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s u m m a r y

This study aimed to examine the spectrum and time course of gut and nasopharyngeal colo-
nization with Gram-negative micro-organisms, and to define the value of surveillance cultures
in predicting late-onset sepsis in neonates admitted to neonatal intensive care units. Naso-
pharyngeal and rectal swabs were collected on admission and twice weekly thereafter in 278
neonates admitted within the first 72 h of life with risk factors of early-onset sepsis. Sterile
body fluid cultures were obtained on admission and subsequently as clinically indicated.
Approximately half of the rectal (693/1250, 55%) and nasopharyngeal (558/1153, 48%) samples
but only 6% (32/555) of the sterile fluid samples in 26 patients were culture positive for Gram-
negative organisms. In total, 2108 invasive and mucosal culture pairs were analysed. The
overall sensitivity, specificity, and positive and negative predictive values of a mucosal sample
to predict late-onset sepsis were 27%, 66%, 4% and 94%, respectively. Patients with pre-existing
colonization with Klebsiella pneumoniae (P ¼ 0.011), Klebsiella oxytoca (P ¼ 0.002), Escherichia
coli (P ¼ 0.003), Stenotrophomonas spp. (P ¼ 0.003) and Pseudomonas spp. (P � 0.001) were
more likely to develop late-onset sepsis. No such association was found for Acinetobacter
baumannii, Serratia spp. or Enterobacter cloacae. In conclusion, routine mucosal cultures are
inefficient for the prediction of Gram-negative late-onset sepsis in neonatal intensive care
units. However, targeted screening for specific organisms in an outbreak (e.g. Klebsiella spp.,
E. coli, Stenotrophomonas spp. and Pseudomonas spp.) may offer an opportunity to improve
infection control measures and enable timely initiation of appropriate antibiotic therapy.

� 2011 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Between 2% and 10% of patients admitted to neonatal intensive
care units (NICUs) experience at least one episode of Gram-
negative sepsis.1 Determination of the most appropriate therapy
in the NICU setting is not easy, as culturesmay remain negative, and
even positive culture results typically take 48 h to be reported.

Mucosal colonization with potentially pathogenic Gram-
negative micro-organisms is common in NICUs. By the end of the
first week of life, more than 40% of high-risk neonates are colo-
nized; this increases to nearly 100% by 30 days of life.2e4 Due to
disturbed barrier integrity, colonization may lead to invasive
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disease; concordance of colonizing and invasive strains has been
demonstrated previously.5

For decades, clinicians and researchers have attempted to use
surveillance cultures to predict invasive infections, but the issue
remains controversial. Surveillance cultures of the gastrointestinal
tract, pharynx and/or skin have been studied in an effort to identify
infants who will develop infections. Three decades ago, Harris et al.
and Sprunt et al. reported the clinical relevance of surveillance
cultures in neonates, but pointed out that collection is labour
intensive and expensive.6,7 Others have suggested that mucosal
samples taken once or twice a week enable the identification of
patients at risk of nosocomial infection.8e10

Two previous studies investigating the sensitivity and specificity
of surveillance cultures for the prediction of invasive disease in the
NICU setting have found them to be suboptimal.11,12 However, these
studies included all hospitalized neonates, the majority of whom
are at low risk for nosocomial infection. In adults admitted to
intensive care units (ICUs), sensitivity, specificity, and positive and
Elsevier Ltd. All rights reserved.
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negative predictive values (PPV and NPV, respectively) of 54%, 90%,
28% and 97%, respectively, have been reported for mucosal samples
in the detection of further positive deep site cultures with identical
pulsed-field gel electrophoresis (PFGE) patterns.13

This study aimed to examine the spectrum and time course of
gut and nasopharyngeal colonization with Gram-negative micro-
organisms, and to define the value of twice weekly surveillance
cultures in predicting late-onset sepsis in high-risk neonates.

Methods

Study population and design

This study was based on a prospective, cluster-randomized trial
that aimed to compare the efficacy of gentamicin combined with
either ampicillin or penicillin in neonates at risk of early-onset
sepsis, conducted in two third-level NICUs in Estonia from 2
August 2006 to 30 November 2007. The results of the trial have
been presented elsewhere.14

Sample collection for microbiological studies

Normally sterile bodyfluids (typically 0.5mLblood and/or 0.2mL
cerebrospinalfluid)were cultured on admission and subsequently if
the clinical condition worsened and symptoms suggestive of
neonatal sepsis developed.14 Rectal and nasopharyngeal samples, or
tracheal aspirates in intubated patients, were collected with trans-
port swabs (Nuova Aptaca, Canelli, Italy) on admission and then
twice weekly until discharge or 60 days of admission, whichever
came first. Samples were stored at �20 �C for a maximum of two
weeks and analysed in batches. In the pilot study conducted to
compare the recovery rates of frozen swabswith the freshlycultured
samples, the sensitivity and specificity of frozen samples were 100%
[95% confidence interval (CI) 79e100] and 81% (95% CI 54e95),
respectively, and the recovery rate was 86%.

Bacteriological methods

Transport swabs were thawed and plated on to blood agar,
MacConkey agar, MacConkey agar with 16 mg/mL ampicillin, and
MuellereHinton agar with 6 mg/mL gentamicin, and incubated at
37 �C in air for 24e48 h.15 Each morphologically different colony
type was identified to species and genus level using standard
laboratory methods, and confirmed with API 20E kits (bioMérieux,
Marcy l’Etoile, France). Sterile fluid samples were processed using
a BACTEC 9240 system (Bac Tec, LLC, Lincoln, USA) in the micro-
biology laboratories of the University Clinics of Tartu and the North
EstonianMedical Centre. Microbeswere identifiedwith the VITEK 2
system (Biomérieux, Durcham, France). All isolates were stored in
skimmed milk at �80 �C before molecular typing.

Mucosal and invasive strains of Klebsiella pneumoniae and
Enterobacter cloacae were typed by PFGE method according to the
manufacturer’s instructions, using SpeI enzyme restriction (Gene-
path, Bio-Rad, Marnes-la-Coquette).

Electrophoresis was performed using a CHEF-DR II system (Bio-
Rad). Gel images were processed with Gene Tools software syngene
version 1.2 (Syngene, Cambridge, UK). PFGE typing of Acinetobacter
baumannii was performed using the enzyme ApaI.16

Definitions

Late-onset sepsis was diagnosed if Gram-negative organisms
were cultured from normally sterile body fluids, and clinical and
laboratory signs of sepsis were present at �72 h of life.14
If different species were cultured in the same patient more than
two weeks apart, they were considered as separate episodes. Pre-
existing mucosal colonization was defined as the presence of
Gram-negative micro-organisms on mucosal surfaces two to
14 days before the collection of sterile fluid cultures.

Phenotypically similar micro-organisms from mucosa and
sterile body fluids were considered to be concordant. PFGE results,
if available, took precedence over phenotypic culture data.

Statistical analysis

Sigma Stat for Windows 2.0 (Jandel Corporation, San Rafael, CA,
USA) and R 2.6.2 (The R Foundation for Statistical Computing,
Vienna, Austria http://www.r-project.org) were used for statistical
analysis.

Sensitivity, specificity, and positive and negative predictive values

For each mucosal and invasive sample pair, the following algo-
rithm was used to calculate the predictive value:

(1) true-positive (TP), when both samples yielded phenotypically
similar organisms;

(2) true-negative (TN), when both samples were negative;
(3) false-positive (FP), when a positive mucosal sample was paired

with a negative blood culture or with a different organism from
a positive blood culture; and

(4) false-negative (FN), when a negative mucosal sample was
paired with a positive blood culture.

Separate analyses were conducted for rectal and nasopharyn-
geal samples, and for the combined dataset. In the combined
analysis, if a sample from one site was TP and a sample from the
other sitewas FN, it was labelled TP. If a sample fromone sitewas FP
and a sample from the other site was TN, it was labelled FP.

Sensitivity, specificity, PPV and NPV were calculated for all
Gram-negative species according to the time frame of sample
collection (2e6, 7e10 or 11e14 days prior to infection). For the per-
patient analysis, odds ratios (OR) with 95% CIs were calculated.
Patients with positive mucosal and invasive cultures with concor-
dant organisms were assigned to TP, those with negative mucosal
and invasive cultures were assigned to TN, those with positive
mucosal cultures and negative invasive cultures were assigned to
FN, and all remaining patients were assigned to FP.

A multi-variate mixed model adjusted for study centre, treat-
ment period and individual subject was used to identify factors
improving the accuracy of prediction of invasive disease. Themodel
included the following parameters: time from mucosal sample to
invasive sample, number of TP mucosal samples prior to invasive
sample, gestational age, collection site and postnatal age.

The study was approved by the Ethics Committee of the
University of Tartu.

Results

Patients

Of 465 neonates admitted during the study period, 283 met the
inclusion criteria. Mucosal cultures were available for 278 of these
neonates. The presence of risk factors for late-onset sepsis, as
defined by Perlman et al.,17 was as follows: 75 (27%) subjects had
birthweight <1000 g and 144 (52%) had birthweight <1500 g, 59
(21%) subjects had total parenteral nutrition during the first week
of life, 240 (86%) subjects had central venous catheters, and 215
(77%) subjects were mechanically ventilated.

http://www.r-project.org
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Figure 1. Timing of rectal and nasopharyngeal colonization with non-fermentive Gram-negative micro-organisms during the first five weeks of life. x-axis represents percentage of
colonized patients. Pseudomonas spp., striped bars; Stenotrophomonas spp., open bars; Acinetobacter spp., solid bars. Asterisks indicate cases of late-onset sepsis. The following
differences between nasopharyngeal and rectal colonization were statistically significant: Acinetobacter spp. at two weeks (P ¼ 0.006), Acinetobacter spp. at three weeks (P ¼ 0.017)
and Pseudomonas spp. at one week (P ¼ 0.022).
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Sterile body fluid cultures

In total, 555 sterile body fluid samples (514 blood, 36 cerebro-
spinal fluid and five others) were collected, with a median of two
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Figure 2. Timing of rectal and nasopharyngeal colonization with Enterobacteriaceae during
spp., grey bars; Escherichia coli, stippled bars; Klebsiella oxytoca, open bars; Klebsiella pneum
sepsis. The following differences between nasopharyngeal and rectal colonization were sta
(P ¼ 0.009) and E. coli at one week (P < 0.001).
samples per patient (range 0e24); of these, 32 (6%) contained
Gram-negative organisms. The prevalence of Gram-negative late-
onset sepsis was 10% (N ¼ 27); this was caused by Entero-
bacteriaceae in 18 cases and by non-fermentative organisms in nine
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the first five weeks of life. x-axis represents percentage of colonized patients. Serratia
onia, striped bars; Enterobacter cloacae, solid bars. Asterisks indicate cases of late-onset
tistically significant: K. pneumoniae at one week (P ¼ 0.047), E. cloacae at two weeks



Table I
Microbes causing late-onset sepsis (LOS) and their association with mucosal colonization

Total colonized No. of patients with LOS Colonized and with LOS OR (95% CI) Colonized prior to LOS OR (95% CI)

Enterobacter cloacae 76 5 3 4.11 (0.55e35.96) 1 0.66 (0.28e6.15)
Klebsiella pneumoniae 51 6 5 24.57 (2.69e587.93) 4 9.57 (1.45e77.74)
Escherichia coli 49 3 3 34.55 (2.03e20,474.48) 3 34.55 (2.03e20,474.48)
Acinetobacter spp. 47 7 5 13.63 (2.41e105.29) 2 2.01 (0.26e12.20)
Klebsiella oxytoca 46 3 3 37.41 (2.20e22,188.59) 3 37.41 (2.20e22,188.59)
Serratia spp. 31 1 1 24.34 (0.81e16,921.25) 1 24.34 (0.81e16,921.25)
Stenotrophomonas spp. 12 1 1 69.52 (2.19e49,681.68) 1 69.52 (2.18e49,681.68)
Pseudomonas aeruginosa 7 1 1 125.31 (3.69e92,781.90) 1 125.31 (3.69e92,781.90)

OR, odds ratio; CI, confidence interval.
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cases. The median time of occurrence of sepsis was 13 days after
mucosal sample collection; sepsis occurred earliest for E. cloacae
and latest for Klebsiella oxytoca (median eight and 30 days,
respectively).

Mucosal colonization

One hundred and seventy-one (62%) patients had mucosal
colonization with Gram-negative micro-organisms; the number of
different species ranged from one to eight (median 3). Approxi-
mately half of the rectal (693/1250, 55%) and nasopharyngeal (558/
1153, 48%) samples were culture positive. In addition, 60 tracheal
samples (median 0.22, range 0e7) contained 32 organisms.

As shown in Figures 1 and 2, carriage of Enterobacteriaceae
increased with the duration of NICU stay. In the first week of life, K.
pneumoniae and Escherichia coli colonized the gut more often than
the nasopharynx (OR 2.55, 95% CI 1.08e6.03 and OR 2.19, 95% CI
1.11e4.31, respectively), but no relevant differences were observed
between the two sites in the second week of life, except for
E. cloacae (OR 2.28, 95% CI 1.26e4.13). No association was found
between non-fermentative micro-organisms and duration of NICU
stay, but Acinetobacter spp. tended to colonize the nasopharynx
more often than the gut (OR 3.18, 95% CI 1.42e7.10 and OR 5.02, 95%
CI 1.37e18.42, respectively) in the second and third weeks of life.

Associations between infection and colonization

In 22 of 27 cases of late-onset sepsis, mucosal and invasive
strains were phenotypically identical, and preceded invasive
disease in 16 of 22 colonizations. The median duration of prior
colonization with a concordant strain was 10.5 days (range 2e36)
for Enterobacteriaceae and seven days (range 2e29) for non-
fermentative micro-organisms. Nine of 16 patients were colo-
nized with several Gram-negative strains (range 2e6). All invasive
infections were mono-infections.
Table II
Sensitivity, specificity, positive predictive values (PPV) and negative predictive values (NP

Sensitivity

% 95% CI %

All samples (N ¼ 2108) 26.8 19.1e36.1 65.7
Enterobacteriaceae 37.3 26.2e49.8 65.8
Non-fermentative micro-organisms 11.1 4.2e24.7 66.5

Site of colonization
Nasopharyngeal (N ¼ 1046) 27.6 17.0e41.1 65.8
Rectal (N ¼ 1062) 25.9 15.4e39.9 65.7
Any mucosa (N ¼ 1053) 29.3 26.8e53.2 49.2

Sampling time (days prior to infection)
Days 2e6 (N ¼ 975) 36.2 23.1e51.5 61.9
Days 7e10 (N ¼ 635) 18.9 8.6e35.7 68.1
Days 11e14 (N ¼ 498) 21.4 9.0e41.5 70.4

‘Any mucosa’, positive sample in at least one mucosal site (e.g. nasopharyngeal and/or r
Prior mucosal colonizationwith Gram-negative organisms other
than E. cloacae and Serratia spp. was associated with invasive
infection (Table I). The genetic relatedness of colonizing and
infecting strains of K. pneumoniae, E. cloacae and A. baumannii was
confirmed by PFGE analysis in all cases.

Predictive value of mucosal site cultures

In total, 2108 invasive and mucosal culture pairs were assessed.
Overall sensitivity, specificity, PPV and NPV were 27%, 66%, 4% and
94%, respectively (Table II). Overall sensitivity (37% vs 11%) and PPV
(4% vs 1%) were greater for Enterobacteriaceae compared with non-
fermentative organisms, and at 2e6 days prior to infection
compared with 7e10 and 11e14 days prior to infection (sensitivity:
2e6 days 50% vs 16%, 7e10 days 26% vs 7%, 11e14 days 31% vs 8%;
and PPV: 2e6 days 4% vs 1%, 7e10 days 3% vs 0.5%, and 11e14 days
3.5% vs 1%, respectively). All other parameters were similar for both
sites and all time periods. In the multi-variate mixed model anal-
ysis, only the number of TP surveillance cultures prior to invasive
disease (OR 4.66, 95% CI 2.28e9.55; P < 0.0001) and younger
postnatal age (per additional day, OR 0.94, 95% CI 0.88e1.00;
P ¼ 0.047) improved the accuracy of prediction.

The analysis of different species indicated that sensitivity was
above 60% for K. oxytoca, E. coli and Pseudomonas aeruginosa, but
was lower for all other species (Table III). This was most likely due
to the small sample size, and there was wide variation in the 95%
CIs. In contrast, specificity exceeded 92% for all organisms. In
addition, high NPVs (>98% for all species) were observed, enabling
the identification of patients at low risk of late-onset sepsis.

Discussion

This study of neonates at high risk of healthcare-associated
infections demonstrated that prior mucosal colonization with
Gram-negative organisms other than E. cloacae, Serratia spp. and
V) of mucosal and invasive sample pairs overall and by site and time of colonization

Specificity PPV NPV

95% CI % 95% CI % 95% CI

63.6e67.8 4.2 2.9e6.0 94.1 92.7e95.3
65.5e66.3 3.5 2.5e4.7 96.9 96.3e97.5
66.3e66.8 0.8 0.3e1.7 97.0 96.8e97.5

62.7e68.7 4.5 2.7e7.4 93.9 91.8e95.5
62.6e68.6 3.9 2.2e6.6 94.3 92.3e95.8
46.3e52.1 3.6 2.3e5.5 94.4 92.1e96.0

58.6e64.9 4.6 2.8e7.4 95.0 92.9e96.6
64.1e71.8 3.5 1.6e7.4 93.1 90.2e95.2
66.0e74.5 4.1 1.7e9.2 93.8 90.6e96.0

ectal); CI, confidence interval.



Table III
Sensitivity, specificity, positive predictive values (PPV) and negative predictive values (NPV) of mucosal and invasive sample pairs by bacterial species

Microbes Sensitivity Specificity PPV NPV

% 95% CI % 95% CI % 95% CI % 95% CI

Klebsiella oxytoca 75.0 43.3e93.3 92.8 92.5e93.0 10.3 6.0e12.9 99.7 99.3e99.9
Pseudomonas aeruginosa 66.7 12.7e98.2 99.0 98.8e99.1 15.4 2.9e22.7 99.9 99.8e100
Escherichia coli 62.5 26.2e89.7 94.8 94.5e95.0 8.1 3.4e11.6 99.7 99.4e99.9
Klebsiella pneumoniae 35.7 14.1e63.8 94.0 93.8e94.4 7.1 2.8e12.8 99.1 98.9e99.5
Serratia spp. 33.3 1.8e87.3 98.6 98.5e98.8 6.3 0.3e16.4 99.8 99.7e100
Stenotrophomonas spp. 33.3 1.8e87.3 97.9 97.8e98.0 4.2 0.2e10.9 99.8 99.7e100
Enterobacter cloacae 7.7 0.4e37.2 93.2 93.1e93.5 1.3 0.1e6.5 98.8 98.7e99.2
Acinetobacter spp. 4.8 0.2e25.1 93.8 93.7e94.2 1.5 0.1e7.7 98.1 98.0e98.5

Both mucosal sampling sites (nasopharyngeal and rectal) and all time points (from two to 14 days prior to infection) are included.
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Acinetobacter spp. may lead to invasive disease. However, as found
in previous studies, the sensitivity, specificity and PPVs of mucosal
surveillance samples in predicting invasive disease were moderate
for Enterobacteriaceae (37%, 66% and 4%, respectively) and subop-
timal for non-fermentative micro-organisms (11%, 67% and 1%,
respectively).11,12

In order to initiate prompt appropriate antibacterial therapy,
physiciansandscientistshavestudied thevalueof regularsurveillance
cultures over several decades.6,7,9e11,13,18,19 Two types of study have
been published: those looking at the predictive value of individual
mucosal samples, and those comparing colonized and uncolonized
patients.6,7,9e11,13,18 Both methods were used in this study.

Research based on the correlation of mucosal and invasive
sample pairs is more precise and scientifically sound, as it allows
estimation of the predictive value of each individual sample.
However, this approach results in suboptimal sensitivity, specificity
and PPVs of mucosal samples.11,12 In addition, this method is far
from the real-life situation; if surveillance samples are imple-
mented, they are collected regularly and decisions are rarely based
on a single sample. Therefore, a per-patient analysis was also used
in this study. The results confirmed previous findings in adult ICUs,
indicating that if colonized patients and specific organisms are
considered, instead of a single sample and specific organisms, the
sensitivity and specificity of mucosal cultures are acceptable; this
may aid in guiding empirical antimicrobial treatment and in pre-
venting the spread of organisms that are difficult to manage, such
as P. aeruginosa.20,21 However, it is important to emphasize that in
the NICU setting (at least in this study), most patients have several
micro-organisms on the mucosal surfaces, and this method does
not allow discrimination between colonizing and invasive strains.

Another benefit of surveillance cultures is the monitoring of
alert micro-organisms and reinforcing infection control measures,
including isolation of colonized patients, to interrupt horizontal
spread and avoid outbreaks.13,22 However, collection and process-
ing of surveillance cultures is labour intensive and costly; without
a clear target, surveillance cultures will have little use in clinical
practice.11,12 Furthermore, a study in adult ICU patients has reported
a negative effect of regular collection of screening samples if
therapy guided by these samples results in overuse of antibiotics
with consequent increases in costs, antibiotic resistance and
potential superinfections.23

In agreement with previous research, this study found a low rate
of positive blood cultures (6%) despite the fact that it was con-
ducted in a high-risk setting and blood samples were only taken
when clinical signs suggested invasive infection.24,25 However, this
is not surprising as the relatively small amounts of blood available
for culturing and low bacterial loads have been associated with
negative cultures in neonates.26,27 Some such neonates with late-
onset sepsis will therefore be categorized as FP, leading to low
sensitivity and PPVs, as seen in this analysis. The value of surveil-
lance cultures should be re-assessed when new and more sensitive
diagnostic tests to identify infecting organisms become
available.28,29

This study demonstrated that the predictive value of mucosal
cultures was particularly poor in infections caused by A. baumannii.
The ratio of infection to colonization was 1:7, but mucosal coloni-
zation led to invasive disease in most cases. A. baumannii infection,
which usually occurs in patients with prior risk factors, is known to
be hospital acquired and outbreaks are not uncommon.30 The study
data suggest that mucosal cultures are not useful for selecting
appropriate antibacterial agents for A. baumannii, but may have
value in avoiding cross-colonization.

Universal screening of mucosal surfaces in NICUs is impractical
as it is too expensive and time consuming. Furthermore, selection
of antibiotics based on a single positive mucosal culture may even
be misleading.23 However, the collection of rectal or nasopharyn-
geal swabs may have some value in cohorting chronically colonized
patients, or selecting appropriate antibacterial therapy during
outbreaks of hospital-acquired infections.31 It is recommended that
surveillance cultures should be taken twice weekly in such
circumstances. This study has demonstrated that the prediction of
invasive disease depends on the duration of mucosal colonization.
Also, the higher the number of positive cultures for a specific
organism, the greater the likelihood of this organism being a cause
of invasive disease.

In conclusion, mucosal surfaces may be an important source of
infection, but routine and non-targeted surveillance cultures are not
efficient for the prediction of late-onset sepsis in NICUs. However,
targeted screening for specific organisms (e.g. Klebsiella spp., E. coli,
Stenotrophomonas spp. and Pseudomonas spp.) in an outbreak situa-
tionmay offer an opportunity to improve infection control measures
and enable timely initiation of appropriate antibiotic therapy.
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