibiotics in neonates and young infants.
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INTRODUCTION

Currently, Salmonella spp. is one of the most common organisms
causing sepsis in low and middle income countries (18).
In the first 2 years of life, maturational processes affect
drug clearance and make antibiotic dosing more challenging,
compared to older infants where dosing is mainly adjusted by
body weight and renal function. Most of the current dosing
guidelines for antibiotic treatment are simply extrapolated
from adult studies and it has been reported that dosing
recommendations across intensive care units and international
guidelines are highly variable and inconsistent (19). We review
and discuss key components and their underlying relationships
relevant to antibiotic dose optimization in neonates and infants
with suspected or confirmed sepsis (Figure 1).

Despite a decline in child mortality during the last decades, close
to 6 million children died before the age of 5 years in 2015 with
almost half of these patients dying during the neonatal period
(1). Neonates are immunologically immature, have reduced skin
barrier, reduced humoral response and a diminished microbial
diversity in gut microbiota, all contributing to a higher risk
of life-threatening bacterial infection, often presenting as sepsis
(2–5). Sepsis is defined as a clinical condition resulting from a
dysregulated immune response, triggered by an infection. The
initiation of the pro-inflammatory cascade may cause widespread
tissue injury (6–9). In 2015, infectious diseases were responsible
for 9.5% of neonatal deaths worldwide, mainly focusing on lower
and middle income countries where healthcare and appropriate
antibiotics may be difficult to access (1). It should be noted that
sepsis continues to impact not only neonates, but also affects
a considerable proportion of young and older infants receiving
intensive care. A recent study showed that global prevalence of
severe sepsis in pediatric intensive care units is 8.2% (10).
The diagnosis of sepsis in neonates and infants is complex,
and a complete discussion on clinical decision-making about
initiations of antibiotics is beyond the scope of this review
(11). Early antibiotic therapy for potential bacterial infection
in sepsis is critical with antibiotics generally being started
empirically, meaning before microbiological results are available.
Antibiotic treatment is often started before sepsis is confirmed by
microbiological diagnostics because of the lack of sensitive blood
cultures together with the insufficient predictive performance of
these analytics and as well as the possibility of sampling from the
infection site. In settings with restricted availability of standard
diagnostic tools or a high level of prior antibiotic exposure, for
example because of availability of antibiotics over the counter, a
definitive diagnosis may not be reached (12).
Neonatal sepsis can be divided into early and late onset
neonatal sepsis (EONS and LONS), which reflects the timing
of onset of symptoms, type and virulence of organism and
associated pathogenesis (2). First, EONS is defined by a lifethreatening infection during the 1 days of life. In developed
countries Group B Streptococcus and Escherichia coli account for
most episodes of EONS, whereas Klebsiella is the most common
organism in low and middle income countries (13, 14). Risk
factors for EONS are prematurity, premature and prolonged
rupture of membranes, intrapartum maternal fever (>38◦ C)
and maternal Group B Streptococcus colonization (3, 15, 16).
As expected, neonates with a very low birth weight (VLBW,
<1,500 g) are more susceptible to an infection (16, 17). Second,
LONS is characterized by the onset of symptoms more than 72 h
after birth. Among VLBW neonates, Gram-positive organisms
are most commonly associated with LONS, although it has been
shown that the mortality rate is 2–3 times higher in neonates
with Gram-negative infections. Prolonged indwelling catheter
use and other invasive procedures are potential risk factors (16).
Third, invasive infections during infancy are mostly caused by
Streptococcus pneumoniae. Because of vaccinations, infections
caused by Haemophilus influenzae type b are less common in
developed countries compared to resource limited settings (7).
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OPTIMIZATION OF ANTIBIOTIC THERAPY
IN SEPSIS: EMPIRICAL VS. TARGETED
TREATMENT
In a clinical setting, there is generally no time to wait for the
result from microbiologic samples when there is suspected sepsis.
Antibiotic treatment can therefore be viewed as having two
phases, namely an initial, empirical treatment phase followed by a
targeted treatment phase once a causative pathogen is confirmed
(Figure 2). Both phases are time-related, and antibiotic dose
optimization may focus on either efficacy or safety, respectively.

Empirical Treatment Phase
In the 1 hours to days of treatment, the primary focus is to
deliver effective treatment. During this earliest stage mortality
is directly related to the effects of the life-threatening infection
and managing toxicity is less central. As the causative organism
generally remains unknown, selection of the antibiotic regimen
needs to take into account the overall epidemiology of sepsis in
the age group of the patient (19).
A key parameter describing susceptibility to antibiotics and
used in dose-finding is the minimal inhibitory concentration, or
MIC, which reflects the lowest antibiotic concentration needed
to inhibit visible growth of the pathogen (20). MIC breakpoints
for pathogens are established based on various in vitro tests and
are applied to an entire population. Initial antibiotic doses should
be targeting the “worst-case” minimal inhibitory concentrations,
captured by the phrase “go hard and go home” (21). During
the empirical treatment phase, the benefits (e.g., high probability
that causative pathogens are killed) outweigh the risks (e.g.,
development of renal toxicity) and therefore a certain trade-off
in dosing regimen to achieve relatively high exposures in relation
to non-pathogen specific MIC may be acceptable.

Targeted Treatment Phase
After an initial empirical treatment there are two possible
outcomes. Treatment may be discontinued because the clinical
picture of sepsis cannot be microbiologically confirmed and
an alternative diagnosis emerges. On the other hand, the
microbiological cause confirming the diagnosis of sepsis may
be identified. In the latter case treatment will be continued
and toxicity issues become more important. During this
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FIGURE 1 | Flowchart illustrating key components and factors influencing the concepts concerning antibiotic treatment in neonates and infants. MIC, minimal
inhibitory concentration; PK, pharmacokinetics; PD, pharmacodynamics; iv, intravenous; sc, subcutaneous; po, oral.

targeted treatment phase, antibiotic dose optimization will be
individualized to achieve an optimal efficacy-safety balance
(Figure 2). When patients experience or are at high risk of
toxicity (for example because of renal failure), three options are
available: if susceptibility testing suggests a less toxic alternative,
antibiotic treatment may be switched; depending on the exact
infection and treatment response, only a short course is necessary
and treatment may be stopped; or the antibiotic is question is
considered the optimal therapeutic choice, in which case dose
adjustments will be needed, possibly combined with therapeutic
drug monitoring (TDM).

Antibiotic Drug Monitoring
The relationship between antibiotic dose and exposure is
subject to high levels of inter- and intra-individual variability
and to achieve effective antibiotic exposure, antibiotic drug
monitoring is becoming crucial. This variability is known to
be increased in patients with life-threatening infection, when
rapid pathophysiological fluctuations even over the course of
a few hours can impact the pharmacokinetics, and therefore
the relationship between dose and antibiotic exposure. Reliable
measurements are a prerequisite for effective TDM, accordingly
turn-around times >24 h should be disregarded for critically ill
patients (22). TDM is used to personalize the dosing strategies to
ensure antimicrobial exposures which have therapeutic success
and low probabilities of toxicity and generation of antimicrobial
resistance (23). The percentage of patients with sub-therapeutic
concentrations decreased from 58 to 40% after applying TDM
for vancomycin in preterm and term neonates (24). Adequate
antibiotic drug monitoring requires expertise in different fields
and calls for the collaboration of physicians together with the lab
technicians and clinical pharmacologists.
While the above is likely to be applicable to any antibiotic
treatment, different antibiotics have different characteristics
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FIGURE 2 | Conceptual visualization of impact of efficacy and toxicity during
antibiotic treatment. During the empirical phase, focus lies on an efficacious
treatment and when sepsis is confirmed (∼3 days) treatment can be
individualized and focus should shift to the safety of treatment.

which are reflected in their pharmacological behavior. Most
β-lactams have a wide therapeutic window, meaning that even
high exposure is unlikely to be associated with toxicity. In
contrast, aminoglycosides and glycopeptides have a narrow
therapeutic window and require more attention to avoid toxicity.

UNDERSTANDING DOSE, DRUG
ADMINISTRATION, EXPOSURE, AND
RESPONSE
Clinical pharmacology aims to predict both efficacy and
safety based on drug properties, population or individual
pharmacokinetic behavior (PK) and pharmacodynamic,
microbiological characteristics (PD). In order to understand
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A drug can have several formulations and can be administered
through various routes, intravenous and oral being the most
frequently used (Figure 3A). However, for early treatment of
neonatal sepsis, oral administration is not clinically relevant.
The route and method of administration can influence both
PK and PD processes, and therefore needs to be considered
when determining optimized dosing recommendations.
Aminoglycosides are mostly administered via intravenous
bolus dosage to achieve effective peak concentrations,
due to concentration dependent properties. In countries
where healthcare may be difficult to access, intramuscular
administration is often applied.

ADME, which defines the absorption, distribution, metabolism,
and excretion of a drug (Figure 3B). Due to dynamic
maturation processes neonates and infants have marked
differences compared to adults in terms of physiology affecting
the different pharmacokinetic stages (25, 26). The total body
water in infancy is decreasing over time (80–90% compared to
55–60% in adults), which influences the distribution of water
soluble drugs such as gentamicin. Drug eliminating organs such
as liver and kidney are immature at birth. During the first 2
weeks of life glomerular filtration rate increases rapidly reaching
adult values within 1–2 years (27, 28). The metabolic capacity
is determined by the ontogeny of metabolizing enzymes (a
majority of them located in liver). Generally, the rate of hepatic
metabolism is low at birth and increases over time, depending on
the type of enzyme. These processes have an impact on exposure
of antibiotics, and therefore dosing needs to be adjusted based on
demographic characteristics of an individual neonate or infant.

Drug Exposure

Microbiological Response

The relationship between dose and drug exposure is governed by
pharmacokinetics, defined by the kinetic processes abbreviated as

Pharmacodynamic (PD) and microbiological aspects focus on the
effects of a given drug on the pathogen and body (Figure 3C). In

optimal and individualized dosing of antibiotic treatment, one
should be aware of the drug related processes in the human body
and their influences on each other (Figure 3).

Dose and Drug Administration

FIGURE 3 | General overview illustrating pharmacological key components. (A) Dose: drug properties and administration routes. (B) Exposure: Pharmacokinetic
processes and parameters, A, Absorption (e.g., intestines); D, Distribution (e.g., blood circulation); M, Metabolism (e.g., liver); E, Excretion (e.g., kidneys); Cmax, peak
concentration; AUC, area under the concentration-time curve. (C) Response: Pharmacodynamics, targets and pathogens, MIC, minimal inhibitory concentration;
T > MIC, time above MIC.
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often associated with the bacterial killing efficiency (go hard
and go home paradigm) (21, 40, 42). In addition, concentration
dependent antibiotics frequently exhibit a post antibiotic effect
(PAE). The PAE is defined as the suppression of bacterial growth
after the exposure of bacteria to an antibiotic (even in absence of
host defense mechanism) (43).
Shifts in MIC can lead to a situation where dosing
recommendations need to be revised to achieve optimal
treatment. For gentamicin, for example, an increase in MIC from
0.5 to 1.0 mg/L means that, in order to achieve similar efficacy
(similar ratio of Cmax/MIC), the dose should be increased from
5 to 7.5 mg/kg in neonates (19).

order to elicit an effect, antibiotics need to reach certain exposure
levels to kill causative pathogens of a sepsis. The exposure
induced by the antibiotic dose will cause a response, but the main
target being the pathogen. Currently, the MIC-based approach is
most frequently applied to link drug exposure to microbiological
response (Figure 3C).
Understanding the PK of antibiotics is necessary but not
sufficient for optimizing and individualizing dosing strategies. It
is essential to also understand characteristics and dynamics of
the target (pathogen) as well (29). The growth of the pathogen
needs to be inhibited or, even better, stopped entirely by the
antibiotic agent depending on the MIC (Table 1). However the
MIC may not be a fixed value, but rather changes over time,
for example in the context of antibacterial resistance, and is also
subject to measurement errors to the test system (variations in
pH, incubation time, etc.) (38).
An increase in MICs, which is the result of decreasing
susceptibility of a pathogen in a population, must in many
cases be accompanied by dose adjustments to ensure effective
exposure and maximize the effect. Recent changes to the
interpretation of the so-called intermediate breakpoint as
representing susceptibility for which successful treatment
outcomes are likely with adjustments of the dosing regimen
reflect this (10).

Time Dependent Microbiological Response
The effect of time dependent antibiotics relies on the length of
time that the antibiotic is in contact with causative pathogen.
For β-lactams the antibacterial effect is considered to be
time dependent and therefore the PK/PD index Time/MIC is
used (Figures 3B,C). This index is generally transformed to
fT>MIC; this reflects the percentage of time for which the free
fraction of drug concentration remains above the MIC (Table 1).
For β-lactams (penicillins, cephalosporins, carbapenems) it has
been proposed that dosing schedules should maintain plasma
concentrations above MIC for at least 50% of the dosing
interval, but the efficacy of β-lactams is enhanced with longer
exposure times. The post antibiotic effect is limited for β-lactams
with an exception for carbapenems (40). Continuous infusions
can potentially improve target attainment for fT>MIC, they
may, however, be impractical in many settings (44). Decreased
mortality has been associated with continuous infusion of βlactam antibiotics in critically ill patients with severe sepsis (45).

UNDERSTANDING THE LINK BETWEEN
ANTIBIOTIC EXPOSURE AND
MICROBIOLOGICAL RESPONSE
With a limited pipeline of new antibiotics, relying on proper use
and understanding the link between antibiotic exposure (PK)
and microbiological response (pharmacodynamics, PD) is a key
issue concerning dosing optimization of the presently available
antibiotics (29).
In order to describe relationships between drug exposure
and microbiological effects, exposure-response parameters
are used. A PK/PD index is defined as the quantitative
relationship between an exposure-related parameter (e.g. plasma
concentration) and a microbiological parameter (e.g. MIC) (39).
Antibiotic classes can be characterized by different properties in
terms of PK/PD indices. The optimal target index is frequently
identified based on animal dose fractionation studies (37).
Already in the early 1950s Eagle et al. noticed the time dependent
properties of penicillin, and realized that penicillins are best
administered as continuous infusions, whereas a concentration
dependent agent is better given as an intravenous bolus to
achieve high maximum concentrations (40, 41).

Other Relevant Indices for Microbiological
Response
Several studies have shown the importance of a third index,
namely AUC/MIC (21, 38). AUC reflects the area under the
concentration-time curve and represents the antibiotic exposure
over time. This parameter is often used for concentration
independent antibiotics with extended post antibiotic effects,
such as vancomycin. Bacterial regrowth is inhibited, even
when the concentration falls below MIC, but the effect is not
dependent on the peak concentration (37). Few antibiotics, such
as aminoglycosides and fluoroquinolones have been linked to
multiple classes and multiple corresponding indices, leading to
differences in dosing recommendations and guidelines.

CHALLENGES OF ANTIBIOTIC DOSE
OPTIMIZATION IN NEONATES AND
INFANTS

Concentration Dependent Microbiological
Response

Currently, TDM of antibiotics is not widely used for antibiotic
dose optimization in neonates and infants suffering from lifethreatening infections. This is mainly related to practical barriers
of implementing TDM for improving treatment effectiveness,
such as the lack of rapid and reliable methods of analysis
of the antibiotic or the possibility that the pharmacologic

The bacterial killing rate of concentration dependent antibiotics
increases at high levels of the antibiotic; this applies to
aminoglycosides and fluoroquinolones. For aminoglycosides,
the antibacterial effect is related to the peak concentration
(Cmax /MIC). Depending on the antibiotic class, different ratios
apply (Table 1). The magnitude of the peak concentration is
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TABLE 1 | Pharmacokinetic and pharmacodynamic indices for antimicrobial agents together with their target value and bactericidal characteristics.
PK/PD indices and their target values
Antimicrobial agents

PK/PD index

Aminoglycosides
Gentamicin
Amikacin
Tobramycin

Cmax/MIC

β-lactams
Penicillins
Carbapenems
Cephalosporins

fT > MIC

T>MIC > 40%
T>MIC > 50–60%
T>MIC > 40–50%
T>MIC > 60–70%

AUC24/MIC

400

AUC/MIC
AUC/MIC
AUC24/MIC

100
125
100–125 (Gram-negatives)
25–35 (Gram-positives)

Glycopeptides
Vancomycin
Quinolones
Levofloxacin
Ciprofloxacin
Fluoroquinolones

Target value for clinical
antibacterial efficacy

PK/PD properties

References

Concentration dependent
killing (maximize drug
concentration)

≥8
8–10
8–12

Time dependent killing
(maximize exposure time)

Time and concentration
dependent killing (maximize
daily amount of dose)

(22)
(30)
(31)
(32)
(33)
(33)
(33)
(34)
(35)
(36)
(37)

Cmax: maximum antibacterial concentration, MIC: minimal inhibitory concentration, AUC: area under the concentration-time-curve, AUC24: area under the concentration time curve
over 24 hours, fT > MIC: percentage of time for which the free fraction of drug remains above MIC.

effect is not readily measurable (due to interactions with other
drugs) (46) Beta-lactam antibiotics in particular would benefit
from dose adaptations based on measured levels, as these
are often the backbone of empiric treatment (47). Technical
bottlenecks include long turn-around times for samples, lack
of commercial assays and challenging pre-analytics, and in
the pediatric population the need for relatively large samples
volumes (Table 2). The required sampling volume, relative to
the circulating blood volume is a crucial barrier, especially in
preterm infants whose blood volume is limited. Furthermore,
concentration measurements are often collected from plasma
since these are relatively easy to obtain, although these levels
appear to be a poor descriptor of the activities of the drug at site
of action in individual patients.
Moreover, although the MIC-based approach is wellestablished as a measure of the potency of an antibiotic drug,
it is determined in an in vitro setting, where the conditions
are dissimilar from those at the site of infection in the in
vivo situation. Better understanding of population-specific MICs
is demanded to guide empiric antibiotic treatment (40, 48).
Additionally, antibacterial activity is a dynamic process and since
MIC is a one-point threshold value, the MIC can only provide an
approximation on the antibacterial effect (38).
The key issue in optimizing antibiotic exposure in critically ill
patients is to respond to expectedly variable PK in patients with
life-threatening illness and at risk of infection caused by bacteria
with potentially problematic antibiotic resistance. Critical illness
leads to time-variation in multiple factors, potentially requiring
frequent dose adjustments in the most vulnerable patients rather
than simple a priori dose stratification. More knowledge is
required concerning tissue penetration of antibiotics in critically
ill neonates and infants (49). Furthermore, drug dosing is
currently being adjusted for patients with impaired kidney
function (risk for toxicity), whereas for patients with augmented
renal clearance (elevated drug clearance) no dose adjustments are
being recommended (50). Although the underlying physiological
Frontiers in Pediatrics | www.frontiersin.org

TABLE 2 | Challenges to overcome the burden of sepsis and the opportunities to
improve diagnostic tools, measurement techniques and implementation of
modeling and simulation techniques.
Challenges; what is missing?

Opportunities

• Uniform sepsis definitions for all age
groups across the pediatric age range

• Identify of biomarkers (e.g.,
presepsin or cystatin C) with
accurate thresholds

• Diagnostic tools to identify pathogens
and infection

• Use microdialysis to measure drug
concentrations at target site

• Adequate descriptors of drug
concentration at target site

• Implement therapeutic antibiotic
monitoring, especially in patients
with life-threatening infections

• Understanding PK/PD relationships and • Apply kill-curves approach to
describe changing antibacterial
parameters which can characterize the
activity
dynamic process of antibacterial activity
• Reliable measurements for GFR in the
pediatric population (augmented renal
clearance)

• Multidisciplinary collaboration and
communication between research
groups and physicians

• Straightforward applications of
model-based approaches

• Implement modeling and simulation
strategies in clinical settings (e.g.,
for individual dose optimization)

• Implementation of adjusted dosing
guidelines in clinical practice

• Develop understandable
time-saving software tools for
individualized dosing

mechanisms of augmented renal clearance are not yet fully
understood, augmented renal clearance has not only been
observed in critically ill adults, but also in pediatric patients (50,
51). Consequently, there is a real need for reliable assessment and
monitoring of kidney function in neonates and infants. Serum
creatinine values are still widely used, although the accuracy and
usefulness of this biomarker can be questioned in neonates as
various parts of kidneys are maturing at different rates (52).
The application of pharmacometric modeling and simulation
will be needed to truly support antibiotic dosing optimization
based on the knowledge of the dose-concentration-effect
6
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relationship (53). The modeling and simulation strategy is still
underutilized, although it has been shown that mechanistic
modeling such as physiological-based pharmacokinetic (PBPK)
models have good predictive value and enable extrapolation by
using information about the drug and the physiology (54, 55).
Despite modeling and simulation being frequently reported in
the literature, the results and adjusted dosing recommendations
are not yet implemented in daily clinical practice (56). Dose
adjustment and individualization of antibiotics is crucial. For
instance, administration of an inefficacious (too low) dose
of antibiotics in patients with increased drug clearance can
have a negative impact on patient outcome and antibiotic
resistance.

of the free (unbound) drug concentration in the interstitial fluid
is better correlated with the antimicrobial efficacy, compared to
concentration measurements in plasma. Microdialysis offers a
useful sampling tool which can quantify the unbound antibiotic
at infection sites (29). Other non-invasive techniques such as
dried blood spot analysis or TDM from sweat are considered as
innovative and promising methods to tackle the known barriers
(30, 31, 34).

CONCLUSIONS
There are still numerous challenges to overcome the
burden of sepsis in neonates and infants, of which the
lack of implementation of optimized, individualized dosing
recommendations can be considered as remarkably important.
Key components for optimal antibiotic treatment of sepsis in
neonates and infants are indicated as treatment phase, dose,
drug exposure and microbiological response. During the first
days of treatment the focus lies on establishing an effective dose,
thereafter the balance is shifting toward ensuring a safe and
effective treatment. In neonates and young infants, drug exposure
is affected by developmental changes such as maturation of
organ function and metabolizing enzymes, which requires
dosing adjustments. The response or treatment effect can be
determined by the microbiological parameters (MIC) together
with the pathogen characteristics (time- or concentration
dependent). Understanding these clinical, pharmacological and
microbiological components and their underlying relationship
might provide a basis for proper antibiotic use and reduction
of antibiotic resistance. This also illustrates the necessity of
a close multidisciplinary collaboration between physicians,
pharmacists, pharmacometricians, clinical pharmacologists and
microbiologists to assure optimal utilization of antibiotics in
neonates and infants.

OPPORTUNITIES: HOW TO CLOSE
KNOWLEDGE GAPS
The search for a quantitative, scientific rationale to further
enhance dosing regimens and drug combinations can benefit
tremendously from modeling and simulation strategies when
there is on-going communication and exchange between research
groups and clinicians (Table 2) (57). In order to apply these
quantitative methods directly in clinical practice, it is essential
to communicate the strengths and applicability of the model
to the users (mostly physicians). User-friendly decision support
tools, which provide quantitative, scientific output without
requiring additional time-consuming activities during routine
clinical practice, would be valuable (54, 56). An example of
these software tools is the model-supported TDM tool for
precision dosing TDMx (http://www.tdmx.eu/). Since there are
several population PK models published for antimicrobial agents,
researchers should assess new data or use existing data to
extend and improve existing population PK models (56, 58).
Pharmacometric PK/PD models can help identify the optimal
(effective and safe) therapeutic window necessary to successfully
treat an infection (59).
In contrast to the MIC, which reflects the susceptibility of a
pathogen at only one time point, bacterial kill-curves can offer
more detailed information about the killing activity as a function
over time and might even be used to identify the presence of
resistant subpopulations (60, 61). Bacterial kill-curves are very
labor intensive and until the method is automated and widely
implementable, this approach might not be practical (61).
Furthermore, in recent decades novel non-invasive techniques
have provided information about the process of target site
distribution. Microdialysis provides direct measurement of
concentrations of unbound antibiotics at the site of action when
the site of infection is not the bloodstream (40, 62). Measurement

AUTHOR CONTRIBUTIONS
TvD, JB, and MP drafted the concept of the review. TvD wrote the
first draft of the manuscript and generated tables and figures. JB
contributed to the sections considering infectious diseases. JvdA
and MP contributed to the clinical pharmacology section. All
authors critically revised the manuscript, and approved the final
version before submission.

ACKNOWLEDGMENTS
TvD, JB, JvdA, and MP would like to thank the Eckenstein-Geigy
Foundation in Basel, Switzerland for their financial support.

REFERENCES

2. Shane AL, Stoll BJ. Neonatal sepsis: progress towards improved outcomes.
J Infect. (2014) 68:S24–S32. doi: 10.1016/j.jinf.2013.09.011
3. Simonsen KA, Anderson-Berry AL, Delair SF, Davies HD. Earlyonset neonatal sepsis. Clin Microbiol Rev. (2014) 27:21–47.
doi: 10.1128/CMR.00031-13
4. Malek A, Sager R, Kuhn P, Nicolaides KH, Schneider H.
Evolution of maternofetal transport of immunoglobulins during

1. Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional,
and national causes of under-5 mortality in 2000–15: an updated
systematic analysis with implications for the Sustainable Development
Goals. Lancet (2016) 388:3027–35. doi: 10.1016/S0140-6736(16)
31593-8

Frontiers in Pediatrics | www.frontiersin.org

7

October 2018 | Volume 6 | Article 325

van Donge et al.

5.
6.

7.
8.

9.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Sepsis in Neonates and Infants

25. Allegaert K, Velde M, Anker J. Neonatal clinical pharmacology. Pediatr
Anesthesia (2014) 24:30–8. doi: 10.1111/pan.12176
26. van den Anker JN, Schwab M, Kearns GL. Developmental pharmacokinetics.
Pediatr Clin Pharmacol. (2011) 205:51–75. doi: 10.1007/978-3-642-20195-0_2
27. Wilbaux M, Fuchs A, Samardzic J, Rodieux F, Csajka C, Allegaert K, et al.
Pharmacometric approaches to personalize use of primarily renally eliminated
antibiotics in preterm and term neonates. J Clin Pharmacol. (2016) 56:909–35.
doi: 10.1002/jcph.705
28. Rodieux F, Wilbaux M, van den Anker JN, Pfister M. Effect of kidney
function on drug kinetics and dosing in neonates, infants, and children. Clin
Pharmacokinet. (2015) 54:1183–204. doi: 10.1007/s40262-015-0298-7
29. Marchand S, Chauzy A, Dahyot-Fizelier C, Couet W. Microdialysis as a
way to measure antibiotics concentration in tissues. Pharmacol Res. (2016)
111:201–7. doi: 10.1016/j.phrs.2016.06.001
30. Kiang TK, Ensom MH. A qualitative review on the pharmacokinetics
of antibiotics in saliva: implications on clinical pharmacokinetic
monitoring in humans. Clin Pharmacokinet. (2016) 55:313–58.
doi: 10.1007/s40262-015-0321-z
31. Kiang TK, Ranamukhaarachchi SA, Ensom MH. Revolutionizing therapeutic
drug monitoring with the use of interstitial fluid and microneedles technology.
Pharmaceutics (2017) 9:43. doi: 10.3390/pharmaceutics9040043
32. Knippenberg B, Page-Sharp M, Salman S, Clark B, Dyer J, Batty KT,
et al. Validation and application of a dried blood spot assay for
biofilm-active antibiotics commonly used for treatment of prosthetic
implant infections. Antimicrobial Agents Chemother. (2016) 60:4940–55.
doi: 10.1128/AAC.00756-16
33. Drusano GL. Antimicrobial pharmacodynamics: critical interactions of ‘bug
and drug’. Nat Rev Microbiol. (2004) 2:289. doi: 10.1038/nrmicro862
34. Hawwa AF, AlBawab A, Rooney M, Wedderburn LR, Beresford MW, McElnay
JC. A novel dried blood spot-LCMS method for the quantification of
methotrexate polyglutamates as a potential marker for methotrexate use in
children. PLoS ONE (2014) 9:e89908. doi: 10.1371/journal.pone.0089908
35. Zeitlinger MA, Dehghanyar P, Mayer BX, Schenk BS, Neckel U, Heinz G,
et al. Relevance of soft-tissue penetration by levofloxacin for target site
bacterial killing in patients with sepsis. Antimicrobial Agents Chemother.
(2003) 47:3548–53. doi: 10.1128/AAC.47.11.3548-3553.2003
36. Forrest A, Nix DE, Ballow CH, Goss TF, Birmingham M, Schentag
J. Pharmacodynamics of intravenous ciprofloxacin in seriously
ill patients. Antimicrobial Agents Chemother. (1993) 37:1073–81.
doi: 10.1128/AAC.37.5.1073
37. Schmidt S, Barbour A, Sahre M, Rand KH, Derendorf H. PK/PD: new insights
for antibacterial and antiviral applications. Curr Opin Pharmacol. (2008)
8:549–56. doi: 10.1016/j.coph.2008.06.010
38. Mouton JW, Muller AE, Canton R, Giske CG, Kahlmeter G, Turnidge J.
MIC-based dose adjustment: facts and fables. J Antimicrob Chemother. (2017)
73:564–8. doi: 10.1093/jac/dkx427
39. Mouton JW, Dudley MN, Cars O, Derendorf H, Drusano GL.
Standardization
of
pharmacokinetic/pharmacodynamic
(PK/PD)
terminology for anti-infective drugs. Int J Antimicrob Agents (2002)
19:355–8. doi: 10.1016/S0924-8579(02)00031-6
40. Sherwin K, Zhuang L, Derendorf H. Pharmacokinetics and
pharmacodynamics in antibiotic dose optimization. Expert Opin Drug
Metabol Toxicol. (2016) 12:93–114. doi: 10.1517/17425255.2016.1123250
41. Eagle H, Fleischman R, Levy M. Continuous vs. discontinuous therapy with
penicillin: the effect of the interval between injections on therapeutic efficacy.
N E J Med. (1953) 248:481–8. doi: 10.1056/NEJM195303192481201
42. Ehrlich P. Address in Pathology, ON CHEMIOTHERAPY: delivered before
the Seventeenth International Congress of Medicine. Br Med J. (1913) 2:353–9.
doi: 10.1136/bmj.2.2746.353
43. Spivey J. The postantibiotic effect. Clin Pharmacy (1992) 11:865–75.
44. Zaidi AK, Tikmani SS, Warraich HJ, Darmstadt GL, Bhutta ZA, Sultana
S, et al. Community-based treatment of serious bacterial infections in
newborns and young infants: a randomized controlled trial assessing
three antibiotic regimens. Pediatr Infect Dis J. (2012) 31:667–72.
doi: 10.1097/INF.0b013e318256f86c
45. Roberts JA, Abdul-Aziz M-H, Davis JS, Dulhunty JM, Cotta MO, Myburgh
J, et al. Continuous versus intermittent β-lactam infusion in severe sepsis. A

human pregnancy. Am J Reproduct Immunol. (1996) 36:248–55.
doi: 10.1111/j.1600-0897.1996.tb00172.x
Gritz EC, Bhandari V. The Human Neonatal Gut Microbiome: a brief review.
Front Pediatr. (2015) 3:17. doi: 10.3389/fped.2015.00017
Randolph AG, McCulloh RJ. Pediatric sepsis: important considerations
for diagnosing and managing severe infections in infants, children, and
adolescents. Virulence (2014) 5:179–89. doi: 10.4161/viru.27045
Plunkett A, Tong J. Sepsis in children. BMJ. (2015) 350:h3017.
doi: 10.1136/bmj.h3017
Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer
M, et al. The third international consensus definitions for sepsis and septic
shock (Sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287
Goldstein B, Giroir B, Randolph A. International pediatric sepsis consensus
conference: definitions for sepsis and organ dysfunction in pediatrics. Pediatr
Crit Care Med. (2005) 6:99. doi: 10.1097/00130478-200501000-00041
Kahlmeter G, Committee ES. EUCAST proposes to change the definition and
usefulness of the susceptibility category ’Intermediate’. Clin Microbiol Infect.
(2017) 23:894–5. doi: 10.1016/j.cmi.2017.08.015
Schlapbach LJ, Kissoon N. Defining pediatric sepsis. JAMA Pediatr. (2018)
172:312–4. doi: 10.1001/jamapediatrics.2017.5208.
Le Doare K, Barker CI, Irwin A, Sharland M. Improving antibiotic prescribing
for children in the resource-poor setting. Br J Clin Pharmacol. (2015)
79:446–55. doi: 10.1111/bcp.12320
Stoll BJ, Hansen NI, Sánchez PJ, Faix RG, Poindexter BB, Van
Meurs KP, et al. Early onset neonatal sepsis: the burden of group B
Streptococcal and E. coli disease continues. Pediatrics (2011) 127:2010–217.
doi: 10.1542/peds.2010-2217
Kuhn P, Dheu C, Bolender C, Chognot D, Keller L, Demil H, et al.
Incidence and distribution of pathogens in early-onset neonatal sepsis in the
era of antenatal antibiotics. Paediatr Perinat Epidemiol. (2010) 24:479–87.
doi: 10.1111/j.1365-3016.2010.01132.x
Russell AB, Kumar R. Early onset neonatal sepsis: diagnostic dilemmas
and practical management. Arch Dis Childhood-Fetal Neonatal Ed. (2015)
100:F350–F4. doi: 10.1136/archdischild-2014-306193
Camacho-Gonzalez A, Spearman PW, Stoll BJ. Neonatal infectious diseases:
evaluation of neonatal sepsis. Pediatr Clin North Am. (2013) 60:367.
doi: 10.1016/j.pcl.2012.12.003
Cohen-Wolkowiez M, Moran C, Benjamin DK, Cotten CM, Clark RH,
Benjamin Jr DK, et al. Early and late onset sepsis in late preterm infants.
Pediatr Infect Dis J. (2009) 28:1052. doi: 10.1097/INF.0b013e3181acf6bd
Becker JU, Theodosis C, Jacob ST, Wira CR, Groce NE. Surviving sepsis in lowincome and middle-income countries: new directions for care and research.
Lancet Infect Dis. (2009) 9:577–82. doi: 10.1016/S1473-3099(09)70135-5
van Donge T, Pfister M, Bielicki J, Csajka C, Rodieux F, van den Anker J,
et al. Quantitative analysis of gentamicin exposure in neonates and infants
calls into question its current dosing recommendations. Antimicrobial Agents
Chemother. (2018) 62: 02004–17. doi: 10.1128/AAC.02004-17
Mueller M, de la Pe-a A, Derendorf H. Issues in pharmacokinetics
and pharmacodynamics of anti-infective agents: kill curves
versus MIC. Antimicrobial Agents Chemother. (2004) 48:369–77.
doi: 10.1128/AAC.48.2.369-377.2004
Lipman J, Boots R. A new paradigm for treating infections: ‘Go Hard and Go
Home’. Crit Care Resuscit. (2009) 11:276. Available online at: https://cicm.org.
au/CICM_Media/CICMSite/CICM-Website/Resources/Publications/CCR
%20Journal/Previous%20Editions/December%202009/12_2009_Dec_RevA-new-paradigm.pdf
Muller AE, Huttner B, Huttner A. Therapeutic drug monitoring of
beta-lactams and other antibiotics in the intensive care unit: which
agents, which patients and which infections? Drugs (2018) 78:439–51.
doi: 10.1007/s40265-018-0880-z
Roberts JA, Norris R, Paterson DL, Martin JH. Therapeutic drug
monitoring of antimicrobials. Br J Clin Pharmacol. (2012) 73:27–36.
doi: 10.1111/j.1365-2125.2011.04080.x
Sinkeler FS, de Haan TR, Hodiamont CJ, Bijleveld YA, Pajkrt D, Mathôt RAA.
Inadequate vancomycin therapy in term and preterm neonates: a retrospective
analysis of trough serum concentrations in relation to minimal inhibitory
concentrations. BMC Pediatr. (2014) 14:193. doi: 10.1186/1471-2431-14-193

Frontiers in Pediatrics | www.frontiersin.org

8

October 2018 | Volume 6 | Article 325

van Donge et al.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sepsis in Neonates and Infants

meta-analysis of individual patient data from randomized trials. Am J Respirat
Crit Care Med. (2016) 194:681–91. doi: 10.1164/rccm.201601-0024OC
Soldin OP, Soldin SJ. Therapeutic drug monitoring in pediatrics. Ther Drug
Monit. (2002) 24:1.
Versporten A, Bielicki J, Drapier N, Sharland M, Goossens H, Group AP, et al.
The Worldwide Antibiotic Resistance and Prescribing in European Children
(ARPEC) point prevalence survey: developing hospital-quality indicators of
antibiotic prescribing for children. J Antimicrob Chemother. (2016) 71:1106–
17. doi: 10.1093/jac/dkv418
Kent A, Kortsalioudaki C, Monahan IM, Bielicki J, Planche TD, Heath PT,
et al. Neonatal gram-negative infections, antibiotic susceptibility and clinical
outcome: an observational study. Arch Dis Childhood-Fetal Neonatal Ed.
(2016) 101:F507–12. doi: 10.1136/archdischild-2015-309554
Smits A, De Cock PA. Antibiotic PK/PD research in critically ill neonates
and children: how do we proceed? Int J Pharmac. (2018) 3:1–3.
doi: 10.4155/ipk-2017-0019
van den Anker JN, Knibbe CA, Tibboel D. Augmented renal
clearance in critically Ill pediatric patients: does it impact the
outcome of pharmacotherapy? Pediatr Crit Care Med. (2017) 18:901–2.
doi: 10.1097/PCC.0000000000001264
De Cock PA, Standing JF, Barker CI, de Jaeger A, Dhont E, Carlier M,
et al. Augmented renal clearance implies a need for increased amoxicillinclavulanic acid dosing in critically ill children. Antimicrob Agents Chemother.
(2015) 59:7027–35. doi: 10.1128/AAC.01368-15
Finney H, Newman D, Thakkar H, Fell J, Price CJA. Reference ranges
for plasma cystatin C and creatinine measurements in premature
infants, neonates, and older children. Arch Dis Child. (2000) 82:71–5.
doi: 10.1136/adc.82.1.71
Standing JF. Understanding and applying pharmacometric modelling and
simulation in clinical practice and research. Br J Clin Pharmacol. (2017)
83:247–54. doi: 10.1111/bcp.13119
Germovsek E, Kent A, Metsvaht T, Lutsar I, Klein N, Turner MA,
et al. Development and evaluation of a gentamicin pharmacokinetic model
that facilitates opportunistic gentamicin therapeutic drug monitoring in
neonates and infants. Antimicrob Agents Chemother. (2016) 60:4869–77.
doi: 10.1128/AAC.00577-16
Edginton AN, Schmitt W, Willmann S. Development and evaluation of
a generic physiologically based pharmacokinetic model for children. Clin
Pharmacokinet. (2006) 45:1013–34. doi: 10.2165/00003088-200645100-00005
Darwich A, Ogungbenro K, Vinks A, Powell J, Reny JL, Marsousi N, et al.
Why has model-informed precision dosing not yet become common clinical

Frontiers in Pediatrics | www.frontiersin.org

57.

58.

59.

60.

61.

62.

reality? Lessons from the past and a roadmap for the future. Clin Pharmacol
Therapeut. (2017) 101:646–56. doi: 10.1002/cpt.659
Samardzic J, Allegaert K, Wilbaux M, Pfister M, van den Anker JN.
Quantitative clinical pharmacology practice for optimal use of antibiotics
during the neonatal period. Expert Opin Drug Metabol Toxicol. (2016)
12:367–75. doi: 10.1517/17425255.2016.1147559
Van Donge T, Mian P, Tibboel D, Van Den Anker J, Allegaert K. Drug
metabolism in early infancy: opioids as an illustration. Expert Opin Drug
Metabol Toxicol. (2018) 14:287–301. doi: 10.1080/17425255.2018.1432595
Trivedi A, Lee RE, Meibohm B. Applications of pharmacometrics in the
clinical development and pharmacotherapy of anti-infectives. Expert Rev Clin
Pharmacol. (2013) 6:159–70. doi: 10.1586/ecp.13.6
Liu P, Müller M, Derendorf H. Rational dosing of antibiotics: the use of plasma
concentrations versus tissue concentrations. Int J Antimicrobial Agents (2002)
19:285–90. doi: 10.1016/S0924-8579(02)00024-9
Barbour AM, Schmidt S, Zhuang L, Rand K, Derendorf H.
Application of pharmacokinetic/pharmacodynamic modelling and
simulation for the prediction of target attainment of ceftobiprole
against meticillin-resistant Staphylococcus aureus using minimum
inhibitory concentration and time–kill curve based approaches. Int
J Antimicrobial Agents (2014) 43:60–7. doi: 10.1016/j.ijantimicag.2013.
08.016
Müller M, dela Pe-a A, Derendorf H. Issues in pharmacokinetics
and
pharmacodynamics
of
anti-infective
agents:
distribution
in tissue. Antimicrobial Agents Chemother. (2004) 48:1441–53.
doi: 10.1128/AAC.48.5.1441-1453.2004

Conflict of Interest Statement: MP has a part-time employment with the
consulting company Certara, USA.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2018 van Donge, Bielicki, van den Anker and Pfister. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

9

October 2018 | Volume 6 | Article 325

