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Abstract Antibiotics are invaluable in the management

of neonatal infections. However, overuse or misuse of

antibiotics in neonates has been associated with adverse

outcomes, including increased risk for future infection,

necrotizing enterocolitis, and mortality. Strategies to opti-

mize the use of antibiotics in the neonatal intensive care

unit include practicing effective infection prevention,

improving the diagnostic evaluation and empiric therapy

for suspected infections, timely adjustment of therapy as

additional information becomes available, and treating

proven infections with an effective, narrow-spectrum agent

for the minimum effective duration. Antibiotic stewardship

programs provide support for these strategies but require

the participation and input of neonatologists as stakehold-

ers to be most effective.

Key Points

Overuse of antibiotics is associated with adverse

outcomes in neonates, especially preterm infants.

Appropriate cultures should be obtained before

empiric antibiotic therapy is initiated, and the results

of those cultures should guide decisions to narrow or

discontinue therapy.

Improved data regarding the pharmacokinetics of

many antibiotics in neonates are needed urgently.

Antibiotic stewardship programs are critical but

require active participation by neonatology

providers.

1 Introduction

Neonates, especially those born preterm or with major

congenital malformations, are at high risk for invasive

bacterial infections. The use of antibiotics has dramatically

improved survival in the neonatal intensive care unit

(NICU), even as an increasing number of high-risk neo-

nates are being born [1]. Neonates have non-specific signs

of infection and high mortality (15–20 %) associated with

sepsis, and therefore clinicians usually err on the side of

treating suspected or presumed infection aggressively [2–

5]. As a result, antibiotics are among the most utilized

medications in the NICU [6–9]; however, unnecessary

exposure to antibiotics has been associated with increased

risk for adverse outcomes, including necrotizing entero-

colitis (NEC), subsequent sepsis, colonization with and
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infection from Candida species, and mortality [10–17].

Studies have linked antibiotic exposure in early infancy

with asthma, eczema, and obesity [18–20]. Unnecessary

antibiotic use also drives antibiotic resistance rapidly in

closed systems such as the NICU [21–23]. In particular,

exposure to broad-spectrum antibiotics such as third-gen-

eration cephalosporins or carbapenems markedly increases

the risk for subsequent infection with gram-negative mul-

tidrug resistant organisms (MDROs) such as extended-

spectrum b-lactamase (ESBL)-producing Klebsiella pneu-

moniae [24–26]. This review will discuss how providers

can minimize toxicity, adverse effects, drug resistance, and

cost while still ensuring timely, appropriate, and ultimately

life-saving therapy for infants with infections. Knowledge

gaps will be identified and areas where more data are

needed will be highlighted.

2 Optimizing Use

Optimal use of antibiotics in the NICU should be based on

several principles (Fig. 1). These include practicing effec-

tive infection prevention, improving the diagnostic evalu-

ation and empiric therapy for suspected infections,

streamlining or discontinuing therapy as more information

becomes available, and treating proven infections with an

effective, narrow-spectrum agent for the minimum effec-

tive duration [27]. Additionally, the use of antibiotics in

neonates cannot be fully optimized until existing knowl-

edge gaps are closed. Areas where more research is needed

are highlighted in Table 1.

2.1 Infection Prevention

Infection prevention is a critical component of antibiotic

stewardship in the NICU since infections that do not occur

in the first place do not drive antibiotic use. Effective

infection prevention practices can minimize healthcare-

associated infections in the NICU. For example, care

bundles have been shown to reduce the rate of central line-

associated bloodstream infections and ventilator-associ-

ated pneumonias [28–32], and timely removal of catheters

and other hardware when no longer necessary can prevent

nosocomial infections [33]. Additionally, infection pre-

vention efforts should focus on the NEC which accounts

for a significant proportion of antibiotic use in the NICU

[34]. Standardized feeding protocols can reduce the inci-

dence of NEC by up to 30 %, and should be implemented

in all NICUs that care for very-low-birthweight (\1500 g)

infants [35, 36]. Breast-milk feedings, either from the

mother or donors, also reduce the risk of NEC compared

with formula feedings and should be emphasized in

feeding protocols [37, 38]. Finally, prolonged early

antibiotic exposure has been linked to subsequent risk

for NEC and should be avoided as much as possible

[13, 14, 16].

Prevention of horizontal transmission of potential

pathogens is another key element of antibiotic steward-

ship. Although consistent compliance with hand hygiene is

a challenge, it remains the single most critical infection

prevention practice in our armamentarium [39]. Use of

barrier precautions such as gowns and gloves with all

patient contact does not outperform consistently effective

hand hygiene in randomized controlled trials [40–42].

Additionally, unlike targeted decolonization, hand hygiene

and other standard precaution practices provide protection

to all patients against all nosocomial pathogens [43]. Other

effective infection prevention measures include screening

for MDROs to identify high-risk infants who should be

placed in contact precautions [44–46]. MDRO screening

also has implications for empiric antibiotic therapy, as

discussed below. Infants colonized with methicillin-resis-

tant Staphylococcus aureus (MRSA) may be candidates

Fig. 1 Effective antibiotic stewardship practices to eliminate unnec-

essary antibiotic use, minimize utilization of broad-spectrum agents,

and optimize antibiotic prescribing. Ideally, all interventions are

performed in concert with the antibiotic stewardship program,

including a neonatology ‘champion’. CONS coagulase negative

staphylococci, NPV negative predictive value
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for decolonization with mupirocin and chlorhexidine

bathing, but this strategy is not without risk as chlorhex-

idine resistance, skin irritation, and even systemic

absorption have been reported [47–50]. However, it is

important to note that despite a steady increase in the

prevalence of MDRO colonization in NICUs worldwide,

the majority of infants are not colonized and are not

placed in contact precautions [22]. Therefore, the impor-

tance of standard precautions, especially hand hygiene,

cannot be overstated.

Finally, the burden of infections and volume of antibi-

otics consumed is highest among the most preterm infants.

Obstetrical interventions that decrease preterm deliveries

can double as effective antibiotic stewardship interven-

tions. Appropriate prenatal care [51, 52], smoking cessa-

tion [53], prevention of genital tract infections [54], and

progesterone therapy for women with a history of preterm

delivery [55] are all effective strategies to reduce the risk

of preterm delivery. Decreased preterm deliveries will

equate to decreased antibiotic consumption; put simply, an

ounce of prevention is worth a pound of stewardship.

2.2 Improved Diagnostics

2.2.1 Sterile Sites

The most commonly suspected neonatal infection is sepsis

(early-onset [EOS], \72 h; late-onset, C72 h) [2, 3].

Infants with sepsis cannot be diagnosed on clinical grounds

alone, and risk factors or physical examination findings

may be absent [56–58]. Therefore, bacterial cultures are the

gold standard for diagnosing neonatal sepsis, and it is

imperative that providers obtain adequate samples for

culture before initiating antibiotic therapy. Blood cultures

should be obtained whenever sepsis is suspected; urine and

cerebrospinal fluid cultures should be obtained routinely

for late-onset sepsis but are not routinely indicated for EOS

(Fig. 2). Urinary tract infections in EOS generally repre-

sent hematogenous spread and can be identified with blood

culture alone. In contrast, non-bacteremic urinary tract

infections are 5–10 times more common in late-onset

sepsis, making culture of urine imperative [59, 60]. There

are a paucity of data regarding diagnostic criteria for uri-

nary tract infection in preterm infants. The cutoff values for

colony-forming units and pyuria recommended for older

children have not been validated in the preterm infant [61].

Anecdotally, the pyuria may be less common in preterm

infants with urinary tract infection. The author uses as

diagnostic criterion [10,000 colony-forming units of a

single pathogen cultured from catheterized urine (or any

growth from urine obtained by suprapubic tap), but more

data are sorely needed in this area.

Similarly, obtaining cerebrospinal fluid for culture is

critical in suspected late-onset sepsis. Approximately

5–10 % of very-low-birthweight infants with sepsis will

have concomitant meningitis; worryingly, up to 33 % of

infants with meningitis have positive cerebrospinal fluid

cultures despite sterile blood cultures [62]. Protocols that

have attempted to limit lumbar punctures to infants judged

to be at higher risk (e.g. neurologic signs, positive blood

cultures, or indwelling lines or tubes) have been associated

with increased mortality in infants who did not undergo

lumbar puncture [63]. The need for lumbar puncture for

infants who have NEC without bacteremia is less clear; one

Table 1 Selected knowledge

gaps and areas for further study

regarding antibiotic stewardship

in the neonatal intensive care

unit

Area Knowledge gaps
Epidemiology • What is the current volume of antibiotic use in NICUs, and what is the indication for that use?

• What factors influence variations in antibiotic utilization between NICUs?
Adverse effects • Are the adverse associations with prolonged antibiotic exposure real or due to indication 

confounding?
• What are the biologic mechanisms of those adverse effects?

Infection 
prevention

• To what degree do infection prevention practices reduce antibiotic consumption?
• How can current practices be optimized?

Diagnostics • Can a consensus definition for neonatal sepsis be reached, and would it impact prescribing?
• What is the incidence of low-concentration bacteremia, and is it clinically relevant?
• Can molecular diagnostics (e.g., polymerase-chain reaction tests) improve sensitivity and 

time to diagnosis of sepsis?
• What impact will those tests have on antibiotic utilization?

Treatment • What is the optimal antibiotic regimen for NEC?
• What is the optimal duration of therapy for common infections in the NICU such as sepsis or 

NEC?
• Are there clinical situations in which continuous infusion of β-lactams or vancomycin would 

be of benefit?
Stewardship • What is the current landscape of antibiotic stewardship in the NICU?

• How can effective stewardship be implemented?
• How should antibiotic use in the NICU be measured?
• Can improved outcomes be linked to effective antibiotic stewardship in the NICU?

NICU neonatal intensive care unit, NEC necrotizing enterocolitis
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study showed that only 1.7 % (4/238) of infants with NEC

had concomitant meningitis [64]. Lumbar puncture is

generally very low yield for infants with suspected EOS

due to respiratory distress as EOS meningitis is extremely

rare [3]. Instead, lumbar puncture should be reserved for

infants with culture-proven EOS or for those with signs

that raise suspicion for meningitis (e.g. seizures) [65, 66].

The sensitivity of blood culture is directly proportional

to the bacterial concentration in blood and the volume of

cultured blood. Septic neonates often have high concen-

trations of bacteria in their bloodstream (median, approx-

imately 500 colony-forming units/mL), and studies have

shown that bacteria can be recovered from as little as

0.2 mL of cultured blood [67, 68]. The clinical relevance

of low-inoculum bacteremia (\4 colony-forming units/mL)

is doubtful, and such episodes are rare in neonates com-

pared with older children [69, 70]. However, to maximize

the sensitivity of blood culture, obtaining at least 1 mL of

blood for culture is recommended [71]. In general, two

blood cultures should be obtained from neonates with

suspected sepsis. There is no meaningful difference in

culture sensitivity between a given volume in one culture

or the same volume divided into two cultures [71, 72]. The

advantage is primarily to aid in determining whether cer-

tain organisms (e.g. coagulase-negative staphylococci

[CONS]) represent true infections or contaminants. Not all

cultures that yield CONS reflect sepsis; CONS is the most

common contaminant of blood cultures. Studies have

shown that in up to 40 % of cases, a second culture is

sterile or yields a different species of CONS (i.e. a

contaminant), and antibiotic use can be decreased by

obtaining two cultures [73–75].

2.2.2 Non-Sterile Sites

Culture of non-sterile sites such as the trachea, skin or

cutaneous wounds, and mucous membranes may be valu-

able in certain clinical circumstances but recovered

organisms must be interpreted carefully. The National

Healthcare Safety Network’s ventilator-associated pneu-

monia guidelines suggest that infection is more likely if

Gram stain of the tracheal aspirate reveals C25 neutrophils

and B10 epithelial cells per low-powered field, or if C105

colony-forming units are recovered in culture [76]. How-

ever, prospective validation has not shown these criteria to

reliably distinguish colonization from infection [77]. Fur-

thermore, many laboratories report tracheal aspirate results

semi-quantitatively (i.e. 2? growth of methicillin-suscep-

tible S. aureus [MSSA]) rather than quantitatively, which

makes interpretation difficult. Unsurprisingly, clinicians

therefore routinely treat positive tracheal aspirate cultures,

particularly if S. aureus or Pseudomonas is present [78].

This practice drives antibiotic use without clear benefit

[79]. Instead, tracheal aspirate culture should be reserved

for infants with a clear radiographic and clinical deterio-

ration; even then, results should be interpreted cautiously.

Further research into accurate, objective, and reproducible

diagnostic criteria for neonatal pneumonia is needed to

reduce unnecessary antibiotic use for suspected respiratory

infections.

Fig. 2 Flow diagram for

suspected sepsis, including

early- and late-onset sepsis and

necrotizing enterocolitis. It is

critical to obtain appropriate

cultures from sterile sites before

starting effective, narrow-

spectrum empiric therapy.

Minimal comparative data for

empiric NEC therapy are

available but

piperacillin/tazobactam

provides coverage against

anaerobes, gram-negatives, and

enterococci, and is a reasonable

choice for empiric coverage.

NEC necrotizing enterocolitis
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2.2.3 Supplemental Testing

Despite the excellent sensitivity of appropriate volume

blood culture for neonatal sepsis, many providers feel

uncomfortable discontinuing antibiotics when cultures are

sterile but the infant remains ill. As above, clinical signs

alone cannot reliably determine whether hypotension,

tachycardia, apnea, respiratory distress, or temperature

instability are caused by sepsis or prematurity [57]. In order

to improve the negative predictive value of culture, many

institutions have supplemented culture with non-culture

based laboratory testing. These tests most commonly

include either complete blood count and differential,

C-reactive protein, or both [80]. Various approaches

specify different number and timing of blood draws. This is

a rapidly evolving field and includes, among many others,

biomarkers such as procalcitonin, interleukin 6, and man-

nose-binding lectin [81]. Recently, a few excellent reviews

have been published that are recommended to interested

readers [81–83].

There are two key points regarding the use of these

supplemental tests. First, they generally have excellent

negative predictive value but poor positive predictive

value. That is, normal supplemental laboratory testing

helps exclude infection when cultures are sterile at 36–48 h

but clinical signs persist. However, abnormal laboratory

values do not confirm infection as many non-infectious

perinatal conditions such as pre-eclampsia, perinatal

depression, or hypothermia result in abnormal laboratory

values [84]. The poor positive predictive value of supple-

mental testing means that antibiotic therapy should not be

extended based solely on abnormal laboratory values when

cultures are sterile [85]. Supplemental testing should be

agreed upon and standardized within the group so that all

providers are using the same approach. Providers should

also be educated about the poor positive predictive value

and should use the infant’s changing clinical condition and

pre-test probability of sepsis (not the abnormal laboratory

testing) to guide duration of therapy. If not interpreted

properly, supplemental laboratory testing can lead to

overuse of antibiotics rather than improved stewardship.

Second, there are currently no combinations of laboratory

testing and risk assessment that have sufficient sensitivity

to allow providers to withhold empiric antibiotic therapy

from an ill-appearing infant. For example, the practice of

sending a ‘screening complete blood count’ is not appro-

priate; blood culture remains the gold standard for sus-

pected sepsis and must be performed when infection is

suspected. When used in combination with culture, sup-

plemental laboratory testing can improve antibiotic stew-

ardship; when used inappropriately, it can prolong

antibiotic therapy in well-appearing infants with sterile

blood cultures [85, 86].

2.3 Empiric Therapy

Appropriate therapy for suspected sepsis in the NICU

should be determined by local epidemiology. Increasingly,

hospitals are providing NICU-specific antibiogram data

that may differ from the hospital-wide antibiogram [27].

The susceptibilities of common, endemic organisms should

be used to determine protocols for empiric therapy.

Adjustments may be necessary in the outbreak setting. For

example, empiric carbapenem may be needed during an

ESBL-producing Klebsiella outbreak, or linezolid during a

vancomycin-resistant enterococcal outbreak, until every

infant’s colonization status is known and horizontal trans-

mission has been stopped. However, this escalation of

empiric therapy should not become ‘the new normal’ [87,

88]. Instead, narrow-spectrum empiric therapy should be

reinstituted as soon as the outbreak is resolved.

2.3.1 Empiric Therapy for Early-Onset Sepsis

Group B Streptococcus (GBS) and gram-negative bacilli

such as Escherichia coli continue to account for the

majority of EOS [3]. Ampicillin (or penicillin) and gen-

tamicin are appropriate first-line choices for suspected

EOS. Although there have been reports of vancomycin-

resistant GBS, it remains universally susceptible to peni-

cillins [89]. Ampicillin resistance is increasing in gram-

negative pathogens, but aminoglycoside susceptibility

remains high in most centers and therefore should be the

first choice for empiric gram-negative coverage in the

NICU [71, 90]. Gentamicin is commonly used as a first-

line agent; other aminoglycosides are often held in reserve

against resistance or for selected use against specific agents

such as Serratia (amikacin) or Pseudomonas (tobramycin)

[91]. Unit-level resistance to aminoglycosides is slower to

develop than resistance to cephalosporins [91]. The NICU

antibiogram should be monitored and a different amino-

glycoside should be selected if resistance to the primary

agent increases to 7–10 % [21]. The routine use of third-

generation cephalosporins should be avoided as they

increase the risk for Candida colonization and infection, as

well as increased antibiotic resistance [15, 17, 21]. Instead,

third-generation cephalosporins should be reserved for

infants with suspected or proven gram-negative meningitis,

significant renal insufficiency that precludes the use of

aminoglycosides, or exposure to maternal gonococcal

infection [92].

2.3.2 Empiric Therapy for Late-Onset Sepsis

Empiric therapy for late-onset sepsis is more challenging

due to the broad diversity of potential pathogens, including

enteric gram-negative rods, CONS or S. aureus,
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streptococci, anaerobic organisms, pseudomonads, Can-

dida, and atypical organisms such as Ureaplasma [2]. This

diversity highlights the importance of monitoring local

epidemiology in order to guide empiric therapy. In general,

the most common causes of late-onset sepsis are CONS,

E. coli and other gram-negative bacilli, and S. aureus. The

majority of S. aureus in the NICU is methicillin-susceptible

(MSSA) [2, 93, 94]. Therefore, the combination of a

semisynthetic penicillin (e.g. oxacillin, nafcillin) and an

aminoglycoside is appropriate empiric therapy for sus-

pected late-onset sespis. These agents provide coverage

against gram-negative rods, MSSA, and GBS. In cases

where a gram-negative rod has been isolated but not

identified, or if an infant is in a critical condition,

piperacillin/tazobactam is a reasonable second empiric

agent with gram-negative activity. Carbapenems should be

reserved for infections caused by ESBL-producing organ-

isms [87].

Vancomycin and third-generation cephalosporins are

significant drivers of resistance and therefore should not be

routinely used for empiric late-onset sepsis therapy. As

discussed above, third-generation cephalosporins should be

reserved for infants with renal insufficiency or those with

suspected meningitis. Empiric vancomycin use is only

necessary in certain situations (Table 2), notably for infants

known to be colonized with MRSA or those who have

proven CONS infection [95]. MSSA accounts for three

times as many infections as MRSA, and empiric treatment

of MSSA bacteremia with vancomycin has been associated

with higher mortality [93, 96]. Routine screening for

MRSA allows providers to restrict empiric vancomycin to

MRSA-colonized infants [97]. Although the majority of

CONS isolates are resistant to oxacillin [98], infants with

CONS sepsis do not have higher mortality or longer

duration of bacteremia when treated with empiric oxacillin

instead of vancomycin [99–101]. Therefore, vancomycin

can be reserved for definitive therapy in infants who have

CONS recovered from two or more blood cultures. By

restricting vancomycin to these two indications or infants

who are critically ill with presumed sepsis, the use of

vancomycin can be reduced significantly [95]. Of note,

NICUs with a high prevalence of MRSA, either endemi-

cally or due to an outbreak, may have to resort to empiric

vancomycin until MRSA prevalence declines.

2.3.3 Empiric Therapy for Necrotizing Enterocolitis

NEC is a multifactorial disease process that includes

inflammation, ischemia, and infection. Recent research into

the microbiome of preterm infants shows that NEC is

preceded by a loss of diversity and increased concentration

of pathogenic Enterobacteriaceae species in the days

before clinical signs develop [102, 103]. Almost invariably,

this loss of diversity and surge in gram-negative pathogens

are preceded by antibiotic exposure [12, 104]. Whether the

incidence of NEC can be decreased with decreased

antibiotic exposure has not yet been demonstrated. The use

of prebiotics (e.g. lacroferrin) [105] and probiotics for the

prevention of NEC shows potential [106] but there are

ongoing safety concerns, including lack of standardization

and reports of neonatal sepsis from probiotics themselves

[107, 108]. It is likely that further research will identify a

Table 2 Vancomycin reduction

protocol for infants with

suspected late-onset sepsis

Obtain at least 1 mL for blood culture(s) and initiate empiric oxacillina and gentamicin

If only one blood culture is obtained and is positive for CONS:

1. Continue oxacillin
2. Obtain second blood culture

If two blood cultures are obtained and only one is positive for CONS:

1. Clinically well and no central line: consider contamination
2. Clinically well and central lines, OR ill-appearing: continue oxacillin and obtain 

additional blood culture(s)
3. Ill appearing and central lines: obtain additional blood culture(s) and change to 

vancomycin

If two blood cultures are obtained and both are positive for CONS:

1. Obtain additional blood culture(s) and change to vancomycin

Infants colonized with MRSA should receive empiric vancomycin instead of oxacillin

CONS coagulase-negative staphylococci, MRSA methicillin-resistant Staphylococcus

aureus
a Or other semi-synthetic penicillin (e.g. nafcillin, dicloxacillin)
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specific role for prebiotics and probiotics in NEC preven-

tion, but their use should supplement, not supplant, effec-

tive antibiotic stewardship.

The treatment for NEC varies widely between institu-

tions due to a lack of data regarding the optimal approach

[34, 109]. Antibiotics are routinely prescribed along with

bowel rest, gastric decompression, and surgical consulta-

tion, but antibiotic therapy for NEC has not been well-

studied. In a 2012 meta-analysis [110], only two random-

ized controlled trials were included—one investigating

ampicillin and gentamicin with or without clindamycin

[111, 112], and the other investigating ampicillin and

gentamicin with or without enteral gentamicin [112]. Evi-

dence supporting piperacillin/tazobactam, metronidazole,

vancomycin, or other approaches is limited to a small

number of observational studies. The data supporting

anaerobic therapy are also limited; anaerobic coverage has

been associated with increased risk for stricture, but one

retrospective cohort study found both increased survival

(odds ratio [OR] 0.8; 95 % confidence interval [CI]

0.67–0.97) and increased risk for stricture (OR 1.67; 95 %

CI 1.16–2.39) in very-low-birthweight infants who

received anaerobic coverage [113]. It may be that anaero-

bic coverage increases survival in severe cases, resulting in

more survivors with strictures. Comparative trials are

needed to determine the optimal agent(s) and duration of

therapy for NEC. In the absence of high-level evidence, our

local practice is to use piperacillin/tazobactam for Bell’s

stage 2 NEC and to add vancomycin in Bell’s stage 3

[114]. However, infants with suspected NEC (Bell’s stage

1) should be managed with a semisynthetic penicillin and

an aminoglycoside, given that the clinical presentation of

late-onset sepsis may mimic suspected NEC (e.g. ileus,

abdominal distention, or feeding intolerance.)

2.4 Re-Evaluating Empiric Therapy

Once empiric therapy has begun, it should be re-evaluated

as new information becomes available. In most cases,

empiric therapy can be discontinued after cultures are

sterile for a sufficient amount of time. Virtually all

pathogens will be detected in routine blood culture within

48 h, but recent data support using intervals of 36 or even

24 h for EOS, where bacterial concentrations are usually

higher [115–117]. If a pathogen is identified, then therapy

should be adjusted to the narrowest spectrum antibiotic that

effectively targets that pathogen in the infected body

site(s). Failure to de-escalate antibiotic therapy based on

culture results is a common, and easily remedied, driver of

antibiotic use in all settings, including in the NICU [118].

The use of multiple agents for ‘synergy’ is rarely required

in the NICU setting. It is recommended to continue gen-

tamicin until clinical response and microbiologic sterility is

documented for GBS sepsis and meningitis; this is gener-

ally accomplished within 48–72 h. Otherwise, routine use

of multiple agents should be discouraged. The use of two

active agents for gram-negative sepsis increases toxicity

with no improvement in survival compared with one active

agent [119].

Prolonged antibiotic therapy for suspected infection

despite sterile cultures is a major stewardship challenge in

all settings. In the NICU, this commonly manifests as

treatment for ‘culture-negative’ sepsis or suspected pneu-

monia. Studies have shown that the incidence and duration

of therapy for ‘culture-negative’ sepsis varies widely

between and within centers, and that duration of therapy

does not correlate with the number of infant risk factors or

clinical signs of sepsis [120, 121]. In their 2009 study of

extremely-low-birthweight infants, Cotten et al. [14] found

that[50 % of infants received C5 days of therapy despite

sterile cultures. The absence of a consensus definition for

neonatal sepsis further complicates the picture [122]. Until

highly sensitive molecular techniques are ready for routine

clinical use, there is no substitute for appropriate volume

blood cultures for the diagnosis of sepsis [85]. Neonatol-

ogists must recognize that clinical signs do not differentiate

sepsis from non-infectious diagnoses and should consider

other diagnoses when cultures are sterile.

Similarly, improved diagnostic criteria beyond chest

radiographs are needed to reduce overtreatment of sus-

pected pneumonia [123]. Many infants with non-infectious

pulmonary conditions such as respiratory distress syn-

drome or transient tachypnea of the newborn are treated for

prolonged periods for suspected bacterial pneumonia [124,

125]. In some instances, recovery of bacteria from a tra-

cheal aspirate prompts antibiotic therapy, even in the

absence of clinical signs of infection [78]. Furthermore, up

to 10 % of infants with suspected late-onset sepsis or

pneumonia have respiratory viral pathogens when tested,

suggesting that wider application of respiratory viral panels

could reduce unnecessary antibiotic therapy [126–128]

Both pneumonia and ‘culture-negative’ sepsis are subjec-

tive, difficult to confirm, and account for as much as 25 %

of antibiotic use in the NICU, making them important

antibiotic stewardship targets [5].

3 Optimizing Dosing

Effective antibiotic prescribing requires proper drug

selection, dosing, route of administration, and interval [91].

For many antibiotics, careful attention to serum levels is

also required to maximize efficacy while preventing toxi-

city [129, 130]. Antibiotic dosing must be based on phar-

macokinetic (PK) and pharmacodynamic (PD) parameters.

PK refers to the concentration of drug achieved in serum by
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a given dosage and administration interval; variables

including half-life, drug clearance, and volume of distri-

bution are important PK measurements. In turn, PD

describes how that achieved concentration leads to eradi-

cation of a given organism [91]. The rapid physiologic

changes in preterm and term neonates make PK consider-

ations critical in this population. For example, total body

water decreases from [85 % of body mass in an extre-

mely-low-birth-weight infant (\1000 g) to approximately

70 % in a term infant. At the same time, serum protein

concentration and body fat increase [131, 132]. These

changes dramatically impact the volume of distribution for

a given antibiotic. Meanwhile, renal and hepatic clearance

matures over time, but even term infants have relatively

slower clearance compared with adult values. These

gestational and chronologic age-related factors must be

considered when developing antibiotic dosing recommen-

dations for neonates [91, 133].

There are multiple challenges inherent to neonates that

have led to a paucity of neonatal PK/PD data. First, as a

result of the significant neonatal physiologic changes

mentioned above, neonatal PKs cannot accurately be pre-

dicted by relying on data from adults or even older infants

[134]. However, PD targets are often extrapolated from

adult data, particularly for newer agents that have not been

formally studied in infants (e.g. linezolid, daptomycin,

ceftraroline). This leads to a ‘trial and error’ period during

which time neonates are at risk for treatment failure, tox-

icity, or both [135–137]. Neonates are frequently excluded

from drug trials [138] and, even when they are included,

neonates are limited by a relatively low blood volume that

requires a decrease in the number or frequency of blood

samples. Interested readers are directed to the recent,

excellent review by O’Hara et al. regarding the challenges

facing neonatal PK studies [139]. Calculating PKs by use

of residual blood samples collected as part of routine care

(‘scavenging’) is a recent strategy that has shown promise

in overcoming these challenges [140]. Another strategy is

physiologically-based PK models, which include real-

world physiology data from preterm infants, such as organ

weight, blood flow, and clearance, in order to simulate PK

targets [141]. Such physiologic models can improve dosing

for aminoglycosides and vancomycin [142, 143]. Finally, it

can be hoped that legislation supporting the increased

enrollment of neonates in drug trials will address this

knowledge gap [144].

Resources for current antibiotic dosing in neonates (e.g.

the American Academy of Pediatrics’ Nelson’s Pediatric

Antimicrobial Therapy [92] or the Sanford Guide [145])

are available but it is likely that as more neonatal PK/PD

data are available, dosing for some agents will change.

Therefore, dosing strategies should be reviewed periodi-

cally by pharmacists and providers in the NICU. This

review will focus on recent or novel approaches to

antibiotic administration designed to optimize PKs/PDs in

neonates.

3.1 Continuous b-Lactam Infusions

All b-lactams, including ampicillin and semisynthetic

penicillins, have time-dependent bactericidal activity.

Their efficacy against susceptible organisms can be deter-

mined using the percentage of time that the serum con-

centration is above the minimum inhibitory concentration

(MIC) of the organism [146]. Higher concentrations above

the MIC do not result in more rapid killing. Continuous

infusion of b-lactams (rather than intermittent dosing)

maximizes time above MIC, and would presumably opti-

mize PD targets [147]. Continuous b-lactam infusions have

been associated with improved outcomes in observational

studies of adults with sepsis or pneumonia [148, 149];

however, a randomized controlled trial of continuous ver-

sus intermittent b-lactam dosing in adult patients with

severe sepsis did not demonstrate a benefit [150]. Data in

pediatric patients, and neonates in particular, are lacking

[151].

3.2 Continuous Vancomycin Infusions

Continuous infusions are also under investigation for

vancomycin. The PD target for vancomycin is more com-

plex and requires calculating the area under the concen-

tration–time curve (AUC). The AUC can then be divided

by the MIC of the targeted organism; goal AUC/MIC ratios

vary with organism. For example, AUC/MIC C400 has

been associated with good response against bacteremia

with MRSA and CONS [152, 153]. This correlates with a

serum trough level of 7–10 lg/mL for an MIC of 1 [154].

The body composition, protein concentration, and free-

water volume changes during the neonatal period all con-

tribute to rapidly alter the vancomycin volume of distri-

bution. Unsurprisingly, more than 50 % of neonates have

an initial serum vancomycin trough concentration that is

inadequately low [155, 156]. At the same time, many

centers are reporting higher MICs for both their MRSA and

CONS isolates over recent years, driving interest in con-

tinuous vancomycin infusions as a way to reach PD targets

while avoiding toxicity due to high peaks [157, 158]. Zhao

et al. [159] showed that neonates administered a van-

comycin loading dose (10–15 mg/kg) followed by contin-

uous infusion (15–35 mg/kg/day) achieved a steady-state

concentration of 15–25 lg/mL 71 % of the time compared

with only 41 % using an intermittent dosing regimen.

Similarly, Pawlotsky et al. [160] demonstrated a 30 %

increase in adequate steady-state concentrations for neo-

nates receiving continuous versus intermittent vancomycin.
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However, neither study focused on toxicity or adverse

events, where the benefits of continuous infusion would

most likely appear.

Although there are theoretical PK/PD benefits of con-

tinuous infusion for both b-lactams and vancomycin, effi-

cacy and safety data are lacking [161]. Additionally,

practical considerations include the need for dedicated

central access for continuous infusions and the lack of

compatibility with other medications—in effect ‘tying up’

a line for the duration of the antibiotic course. Finally, both

the time above MIC (for b-lactams) and AUC/MIC ratio

(for vancomycin) can be improved by adjusting the dose

and dosing interval without the need for continuous infu-

sion [162]. Continuous infusion reduces toxicity in adults

given their relatively efficient renal elimination. As previ-

ously discussed, neonates in general and preterm infants in

particular have immature renal function and slower renal

elimination, making continuous infusion less beneficial. At

present, there is insufficient evidence to recommend con-

tinuous infusion of b-lactams in neonates, nor is there

compelling evidence to support the routine use of contin-

uous vancomycin infusions. Instead, continuous van-

comycin infusion following a loading dose could be

considered as an option for severe MRSA infections, par-

ticularly those due to organisms with MICs C2 that have

not responded to conventional dosing. However, in the

majority of cases an alternative agent such as linezolid

should be considered as the chance of treatment failure

increases significantly above an MIC of 1 [163]. Note that

linezolid has variable penetration into cerebrospinal fluid

and has not been as well-studied in neonates as van-

comycin [164].

3.3 Extended-Interval Aminoglycosides

Unlike b-lactams and vancomycin, aminoglycosides exhi-

bit concentration-dependent killing. Their efficacy is driven

by the peak serum concentration-to-MIC ratio, and higher

concentrations lead to more rapid bacterial elimination

[165]. Higher doses administered less frequently maximize

the PDs of aminoglycosides while allowing adequate time

for renal clearance, thus minimizing toxicity [166].

Extended-interval dosing was initially studied in neonates

in the early 1990s but has only recently become widely

accepted [167, 168].

4 Antibiotic Stewardship Programs

Optimizing the use of antibiotics in the NICU is a complex

and ongoing process. Ideally, the oversight of antibiotics

should be a collaborative effort between the neonatologists,

pharmacists, infection preventionists, infectious disease

providers, clinical microbiologists, and bioinformaticists

[169]. Formal antibiotic stewardship programs can reduce

unnecessary or redundant antibiotic use. Equally impor-

tantly, stewardship programs can improve prescribing

when the selected regimen is inappropriate, too narrow, or

does not reach the infected compartment. Additionally,

stewardship programs should provide ongoing education

regarding optimal prescribing through audit and feedback,

as well as didactic talks or clinical rotations with providers

and trainees. Those interested in further information

regarding the goals and design of antibiotic stewardship in

the NICU setting are referred to a recent review [27].

Antibiotic stewardship programs perform best when

they include stakeholders or ‘champions’ from each spe-

cialty to help guide meaningful interventions and metrics

[170]. Clinicians are also more likely to change their

practices when recommendations come from their col-

leagues as opposed to institutional fiat [171]; therefore, it is

critical that a neonatologist be included in NICU stew-

ardship efforts [27]. Stewardship efforts must be tailored to

each NICU; inborn units face different challenges than

referral units [5, 172]. Finally, the efficacy of antibiotic

stewardship programs to reduce antibiotic consumption and

prevent unnecessary or redundant prescribing has been

well-established but more research is needed on the

implementation of stewardship in the unique NICU setting

and the subsequent effect on infant outcomes.

5 Conclusions

Neonates represent a high-risk patient population in whom

the diagnosis of infection is often difficult due to non-

specific clinical signs of illness. When infection is present,

antibiotics are life-saving; however, overuse or misuse of

antibiotics have increasingly been linked to a variety of

adverse outcomes, including subsequent infection, NEC,

and mortality. Optimal use of antibiotics in the NICU

requires appropriate diagnostic testing to identify infection,

monitoring local epidemiology to ensure effective but

narrow-spectrum empiric therapy, stopping or streamlining

therapy once culture results are known, avoiding prolonged

therapy for suspected or ‘culture-negative’ infections, and

appropriate dosing strategies. Optimal dosing requires

attention to the rapidly changing PKs of the neonate to

ensure that PD targets are reached. More research is needed

to improve our understanding of neonatal PK/PD princi-

ples, particularly in newer agents. Finally, effective infec-

tion prevention strategies and antibiotic stewardship

programs are critical areas that can prevent unnecessary

infections and antibiotic use, respectively.
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