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Abstract
BACKGROUND—Gram-negative bacilli (GNB) cause as many as 20% of episodes of late-onset
sepsis among very low birth weight (VLBW, birth weight < or =1500 g) infants in the neonatal
intensive care unit. As the gastrointestinal (GI) tract can serve as a reservoir for GNB, we
hypothesized that VLBW infants with prior GI tract colonization with gentamicin-susceptible GNB
who developed bloodstream infections (BSI) would do so with gentamicin-susceptible GNB.

METHODS—A prospective cohort study of VLBW infants was performed in 2 level III neonatal
intensive care units from September 2004 to October 2007. GI tract surveillance cultures were
obtained weekly. Risk factors for GNB BSI and for GI tract colonization with GNB were assessed.

RESULTS—Fifty-one (7.3%) of 698 subjects experienced 59 GNB BSIs of which 34 occurred by
6 weeks of life and 625 (90%) of 698 subjects were colonized with GNB. Overall, 25% of BSI and
16% of GI tract isolates were nonsusceptible to gentamicin and colonization with the same species
and same gentamicin susceptibility profile preceded 98% of GNB BSIs. Vaginal delivery, birth
weight < or =750 g, GI tract pathology, increased use of central venous catheters, use of vancomycin,
mechanical ventilation, and H2 blockers/proton pump inhibitors were associated with GNB BSI.
Vaginal delivery, birth weight >1000 g, and treatment with carbapenem agents were associated with
GNB colonization.

CONCLUSIONS—These data support the use of empiric gentamicin to treat late-onset sepsis in
infants colonized with gentamicin-susceptible GNB. Targeted GI tract surveillance cultures of infants
with specific risk factors during weeks 2 to 6 of life could be used to guide empiric therapy for late-
onset sepsis.
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Introduction
Infants hospitalized in the neonatal intensive care unit (NICU) are at increased risk of late-
onset sepsis due to both innate and acquired risk factors [1-7]. Risk factors for late-onset sepsis
in this population have included relative immunodeficiency [1,2], low birthweight [4,5,7], use
of central venous catheters (CVC) [4-7], surgical procedures [6], delays in enteral feeding
[5], delivery by Cesarean section [8], and colonization with potential pathogens [9-11]. More
recently, we demonstrated that risk factors for late-onset sepsis caused by gram-negative bacilli
(GNB) included use of a CVC for >10 days, nasal cannula continuous positive airway pressure
(NC-CPAP), and/or H2 blockers/proton pump inhibitor (PPI) use as well as gastrointestinal
(GI) tract pathology [3,12]. In addition, the GI tract of hospitalized infants has been shown to
serve as a reservoir for infections caused by Candida species [6,13,14], Klebsiella
pneumonia [11,15], Escherichia coli [11] and Pseudomonas aeruginosa [16].

As many as 20% of episodes of late-onset sepsis are caused by GNB [5,17]. Thus, empiric
therapy for such infections includes antimicrobial agents for both gram-negative and gram-
positive pathogens. In the United States, the most commonly used therapy for late-onset sepsis
includes vancomycin and gentamicin [18], although sepsis caused by GNB resistant to
gentamicin is well documented [19].

We previously performed a pilot study and showed, using pulsed-field gel electrophoresis that
18 (95%) of 19 endemic GNB BSIs were caused by the same strain with the same antimicrobial
susceptibility pattern as previously cultured from these infants' GI tracts [20]. In the current
study, we hypothesized that very low birthweight (VLBW birthweight ≤ 1500 grams) infants
with prior GI tract colonization with gentamicin-susceptible GNB who developed blood stream
infections (BSI) would do so with gentamicin-susceptible GNB and thus be safely treated with
gentamicin as empiric therapy for episodes of late-onset sepsis. The aims of this study were to
determine if the same strain of GNB associated with antecedent GI tract colonization caused
subsequent BSIs, to characterize the epidemiology of GI tract colonization with GNB, and to
assess risk factors for GNB colonization and for GNB BSI in VLBW infants. The ultimate goal
of this study is to improve the care of infants in the NICU by modifying risk factors to reduce
their risk of GNB BSI and using targeted surveillance cultures to reduce the use of unnecessary
broad spectrum antibiotics for empiric therapy for late-onset sepsis.

Methods
Study Design

This was a prospective cohort study of VLBW infants admitted to NICU 1 from September
10, 2004 to October 11, 2007 and to NICU 2 from January 6, 2005 to October 11, 2007. The
institutional review boards of Columbia University and Weill Cornell Medical College
approved the study protocol and waived the requirement for documentation of written informed
consent. An information sheet was given to parents of eligible infants that described the study,
provided the study team's contact information, and offered parents the option to decline
participation in the study.
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Study Sites and Study Subjects
The study sites have been described previously [18]. These two level III NICUs are within
NewYork-Presbyterian/Morgan Stanley Children's Hospital (58 beds) and the Komansky
Center for Children's Health at New York Presbyterian Hospital/Weill Cornell Medical Center
(50 beds) and have 1,500 annual discharges combined. The NICUs are geographically
separated by 9 miles and only occasionally share staff or patients. Gentamicin is used as empiric
therapy for late-onset sepsis caused by GNB in both study NICUs.

Eligible subjects were VLBW infants admitted to the study sites during the study period.
Exclusion criteria were (1) parental refusal; (2) congenital anomalies that made obtaining rectal
surveillance cultures impossible or unsafe to obtain, e.g., an imperforate anus; (3) age >14 days
upon admission to the study sites; and (4) death within 48 hours of admission. A subset of the
subjects in this study with GNB BSI was previously described [20].

Microbiology Studies
Surveillance cultures of the GI tract were obtained weekly until NICU discharge. The rectal
verge of eligible infants was swabbed with a rayon-tipped swab (CultureSwab Collection and
Transport System, BD Diagnostic Systems, Sparks, MD). Surveillance cultures were processed
by the Clinical Microbiology Laboratory at Columbia University using selective MacConkey
agar plates (BD) which were inoculated, incubated at 35° C, and examined for growth at 24
and 48 hours. Up to two predominant bacterial morphotypes were selected for identification
and susceptibility testing using the MicroScan WalkAway® SI System (Siemens Healthcare
Diagnostics, Inc., Tarrytown, NY). The categorical interpretations of susceptible (≤4 μg/ml),
intermediate (8 μg/ml) or resistant (≥ 16 μg/ml) were derived from established minimal
inhibitory concentration (MIC) breakpoints for gentamicin against GNB [21]. In this study,
isolates were considered to be non-susceptible to gentamicin if the MIC was ≥ 8 μg/ml.

Blood cultures were obtained by the NICU staff as clinically indicated and processed in each
site's Clinical Microbiology Laboratory using BACTEC Peds Plus® bottles in the BACTEC
FX system (BD) at site 1 and the BacT/ALERT system (bioMérieux, Durham, NC) at site 2,
as per the standard of care.

Case Definitions
The study's primary outcome was a BSI caused by a GNB that occurred in a VLBW infant ≥
72 hours after birth. If an infant had ≥ 2 BSIs caused by GNB, only the first was included in
the analysis of risk factors. However, if an infant had ≥ 2 BSIs caused by different species of
GNB, all were included in the analysis of concordance between colonizing and infecting
isolates. GI tract surveillance culture isolates were presumed concordant with subsequent BSI
isolates if the GNB species and gentamicin susceptibility profile were the same.

Assessing Risk Factors for BSIs and GI Tract Colonization with GNB
Potential risk factors for GNB BSIs and GI tract colonization were collected by reviewing
subjects' electronic medical records. Demographic and clinical characteristics, device use and
medical treatments, and age (in days) at first enteral feeding (breast milk and/or formula) were
assessed as risk factors.

Statistical Analysis
Logistic regression was used to estimate the effects of hypothesized risk factors for GNB BSI.
For potential risk factors, bivariate analyses were performed using the Chi-squared test or
Fisher's exact test, when appropriate and logistic regression was performed for continuous
variables. In multivariate analysis, variables with p<0.25 in the bivariate analysis were entered
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into the initial logistic regression model. In addition, NC-CPAP use was forced into the model,
due to its significance as a risk factor in a previous study [4]. As birthweight and gestational
age were highly correlated (r=0.746, p<0.001) only birthweight was used to avoid
multicollinearity between predictors. Backward elimination was used to build a multivariate
model that included all variables with p<0.05 and that controlled for the number of surveillance
cultures performed for each infant. Only infants colonized with a GNB during their NICU stay
who had data for their first enteral feeding were included in the multivariate model. Manual
model selection tested the robustness of the findings.

Cox Proportional Hazards Models were used to evaluate factors contributing to GNB
colonization because colonization was measured as time-to-event (days to colonization).
Infants who were not colonized were considered censored at the day of the last surveillance
culture result or NICU discharge, whichever occurred first. Hazards ratios and 95% confidence
intervals (CI95) were calculated for each significant factor. All statistical analyses were
performed using SAS® 9.1 for Windows.

Results
Characteristics of Participating Subjects

During the study period, 698 VLWB infants were enrolled; no parents refused to participate
in the study. The characteristics of the subjects are shown in Table 1. Approximately half (49%,
341/698) were extremely low birthweight (ELBW, birthweight ≤ 1,000 grams). Infants in
NICU 1 had lower birthweights (p<0.001) and shorter lengths of stay (p=0.049) than infants
in NICU 2.

BSIs caused by GNB
Fifty one (7.3%) of the 698 subjects had 59 GNB BSIs including 7 who experienced ≥ 2 GNB
BSIs. The proportion of infants who developed a GNB BSI was similar at both study sites
(Table 1). The ages at presentation and rate of GNB BSIs for the first 18 weeks of life are
shown in the Figure. Most (88%, 45/51) subjects with GNB BSI were ELBW infants and over
half (58%, 34/59) of the episodes of GNB BSIs occurred within the first 6 weeks of life.
However, among the 7 infants with ≥ 2 GNB BSIs, the second episode occurred after the
11th week of life and 5 had ≥ one gentamicin non-susceptible isolate causing their BSIs.

Concordance of GNB from GI tract and BSI
All 59 episodes of GNB BSIs were preceded by a surveillance culture with the same strain and
58 (98%) had the same gentamicin susceptibility profile; the one discordant case had a
gentamicin-non-susceptible surveillance isolate and gentamicin-susceptible blood isolate. Of
the strains causing BSIs, 25%, 5% and 0% were non-susceptible to gentamicin, third generation
cephalosporin agents, and carbapenem agents, respectively. Concordant surveillance cultures
were obtained a mean of 6 days (median 6, range 1-17 days) prior to the onset of GNB BSI.
The sensitivity, specificity, and positive predictive value of GI tract surveillance cultures to
predict gentamicin-non-susceptible GNB BSI were 100%, 98%, and 94% respectively.

Risk factors Associated with GNB BSI
Risk factors significantly associated with GNB BSI as assessed by univariate analysis are
shown in Table 2. While longer duration of treatment with gentamicin or ampicillin were risk
factors for GNB BSI, the duration of treatment with other agents was not, although few infants
were treated with piperacillin-tazobactam (n=33), imipenem or meropenem (n=42) or cefazolin
(n=14). The week of life when GNB colonization was first detected was not associated with
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BSI. No factors were significantly associated with having gentamicin-non-susceptible GNB
BSI compared with gentamicin-susceptible GNB BSI.

Multivariate analysis was performed on 619 infants colonized with GNB and with complete
data for enteral feeding. Vaginal delivery, longer duration of CVC use, birthweight ≤750 grams,
and use of mechanical ventilation, vancomycin, and H2 blockers/PPIs, as well as GI tract
pathology remained significantly associated with GNB BSI (Table 3). The Hosmer and
Lemeshow Test of Goodness of Fit indicated that the model was a good fit (p=0.761).

GI Tract Colonization with GNB
During the study period, 5,931 surveillance cultures were performed and 90% (625/698) of
subjects had ≥ one GNB positive culture. The proportion of infants colonized with GNB
increased with age (Figure); 25%, 56%, 72%, 72%, 77%, and 79% of infants had positive
surveillance cultures in the 1st, 2nd, 3rd, 4th, 5th and 6th week of life, respectively. The three
most commonly isolated GNB from both surveillance and blood cultures were Escherichia
coli, Klebsiella oxytoca, and K. pneumoniae. Overall, 16%, 4%, and 1% of isolates colonizing
the GI tract were non-susceptible to gentamicin, third generation cephalosporin agents, and
carbapenem agents, respectively. The proportion of gentamicin non-susceptible isolates was
higher among Klebsiella species compared with E. coli and other species (p<0.001).

Factors Associated with GNB Colonization
The probability of GNB colonization was increased in infants delivered vaginally, with
birthweight >1000 grams, and with longer duration of carbapenem use. For example, the risk
of being colonized with GNB at any given time was 52% higher for infants delivered vaginally
compared with infants delivered by Cesarean section, adjusting for other risk factors. In
contrast, infants with delayed enteral feeding and/or longer duration of CVC use had a
decreased probability of GNB colonization (Table 4). No factors were significantly associated
with time to colonization with a gentamicin-non-susceptible strain.

Discussion
To our knowledge, this is the largest recent study prospectively evaluating the potential use of
GI tract surveillance cultures among VLBW infants. We focused on gentamicin susceptibility
of GNB in surveillance cultures of the GI tract with the goal of providing safe empiric treatment
for late-onset sepsis in this population. We found that 98% of BSIs caused by GNB were
preceded by GI tract colonization with the same species and same gentamicin susceptibility
profile. In addition, we found that several risk factors (Table 4), some of which are modifiable,
e.g., prolonged use of CVCs and use of H2 blockers and PPIs, were significantly associated
with endemic GNB BSI. These data suggest that targeted surveillance cultures of the GI tract
could be used in selected high risk infants to guide treatment of late-onset sepsis and to reduce
the inappropriate use of broad spectrum agents.

Gentamicin-non-susceptible strains caused approximately 25% of GNB BSIs and colonized
16% of infants in this study. Colonization with gentamicin-non-susceptible strains occurred as
early as the first week of life. However, no risk factors, including antibiotic use or vaginal
delivery, were found for either colonization or infection with gentamicin-non-susceptible
strains. In the late 1990's, Toltzis et al. found that 101 (8.6%) of 1180 infants (mean birth weight
2512 grams) became colonized with GNB resistant to gentamicin, piperacillin-tazobactam, or
ceftazidime and that colonization occurred as early as the first day of life. Several factors were
found to be associated with colonization with resistant GNB, using univariate analysis,
including low birthweight and antibiotic exposure. When compared with our study, differences
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in population, including birthweight, as well as differences in data analysis could account for
these findings. [22]

There has been previous interest in the utility of surveillance cultures in the NICU population
to predict the pathogens associated with sepsis. In 1978, Sprunt et al. reported that infants with
“abnormal” pharyngeal colonization, defined as ≥ 104 colonies/ml of bacteria other than α-
hemolytic streptococci, had an estimated 15-fold greater risk of bacteremia caused by these
bacteria compared with normally colonized infants [9]. In contrast, in 1988-1989, Finelli et al.
did not find an association between prior pharyngeal colonization and subsequent BSIs or
meningitis [23]. Slagle et al. found no association between routine surveillance cultures of
endotracheal tube aspirates and subsequent episodes of sepsis [24]. In previous studies
conducted in the NICU, the sensitivity, specificity, and positive predictive value (PPV) of
surveillance cultures from different body sites for developing BSIs were 56%, 82%, and 8%,
respectively [25], however, these studies did not assess the predictive value of the antimicrobial
susceptibility of colonizing flora. In the current study, we found higher sensitivity (100%),
specificity (98%), and PPV (94%) of GI tract surveillance cultures to predict gentamicin-non-
susceptible GNB BSI, suggesting that targeted use of such surveillance cultures could be useful
in choosing empiric therapy for late-onset sepsis.

The risk factors associated with GNB BSI that were demonstrated in this study have biological
plausibility. Vaginal delivery was associated with both GNB BSI and a higher rate of
colonization with GNB suggesting acquisition of maternal flora during delivery. However,
vaginal delivery was not demonstrated to be a risk factor for either infection or colonization
with gentamicin-non-susceptible GNB. As shown previously, ELBW as confounded by
intrinsic immuno- and barrier- deficiencies was a risk factor [1,2]. Similarly, increased duration
of CVC use and mechanical ventilation were confirmed as risk factors, presumably due to
disruption of normal barrier functions [3-5,7].

Enteral feeding can provide immunological protection to infants by promoting intestinal
acquisition of commensal flora. Stoll et al. have reported an increased risk of late-onset sepsis
among infants with a delay in first enteral feeding [5]. Similarly, Terrin et al. found that infants
who initially received trophic feeds in addition to total parenteral nutrition (TPN) had reduced
risk of sepsis compared to infants who received TPN alone [26], and Perlman et al. found that
infants receiving TPN (with CVCs) were 4-fold more likely to have a BSI compared with those
not receiving TPN (with CVCs) [7]. Consistent with these previous studies, we found a delay
in enteral feeding was associated with GNB BSI in univariate analysis; however, this
association was not found in the multivariate model and was most likely confounded by use
of CVCs.

We have previously reported that GI tract pathology (i.e., necrotizing enterocolitis, congenital
anomalies such as intestinal atresia, or functional abnormalities such as Hirschsprung's disease)
and the use of H2 blockers/PPIs were associated with candidemia in the NICU population [6,
12]. In the current study, we found that these same risk factors were also associated with GNB
BSI likely due to loss of normal barrier functions, i.e., reduced gastric acidity and disruption
of the integrity of the bowel mucosa which could result in translocation of GNB from the GI
tract to the bloodstream. This is the first study to demonstrate that vancomycin use was
significantly associated with GNB BSI, suggesting that this agent can alter GI tract flora, but
this observation needs to be confirmed.

This study had potential limitations. We did not perform molecular typing on the GNB
colonizing the GI tracts of all infants with BSI as we had previously shown 95% concordance
between BSI and GI tract isolates in a subset of the infants (n=15) in this study [20]. Race and
ethnicity could not be assessed as possible risk factors for colonization and infection as these
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data were not systematically collected at the study sites. While the timing of first enteral feeding
was studied, the volume and types of feeds and the impact of trophic feeds were not determined.
Additionally, the generalizability of this study may be limited due to the local ecology of the
study NICUs. The timing and use of GI surveillance cultures may not easily transfer into
clinical practice and their cost effectiveness was not determined.

In summary, we demonstrated a high rate of presumed concordance between GNB isolated
from surveillance cultures and subsequent blood culture isolates of which 25% were
gentamicin-non-susceptible. These data support the empiric use of gentamicin for treatment
of late-onset sepsis among VLBW infants colonized with gentamicin-susceptible GNB and
suggest that infants harboring gentamicin-non-susceptible GNB require alternative empiric
therapy. Our data further suggest that GNB BSIs could be reduced in the NICU population by
minimizing exposure to certain risk factors such as vancomycin and H2 blockers/PPIs and by
prompt removal of CVCs when no longer necessary. While universal use of surveillance
cultures is not feasible in clinical practice, targeted surveillance of ELBW infants with specific
risk factors during the 2-6th week of life could be useful to guide empiric therapy of late-onset
sepsis. Future studies should assess the most effective strategy for targeted surveillance cultures
for GNB in the NICU population.
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Figure. Gram-negative bacilli colonization and blood stream infection by week of life
The left hand Y-axis shows the proportion of infants colonized with GNB and the right hand
Y-axis shows the number of GNB BSIs during the first 18 weeks of life. The X-axis represents
the week of life and shows the number of infants remaining in the study NICUs each week.
Gentamicin-susceptible and gentamicin-non-susceptible BSIs are shown. Five BSIs occurred
after the 18th week of life and are not shown in the Figure.
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Table 1
Demographic and clinical characteristics of infants by study site

Characteristic
NICU 1
(N=453)
n (%)

NICU 2
(N=245)
n (%)

Total
(N=698)
n (%)

P-value

Male 231(51.0) 105(42.9) 336(48.1) 0.040

Gestational age (weeks)

 Mean(sd) 27.9 (2.6) 28.8 (2.5) 28.2 (2.6) <0.001

Birthweight (grams)

 ≤750 113 (24.9) 45 (18.4) 158 (22.6) <0.001

 751-1,000 133 (29.4) 50 (20.4) 183 (26.1)

 1,001-1,250 110 (24.3) 69 (28.2) 179 (25.6)

 1,251-1,500 97 (21.4) 81 (33.0) 178 (25.5)

GNB BSI 32 (7.1) 19 (7.8) 51 (7.3) 0.738

Length of Stay (days)

 Mean (sd) 48.6 (37.9) 54.6 (38.5) 50.7 (38.2) 0.049

Number of Surveillance Cultures

 Mean (sd) 7.1 (5.0) 8.0 (4.6) 7.4 (4.8) 0.021

Age at first enteral feeding (days)a

Mean (sd) 7.6 (10.6) 8.5 (11.7) 7.9 (11.0) 0.312

NOTE. GNB BSI, gram-negative bacilli bloodstream infection. Data are presented as number (%), unless otherwise specified. Analysis was performed
using the chi-squared test for categorical variables and logistic regression for continuous variables.

a
Excludes 18 infants with missing data for age at enteral feeding.
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Table 2
Univariate analysis of factors associated with bloodstream infections caused by gram-
negative bacilli among infants in the NICU

Risk Factor GNB BSI
(n=51)

No GNB BSI
(n=647)

P-value

Male 32 (63%) 304 (47%) 0.030

Gestational Age weeks (sd) 26 (2) 28 (3) <0.001

Birthweight (grams) 760 (173) 1032 (280) <0.001

Birthweight (grams)

 ≤750 27 (53%) 135 (21%) <0.001

 751-1,000 18 (35%) 161 (25%) <0.001

 1,001-1500 6 (12%) 351 (54%) Ref

Vaginal delivery 21 (41%) 137 (21%) 0.001

GI Tract Pathology 17 (33%) 28 (4%) <0.001

CVC (days) 31 (24) 18 (22) <0.001

Mechanical ventilation use 41 (80%) 233 (36%) <0.001

Mechanical ventilation (days) 16 (23) 6(20) 0.021

Gentamicin (days) 10 (10) 6(8) <0.001

Vancomycin use 43 (84%) 285 (44%) <0.001

Ampicillin (days) 5 (4) 3 (4) 0.037

H2 blockers/PPI use 23 (45%) 128 (20%) <0.001

H2 blockers/PPI (days) 33 (61) 8 (28) <0.001

Age at first enteral feeding (days) 17 (19) 7 (10) <0.001

Number of surveillance cultures 5 (4) 8 (5) 0.002

NC-CPAP use 41 (80%) 549 (85%) 0.396

NOTE. NICU, neonatal intensive care unit; GI, gastrointestinal; CVC, central venous catheter; and NC-CPAP, nasal cannula continuous positive
airway pressure. This table presents results of univariate analysis using the chi-squared test for categorical variables and logistic regression for
continuous variables. Data are presented as number (%) of infants for categorical variables and mean (standard deviation) for continuous variables.
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Table 3
Multivariate analysis of risk factors associated with bloodstream infections caused by gram-
negative bacilli among infants in the NICU

Risk Factor Odds Ratio(CI95) P-value

Vaginal Delivery 4.36 (1.60, 11.92) 0.004

Birthweight (grams)

 ≤750 g 5.85 (1.63, 21.0) 0.007

 751-1,000 4.33 (1.20,15.62) 0.025

 1,001-1500 -- --

GI Tract Pathology 6.08 (1.90,19.50) 0.002

Vancomycin use 6.10 (1.85, 20.10) 0.003

H2 blockers/PPI use 7.64 (2.76, 21.17) <0.001

Mechanical ventilation 4.18 (1.41, 12.38) 0.010

CVC days 1.07 (1.04, 1.10) <0.001

NOTE. NICU, neonatal intensive care unit; GI, gastrointestinal; CVC, central venous catheter.
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Table 4
Hazard ratios of risk factors for colonization with gram-negative bacilli among infants in
the NICU

Risk Factors Hazard Ratio (CI95) P-value

Vaginal Delivery 1.52 (1.25, 1.84) <0.001

Birthweight 751-1,000 grams 1.15 (0.90, 1.47) <0.254

Birthweight 1,001-1,500 grams 1.56 (1.21, 2.00) <0.001

Use of CVCa 0.99 (0.99, 1.00) 0.035

Use of carbapenem agenta 1.04 (1.01, 1.07) 0.002

Delay to first enteral feedinga 0.98 (0.97, 0.99) <0.001

NOTE. GNB, Gram-negative bacilli; CI95, 95% confidence intervals; CVC, central venous catheter. Hazard ratios were estimated using a multivariate
Cox Proportional Hazards Model. Eighteen infants missing enteral feeding data were excluded from the analysis.

a
Hazard ratio for each additional day of use of a central venous catheter or day of use of imipenem and/or meropenem, or day of delay to first enteral

feeding.
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