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SUMMARY

This study describes the association between antibiotic resistance of bacteria causing neonatal
bloodstream infection (BSI) and neonatal age to inform empirical antibiotic treatment guidelines.
Antibiotic resistance data were analysed for 14078 laboratory reports of bacteraemia in neonates
aged 0–28 days, received by the Health Protection Agency’s (now Public Health England)
voluntary surveillance scheme for England and Wales between January 2005 and December
2010. Linear and restricted cubic splines were used in logistic regression models to estimate
the nonlinear relationship between age and resistance; the significance of confounding variables
was assessed using likelihood ratio tests. An increase in resistance in bacteria causing BSI in
neonates aged <4 days was observed, which was greatest between days 2–3 and identified an
age (4–8 days, depending on the antibiotic) at which antibiotic resistance plateaus to almost
unchanging levels. Our results indicate important age-associated changes in antibiotic resistance
and support current empirical treatment guidelines.
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INTRODUCTION

Bacterial bloodstream infection (BSI) in neonates
(aged 0–28 days) is a serious condition that may result
in death or disability unless immediate and effective
antibiotic treatment is administered [1–3]. Therefore,
treatment is often started empirically prior to identifi-
cation of the causative organism and determination of
its antibiotic susceptibility profile. Current recommend-
ations for empirical treatment of neonatal BSI take

into account the likely mode of acquisition of infec-
tion, with early-onset sepsis (EOS) attributed to
maternal flora and late-onset sepsis (LOS) associated
with nosocomial infection. EOS and LOS are there-
fore thought to be associated with distinct maternal
or hospital pathogens, with the latter often assumed
to have an increased likelihood of being antibiotic
resistant [4, 5].

The criteria used to define EOS and LOS, particu-
larly the time between birth and clinical onset of infec-
tion, vary between (or even within) countries, with
the timescale for the early-onset period ranging from
<48 h to <1 week after birth [6–10]. In the UK, clini-
cal guidelines for the empirical treatment of septic
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neonates have been issued by the British National
Formulary for Children (BNFC) [6], and more re-
cently, the National Institute of Health and Clinical
Excellence (NICE) have introduced guidelines for
EOS [11]. Both guidelines recommend empirical treat-
ment with penicillin in combination with gentamicin
(PEN/GENT) for EOS; however, the timelines for
‘early onset’ differ, with the BNFC using an earlier
end-point than NICE (48 h vs. 72 h, respectively).
The BNFC also recommends administration of flu-
cloxacillin combined with gentamicin (FLU/GENT)
for LOS (i.e. in neonates aged 548 h) or cefotaxime
in combination with ampicillin/amoxicillin (CTX/
AMOX) in neonates of any age.

Several studies have used arbitrary thresholds of
48–72 h to distinguish between infections of maternal
or nosocomial derivation; however, few studies have
undertaken data analysis to identify a time threshold
[4, 12–14]. Furthermore, review of the published lit-
erature did not identify any studies that aimed to cor-
relate definitions of EOS and LOS against antibiotic
susceptibility data. This study therefore sought to
describe the association between antibiotic resistance
of bacteria causing BSI and age of the neonate at
the time the blood sample was taken with a view to
enhancing the evidence base for guidance on the anti-
biotic management of neonatal EOS and LOS.

METHODS

Microbiological reports of bacteria isolated from
blood cultures taken from neonates aged 0–28 days
in England and Wales between January 2005 and
December 2010 were extracted from the Health
Protection Agency’s (now Public Health England;
PHE) voluntary surveillance database. Extracted
data included information on the patient’s age and
sex and organism identification and susceptibility
to PEN, FLU, AMOX, CTX and GENT. Data on
susceptibility to the combinations of antibiotics rec-
ommended by the BNFC or NICE for the treatment
of EOS and LOS were coded using the criteria out-
lined in Table 1. Repeat specimens for the same
patient within a 14-day period were considered to be
part of the same infection episode, therefore data for
only the first reported specimen were retained.

Preliminary analysis of the proportion of resistant
bacteria plotted against the patient’s age at the time
the blood sample was taken suggested a nonlinear as-
sociation for several of the antibiotic combinations
under investigation, which could be modelled using

linear or restricted cubic splines [linear or cubic
functions joined by one or more breakpoints
(knots)]. These functions were created in Stata v. 12
(StataCorp., USA; using the user-written command
‘mkspline’) and inserted into a logistic regression
model with resistance as the outcome.

Each linear spline incorporated one, two or three
knots, whereas restricted cubic splines included three
knots (the minimum required for mkspline). Restricted
cubic splines generated using mkspline have a linear
function before the first knot (knot 1) and after the
last knot (knot 3) with a piecewise cubic polynomial
between the adjacent knots. All combinations of
knot placement between days 1 and 27 were investi-
gated with the condition that knot 1 occurred before
knot 2 (for splines with two or three knots) and
that knot 2 occurred before knot 3 (for splines with
three knots), thus generating 3303 and 2925 different
linear and cubic splines, respectively, for each anti-
biotic combination. Where the association between
neonatal age and antibiotic resistance was less complex
and did not require splines to be fitted, logistic models
incorporating linear or quadratic functions of age
were fitted. Akaike’s Information Criterion (AIC†)
was used to select single variable logistic regression
models with the best fit and lowest level of complexity,
where models with lower AIC are preferred.

Multivariable logistic regression models incorporat-
ing the spline function with the lowest AIC were used
to assess whether the association between neonatal
age and bacterial resistance to each antibiotic therapy
combination was confounded by organism, reporting

Table 1. Criteria for coding bacterial isolates
as susceptible or resistant to dual combinations
of antibiotics

Susceptibility

Antibiotic 1 Antibiotic 2
Combination of
antibiotics 1 and 2

Susceptible Susceptible Susceptible
Susceptible Resistant Susceptible
Susceptible Not reported Susceptible
Resistant Resistant Resistant
Resistant Not reported Excluded
Not reported Not reported Excluded

Susceptible isolates were coded as 0, and resistant or inter-
mediate isolates coded as 1.

† AIC=–2×lnL + 2×k, where lnL is the maximized log-likelihood
of the model and k is the number of parameters estimated.
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laboratory, patient’s sex, reporting year and calendar
quarter of BSI. Organism and reporting laboratory
(for laboratories reporting 520 cases, in order to
exclude results from laboratories that did not regularly
report during the study period) were included in the
model as crossed-factor random effects. Calendar
year, quarter and patient’s sex were included as
continuous, factor and binary variables, respectively.
Statistical significance of the association of these ex-
planatory variables with outcome was ascertained by
means of the likelihood ratio test. Analyses were
repeated after excluding BSI with coagulase-negative
staphylococci (CoNS), as these bacteria may be con-
taminants and are associated with less severe morbid-
ity than BSI with other organisms [14, 15]

RESULTS

A total of 14078 episodes of neonatal bacteraemia
were reported by 215 laboratories between 2005 and
2010 (of which 137 laboratories reported520 isolates).
The median age when positive blood cultures were
taken was 7 days [95% confidence interval (CI) 6–7].
BSI incidence was slightly higher (56%) in males.
Seven groups of taxonomically related pathogens

accounted for 90% of reports, and comprised: CoNS
(38%), group B streptococci (GBS) (14%), Staphylo-
coccus aureus (10%), Escherichia coli (8%), non-
pyogenic streptococci (7%), Enterobacteriaceae (6%)
and enterococci (6%) (Table 2). The most commonly
isolated organisms were GBS for patients with blood
cultures taken on day 0 (day of birth) and day 1 and
CoNS for all subsequent days (Fig. 1).

PEN/GENT and FLU/GENT were similar in terms
of resistance patterns with increases from 4% and 7%,
respectively, for bacteria isolated on day 1 to 35% and
37%, respectively, at day 6. Exclusion of CoNS re-
duced antimicrobial resistance to <2% over the
whole neonatal period for PEN/GENT and FLU/
GENT. Resistance to CTX/AMOX was 4–5% and
did not change substantially after excluding CoNS.
The completeness of reporting of susceptibility test
results varied markedly by organism and antibiotic
combination ranging from 1% (CTX/AMOX and
CoNS) to 91% (FLU/GENT and S. aureus) (Table 2).

Resistance data for all organisms

A total of 6228 models incorporating different spline
functions were generated for each of the three

Table 2. Causative organisms and antibiotic susceptibility results reported for bloodstream infection (BSI) in
neonates aged 0–28 days

Organism group Total %

PEN/GENT FLU/GENT CTX/AMOX

Tested (%) %R Tested (%) %R Tested (%) %R

Gram-negative
Escherichia coli 1166 8 932 (80) 1 939 (81) 1 759 (65) 3
Enterobacteriaceae 915 6 704 (77) 0 710 (78) 0 400 (44) 20
Pseudomonas/Stenotrophomonas spp. 253 2 183 (72) 1 183 (72) 1 56 (22) 48
Haemophilus influenzae 112 1 7 (6) 14 6 (5) 0 79 (71) 0
Acinetobacter spp. 106 1 78 (74) 0 80 (75) 3 56 (53) 20
Other Gram-negative bacteria 172 1 62 (36) 0 55 (32) 2 80 (47) 10

Gram-positive
CoNS 5419 38 3248 (60) 56 3566 (66) 54 50 (1) 26
Group B streptococcus 1967 14 1738 (88) 0 273 (14) 0 1015 (52) 0
Staphylococcus aureus 1414 10 1071 (76) 2 1291 (91) 1 47 (3) 4
Non-pyogenic streptococcus 954 7 651 (68) 3 153 (16) 3 454 (48) 1
Enterococcus spp. 841 6 327 (39) 17 268 (32) 10 622 (74) 0
Micrococcus spp. 219 2 156 (71) 0 154 (70) 0 4 (2) 0
Streptococcus pneumoniae 157 1 121 (77) 0 45 (29) 0 76 (48) 0
Other Gram-positive bacteria 383 3 223 (58) 4 122 (32) 3 124 (32) 2

Total reported BSI 14078 100 9501 (67) 20 7845 (56) 25 3822 (27) 5
Total BSI excluding CoNS 8659 62 6253 (72) 2 4279 (49) 1 3772 (44) 4

PEN, Penicillin; GENT, gentamicin; FLU, flucloxacillin; CTX, cefotaxime; AMOX, ampicillin/amoxicillin; CoNS,
coagulase-negative staphylococci.
%R=percentage of isolates tested for a given antibiotic combination that were non-susceptible (resistant or intermediate).
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antibiotic combinations. AICs ranged as follows;
8488·57–9292·17 (PEN/GENT), 8187·46–8988·58
(FLU/GENT) and 1322·01–1389·86 (CTX/AMOX);
models with the lowest AIC are outlined in Table 3.
The association between PEN/GENT and FLU/
GENT resistance in all organisms was best described
by a linear spline incorporating three knots placed at
1, 3 and 8 or 1, 3 and 6 days, respectively. By contrast,

a linear spline incorporating a single knot at day 4
had the lowest AIC for CTX/AMOX resistance
(Fig. 2a–c).

The crude and adjusted odds ratios (ORs) for neo-
natal age and bacterial resistance for the selected
spline models are outlined in Table 4. The crude
ORs for resistance to PEN/GENT and FLU/GENT
can be interpreted as the odds of resistance being

Table 3. Models incorporating a restricted cubic or linear spline function of age (at which the blood culture was
taken) with the lowest AIC

Spline function
No.
knots

PEN/GENT FLU/GENT CTX/AMOX

Knot location
(days) AIC

Knot location
(days) AIC

Knot location
(days) AIC

All organisms
Linear 1 5 8515·68 5 8197·52 4 1322·01

2 4, 8 8505·14 1, 5 8196·24 4, 5 1322·98
3 1, 3, 8 8488·57 1, 3, 6 8187·46 2, 4, 5 1323·18

Cubic 3 2, 3, 9 8504·57 3, 4, 8 8193·88 3, 4, 5 1323·04

Excluding CoNS
Linear 1 1 1281·10

2 1, 2 1256·09
3 1, 2, 3 1249·33

Cubic 3 1, 2, 3 1255·83

PEN, Penicillin; GENT, gentamicin; FLU, flucloxacillin; CTX, cefotaxime; AMOX, ampicillin/amoxicillin; AIC, Akaike’s
Information Criterion; CoNS, coagulase-negative staphylococci.
, Spline functions not required and hence not fitted; , models with the lowest AIC for each antibiotic combination.
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unchanged between birth (day 0) and day 1, then
increasing two- to threefold per day from days 1–3.
The rate of increasing odds of resistance then slows
to 13–25% per day until days 6 or 8 (FLU/GENT
and PEN/GENT, respectively) and then decreases
slightly (3–5% per day) until day 28. For CTX/
AMOX there was an 80% increase in the crude odds
of resistance each day between days 0 and 4, followed
by unchanging resistance levels thereafter.

Multivariable analysis results for all antibiotic
combinations showed strong evidence of an associ-
ation between age and resistance (P40·0002 for all

antibiotic combinations). Crude and adjusted ORs
for resistance to PEN/GENT were similar, although
estimates for infants aged <3 days were slightly
reduced after adjusting for other factors. Conversely,
adjusted ORs for resistance in infants aged 53 days
were slightly increased relative to the crude estimates.
For FLU/GENT, the increase in odds of resistance
was slightly inflated in infants aged >1 day after
adjusting for other factors. In contrast, for infants
aged 0 or 1 day the adjusted OR for change in resist-
ance to FLU/GENT was reduced such that 95% CI no
longer included 1. Comparison of crude and adjusted
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ORs for resistance to CTX/AMOX indicated a rel-
atively decreased rate of resistance prior to day 4
after adjusting for other factors. Adjusted ORs for
resistance to all antibiotic combinations suggested
either no trend, or a slight decrease in resistance,
from the last knot (days 4, 6 and 8 for CTX/
AMOX, FLU/GENT and PEN/GENT, respectively)
until day 28. Likelihood ratio testing demonstrated
that none of the fixed-effect variables included in the
models (sex, calendar quarter, reporting year) were
significant at the 5% level (P>0·2 in all instances).

Resistance data for all organisms excluding CoNS

The relationship between age and resistance to
PEN/GENT or FLU/GENT appeared linear after
excluding CoNS. The association between CTX/
AMOX resistance in all organisms excluding CoNS
and age was best described by a linear spline incorpor-
ating three knots placed at 1, 2 and 3 days (Table 3,
Fig. 2d–f).

Crude estimates suggested a slight increase (4% per
day) in the odds of resistance to PEN/GENT, while
resistance to FLU/GENT appeared static (1·01, 95%
CI 0·98–1·04). For CTX/AMOX, crude ORs sug-
gested an increase in the odds of resistance from
birth until day 3, including a greater than threefold

increase between days 2 and 3 that was statistically
significant (95% CI 1·31–10·35). The rate of resistance
to CTX/AMOX appeared static from days 3–28 of life
(Table 4).

Adjusted ORs for resistance to PEN/GENT and
FLU/GENT included 1 and were not significantly
associated with age (P>0·5 in both instances). After
adjusting for other factors there was evidence of an
association between CTX/AMOX resistance and age
(P=0·008, age incorporated as a linear spline function
with knots at days 1, 2 and 3), although 95% CIs for
each age bracket within the spline were wide and
included 1 (Table 4). As with the analysis of all organ-
isms, likelihood ratio testing demonstrated that none
of the fixed-effect variables included in the models
(sex, calendar quarter, reporting year) were significant
at the 5% level (P>0·2 in all instances).

DISCUSSION

Current definitions of neonatal EOS and LOS incor-
porate arbitrary time thresholds that do not consider
changes in the antibiotic susceptibility of causative
pathogens; the application of these definitions to
empirical treatment regimens for sepsis may therefore
be suboptimal. We aimed to enhance the evidence
base for definitions of EOS and LOS by investigating

Table 4. Single and multivariable logistic regression models incorporating a spline or linear function of age (at
which the blood culture was taken) to estimate the change in the odds of antibiotic resistance

Antibiotic Age function
Age
(days)

Crude
OR 95% CI

No.
obs.

Adjusted
OR* 95% CI

LRT
P value
for age

No.
obs.

PEN/GENT Linear spline with
knots at 1, 3, 8
days

0–1 0·86 0·60–1·24 9501 0·58 0·38–0·91 <0·0001 8977
1–3 2·95 2·47–3·53 2·50 1·98–3·16
3–8 1·13 1·08–1·17 1·18 1·11–1·26
8–28 0·95 0·94–0·96 0·98 0·96–0·99

FLU/GENT Linear spline with
knots at 1, 3, 6
days

0–1 0·93 0·64–1·36 7845 0·63 0·40–0·97 <0·0001 7460
1–3 2·22 1·83–2·70 2·28 1·79–2·90
3–6 1·25 1·16–1·36 1·33 1·19–1·48
6–28 0·97 0·96–0·98 0·99 0·98–1·00

CTX/AMOX Linear spline with a
knot at day 4

0–4 1·82 1·58–2·11 3822 1·41 1·18–1·69 0·0002 3533
4–28 0·97 0·95–1·00 0·99 0·96–1·02

PEN/GENT Linear – 1·04 1·02–1·06 6253 1·01 0·98–1·04 0·5484 5705
FLU/GENT Linear – 1·01 0·98–1·04 4279 0·99 0·95–1·03 0·6816 3937

CTX/AMOX Linear spline with
knots at 1, 2, 3
days

0–1 1·20 0·44–3·25 3772 1·73 0·57–5·28 0·0083 3434
1–2 2·06 0·57–7·39 0·89 0·21–3·78
2–3 3·68 1·31–10·35 2·39 0·72–7·92
3–28 0·98 0·96–1·00 0·99 0·96–1·02

PEN, Penicillin; GENT, gentamicin; FLU, flucloxacillin; CTX, cefotaxime; AMOX, ampicillin/amoxicillin; OR, Odds ratio;
CI, confidence interval; LRT, likelihood ratio test.
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the association between antibiotic resistance in bac-
teria causing BSI and the age of the neonate at the
time that the blood sample was taken. We observed
a rapid increase in antibiotic resistance in bacteria
causing BSI in neonates aged <4 days for each of
the antibiotic combinations, which may indicate a
phased transition from EOS to LOS as maternal
or hospital-derived organisms mix in neonates of
this age. Our results also identify an age at which
antibiotic resistance plateaus to almost unchanging
levels (days 4–8, depending on the antibiotic com-
bination).

There is a dearth of studies examining antibiotic
resistance across the neonatal period, which limits
the scope for comparing results from this study with
existing literature. However, several studies have
reported evidence of a difference in the organisms
and antibiotic resistance occurring in neonates aged
0–1 or 52 days, which is compatible with the
observed increase in resistance in bacteria isolated
after day 2 of life (relative to <2 days) for the three
antibiotic combinations that we investigated [4, 12].
We identified only one study that used data analysis
to define EOS, which investigated changes in the
frequency of BSI by day of life using finite mixture
latent class regression models. BSI caused by all
pathogens occurring in two English neonatal units in
2001–2005 were analysed and the results indicated
that BSI frequency changed at 2·23 days of life. The
study also reported decreased frequencies of CoNS,
GBS and Gram-positive organisms after day 2 of
life [16]. While these estimates do not describe anti-
biotic resistance as such, it is likely that a change in
the organisms causing BSI will influence levels of
resistance and may therefore be compatible with the
sharp increases in resistance to PEN/GENT and
FLU/GENT observed by this study between days
1–3 of life.

This study used routinely reported surveillance data
on microbiologically confirmed BSI in neonates in
England and Wales, which captured an estimated
80% of all BSI [17]. However, a substantial proportion
of reports did not include susceptibility data for the
antibiotics under investigation, which limits the confi-
dence with which resistance levels can be estimated.
In particular, data are incomplete for some antibiotic
and organism combinations (such as CTX/AMOX
and CoNS) that are not routinely tested in UK micro-
biology laboratories; complete case analysis or imput-
ing values for resistance (the outcome of our study)
was considered impractical.

Even though the study’s objective was to provide
evidence for identifying a time threshold for EOS
and LOS by analysing the association between anti-
biotic resistance of bacteria isolated from neonatal
blood and age of the neonate, absence of clinical
data in the microbiology surveillance data is a key
shortcoming as the severity (or even presence) of dis-
ease or patient risk factors cannot be established.
The lack of clinical information is particularly im-
portant when considering the relevance of CoNS,
which are predominantly resistant to PEN/GENT
and FLU/GENT but are often considered to be con-
taminants and are associated with less severe disease
[14, 15]. Therefore, we investigated the resistance
levels of the empirical antibiotic combinations
PEN/GENT, FLU/GENT and CTX/AMOX after
excluding CoNS. Resistance to PEN/GENT and
FLU/GENT was static and uniformly lower than
that for CTX/AMOX. Resistance to CTX/AMOX
increased most sharply between days 2–3 of life
(thus lending support to both the BNFC and NICE
definitions for EOS). It should be emphasized
that for all of these combinations the overall resist-
ance rates of relevant pathogens remain low; 2% of
isolates tested for PEN/GENT were non-susceptible,
1% were resistant to FLU/GENT and 4% to CTX/
AMOX.

It is notable that the highest number of CoNS infec-
tions appears to be in the first few days of life, which is
also the time that the largest number of blood cultures
are obtained in neonates, often not for clinical features
of sepsis but because of perceived risk factors and
suggesting that these are therefore often contaminants
[18]. Risk factors for clinically significant infection
with CoNS have been identified for LOS; severe or
persistent CoNS infection in neonates aged >2 days
is associated with birthweight <1500 g, gestational
age 432 weeks and greater exposure to parenteral
nutrition, hydrocortisone, antibiotics and mechanical
ventilation prior to infection [14, 19, 20]. Infants
aged >2 days with any of these risk factors should
therefore be considered to be at risk of clinically sig-
nificant BSI with CoNS.

Although our study did not aim to determine the
cause of changes in resistance during the neonatal
period, the observed changes in resistance to PEN/
GENT and FLU/GENT appear to be driven primar-
ily by CoNS, as exclusion of this organism removed
the association between resistance and age. Reported
resistance to CTX/AMOX was very low in Gram-
positive organisms (although data were incomplete),
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suggesting that Gram-negative bacteria play a leading
role in shaping the association between neonatal
age and resistance to this antibiotic combination.
This was further confirmed by plotting resistance
to CTX/AMOX by day of life for Gram-negative
agents (data not shown), as a similar pattern of re-
sistance was seen to that for all organisms. It was
not possible to identify which Gram-negative species
caused these changes as the total number of isolates
resistant to CTX/AMOX in Gram-negative bacteria
was small (<10 per day). However, E. coli and Entero-
bacteriacae account for over 75% of Gram-negative
bacteria captured by this study and thus make a sub-
stantial contribution to Gram-negative resistance.

Our results indicate important age-associated
changes in resistance to combinations of antibiotics
recommended for empirical therapy of neonatal sep-
sis, which appear to be driven by CoNS (for resistance
to PEN/GENT and FLU/GENT), and by Gram-
negative bacteria for CTX/AMOX. The findings of
this study are compatible with both the BNFC and
NICE definitions of EOS (thresholds of 48 h and
72 h, respectively) and support empirical treatment
with PEN/GENT or FLU/GENT over CTX/AMOX
in neonates of all ages. Because of the dominance
of GBS on days 0 and 1 of life the preferred com-
bination for this period would therefore be PEN/
GENT; after this period S. aureus becomes the domi-
nant Gram-positive pathogen and hence FLU/GENT
is preferred. Where CoNS are believed to be true
pathogens then vancomycin remains the optimal anti-
biotic. It is important to note that the data here refer
to BSI, the presence of meningitis may indicate a
different spectrum of pathogens and a need for anti-
biotics with optimal cerebrospinal fluid penetration;
CTX/AMOX is the standard of care for neonatal
meningitis. Additionally, this analysis is based on
national data, in individual units local resistance
data (i.e. for LOS) may vary significantly from this
such that a different empirical antibiotic policy may
apply. We emphasize the need for robust microbio-
logical surveillance data on antimicrobial suscepti-
bility to agents used for empirical therapy and the
potential benefit of enhancing existing datasets with
clinical information.
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