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Abstract

OBJECTIVES: Bloodstream infections (BSIs) acquired in the ICU represent a detrimental yet
potentially preventable condition. We determined the prevalence of BSI acquired in the ICU
(ICU-onset BSI), pathogen profile, and associated risk factors.

DESIGN: Retrospective cohort study.
DATA SOURCES: Eighty-five U.S. hospitals in the Cerner Healthfacts Database.

PATIENT SELECTION: Adult hospitalizations between January 2009 and December 2015
including a (= 3 d) ICU stay.

DATA EXTRACTION AND DATA SYNTHESIS: Prevalence of ICU-onset BSI (between
ICU Day 3 and ICU discharge) and associated pathogen and antibiotic resistance distributions
were compared with BSI present on (ICU) admission (ICU-BSIpga); and BSI present on ICU
admission day or Day 2. Cox models identified risk factors for ICU-onset BSI among host,
care setting, and treatment-related factors. Among 150,948 ICU patients, 5,600 (3.7%) had
ICU-BSIppa and 1,306 (0.9%) had ICU-onset BSI. Of those with ICU-BSIppa, 4,359 (77.8%)
were admitted to ICU at hospital admission day. Patients with ICU-onset BSI (vs ICU-BSlppp)
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displayed higher crude mortality of 37.9% (vs 20.4%) (p < 0.001) and longer median (interquartile
range) length of stay of 13 days (8-23 d) (vs 5 d [3-8 d]) (» < 0.001) (considering all ICU

stay). Compared with ICU-BSlpgp, ICU-onset BSI displayed more Pseudomonas, Acinetobacter,
Enterococcus, Candida, and Coagulase-negative Staphylococcus species, and more methicillin-
resistant staphylococci, vancomycin-resistant enterococci, ceftriaxone-resistant Enterobacter, and
carbapenem-resistant Enterobacterales and Acinetobacter species, respectively. Being younger,
male, Black, Hispanic, having greater comorbidity burden, sepsis, trauma, acute pulmonary or
gastrointestinal presentations, and pre-ICU exposure to antibacterial and antifungal agents was
associated with greater ICU-onset BSI risk after adjusted analysis. Mixed ICUs (vs medical or
surgical ICUs) and urban and small/medium rural hospitals were also associated with greater
ICU-onset BSI risk. The associated risk of acquiring ICU-onset BSI manifested with any duration
of mechanical ventilation and 7 days after insertion of central venous or arterial catheters.

CONCLUSIONS: ICU-onset BSI is a serious condition that displays a unique pathogen and
resistance profile compared with ICU-BSIpga. Further scrutiny of modifiable risk factors for
ICU-onset BSI may inform control strategies.
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Bloodstream infection (BSI) carries a high burden of morbidity, mortality, and healthcare
costs (1) and is a common reason for ICU admission. However, BSI that develops

as a nosocomial complication of ICU stay (i.e., ICU-onset BSI) is often an avoidable
condition and might represent an indicator of ICU care quality (2). Understanding the
occurrence rate of and risk factors for ICU-BSI might inform ICU providers’ trigger

for initiating antibiotics, prompt behavioral modifications for prevention, and minimize
associated morbidity and mortality. Understanding the epidemiology of ICU-onset BSI
might also benefit antibiotic stewardship. At any given time, approximately 70% of patients
in ICUs worldwide are on antibiotics (3), and this pattern has not decreased over time

(4). Differentiating bloodstream pathogens and associated antibiotic resistance phenotypes
that are more likely to be encountered with ICU-onset BSI versus BSI present-on-(ICU)-
admission (ICU-BSIppa) might optimize the spectrum of antibiotic therapy prescribed in
either setting.

Existing evidence on prevalence of and risk factors for ICU-onset BSI has limited
generalizability due to differences in regional microbial epidemiology, case mix, and ICU
care practices across reports and over time (5-8). Furthermore, the relatively limited sample
size of prior studies (9, 10) has precluded simultaneous assessment of many candidate risk
factors or BSI populations beyond a specific BSI type (e.g., central venous catheter-related
BSI). We conducted a large database analysis of ICU patients in U.S. hospitals to determine
the prevalence, patient and care setting, and treatment-related factors associated with the risk
of acquiring ICU-onset BSI.
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MATERIALS AND METHODS

Data Source

A retrospective cohort study was conducted using the Cerner Healthfacts Database, a
deidentified clinical data repository from U.S. hospitals using Cerner electronic health
record (EHR) systems (North Kansas City, MO). It includes EHR-based clinical and
administrative data and spans demographic data, diagnoses, procedures, medications, and
laboratory and physiologic data elements and has been leveraged in prior studies on
critically ill patients (11). Given the deidentified nature of the data, its HIPAA-compliant
derivation, exclusive secondary usage, and the nonuse of human subjects, the study was
deemed not to require ethics board review by the Office of Human Subjects Research
Protections, National Institutes of Health, under the revised Common Rule.

Study Population and Case Definition

Adult inpatients greater than or equal to 20 years old admitted between January 1, 2009,
and December 31, 2015, at database hospitals whose encounter included an ICU stay
spanning greater than or equal to 3 consecutive days were included (online supplement,
section A, http:/links.lww.com/CCM/H200). Only the first ICU stay per patient encounter
was analyzed. The ICU length of stay (LOS) was considered from admission to discharge.
Patients in the ICU with evidence of bacterial or candida bloodstream isolates were
dichotomized by time of BSI onset into ICU-onset BSI (BSI recorded on blood cultures
drawn between ICU Day 3 and ICU discharge based on Centers for Disease Control and
Prevention [CDC] definitions [12]) and ICU-BSlpoa (blood cultures drawn on the day

of ICU admission or ICU Day 2 with onset presumed prior to ICU stay). Patients with
BSI due to the same species reported in the 14 days prior to their index ICU admission
were excluded. Patients who did not have bacteremia during their ICU stay (despite blood
sampling when required by ICU care) were classified as non-BSlI.

Microbiology

Bacterial species generally considered contaminants in blood culture were excluded. For
microbiology data, noncontaminant species were grouped into the following categories:
Staphylococcus aureus, coagulase-negative Staphylococcus (CoNS), Streptococci,
Enterococci, Enterobacterales (Escherichia coli, Klebsiella, and Enterobacter species),
Acinetobacter species, Candida albicans and nonalbicans species, and other. Among CoNS
species in blood culture, S. Lugdinensis was always considered a pathogen, whereas non-
Lugdinensis CoNS were considered pathogens only if isolated from two consecutive blood
cultures drawn from two different vascular sites on the same or on consecutive days.

We excluded blood cultures with all species of the following genera presuming them

to be contaminants: Aerococcus, Corynebacterium, Bacillus, Diphtheroids, Micrococcus,
and Propionibacterium. Common treatment-limiting antibiotic-resistance phenotypes were
defined based on CDC criteria and identified based on reported interpretations of resistance.
Additional details of this methodology applied to the study database have been reported
previously (online supplement, section B, http://links.lww.com/CCM/H200) (14).
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Candidate Risk Factors of ICU-Onset BSI

Risk factors for ICU-onset BSI were compared with the non-BSI cohort. Candidate risk
factors were selected based on prior evidence of their role as potential risk factors identified
in the literature and/or by investigators based on prior knowledge, that is, variables suspected
to be associated with ICU stay and development of BSI. Demographic and center-level

and care setting-level data were reported for encounters in the database. Other variables
were derived from /nternational Classification of Diseases, 9th revision diagnosis and
procedure codes and specific EHR orders (14). Comorbidity burden was estimated using
the Elixhauser comorbidity index (14-16). Acute presentation groupings were adapted
from those previously reported in the Multiparameter Intelligent Monitoring in Intensive
Care |l database (www.physionet.org), and acute organ failures were aggregated using the
Sequential Organ Failure Assessment (SOFA) score (17). Inpatient (pre-1CU) antimicrobial
agent use was assessed from pharmacy data (18). Select time-varying candidate risk factors
were identified using date-stamped procedure codes and included vascular catheters (central
venous catheter, arterial catheter), mechanical ventilation, cardiopulmonary resuscitation,
and blood product transfusion (online supplement, section C, http://links.lww.com/CCM/
H200). The list of variables, definitions, and codes are presented in eTables 1-7, http://
links.lww.com/CCM/H200).

Statistical Analysis

Differences in characteristics between groups were tested using analysis of variance
procedures for continuous variables and chi-square tests for categorical variables using the
compareGroups package in R 3.5.0 (19, 20). Risk factors for ICU-onset BSI were assessed
using an inferential Cox model using the coxph() function in the survival package (21, 22).
Candidate baseline and time-varying variables were identified based on prior studies, clinical
importance deemed by investigators and availability in the database. Multicollinearity was
assessed by comparing zscore change; the SOFA score was determined to be colinear with
vasopressor use, liver disease, coagulopathy, and being on mechanical ventilator prompting
its exclusion from the final model. Overlap in hospital characteristics (e.g., large hospitals
tend to be clustered in urban locations) were mitigated by using a combined variable
stratified on both bed-capacity and urbanicity. Each time-varying covariate was allowed

to have different early and late effects relative to exposure using 7 days post exposure as

the cut off, based on prior studies assessing risk (23). This dichotomization allowed for
detailing whether the instantaneous risk of ICU-onset BSI increased markedly after a week
of being exposed to the time varying factor. The dichotomization of risk periods for the time
varying factors was assessed by likelihood ratio tests. Sensitivity analyses were performed:
1) replacing the Elixhauser comorbidity index with individual comorbid conditions (e.g.,
liver disease, hypertension, coagulopathy, etc.) to evince risk effects by comorbidity type
and 2) defining ICU-onset BSI as occurring on or after Day 4 (in lieu of Day 3). All analyses
were performed in R 3.5.0 (19).

Among 2,529,158 inpatient encounters at 169 hospitals between 2009 and 2015, 150,948
unique inpatient encounters (6%) with an initial ICU stay spanning greater than or equal
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to 3 days were identified at 85 hospitals (Fig. 1). Of these, 143,589 patients (95.4%)

were nonbacteremic, 5,600 (3.7%) had ICU-BSIppa, and 1,306 (0.9%) had ICU-onset BSI.
Among the cohort, 41.5% of them had at least one blood sampling during their ICU stay,
including 38.7% of the non-BSI group (eFig. 1, http://links.lww.com/CCM/H200). The
median (interquartile range [IQR]) onset of ICU-onset BSI was 6 days (4-11 d) post ICU
admission. The median LOS after ICU-onset BSI was 5 days with an IQR of (2-11 d).
ICU-onset BSI was monomicrobial in 88% of cases. Although BSI source was not readily
discernible, 71% of these encounters had a site-specific infection diagnosis code. Baseline
characteristics are compared between patients with ICU-onset BSI and ICU-BSIpga and
non-BSI ICU patients in Table 1 and eTable 8 (http://links.lww.com/CCM/H200). The
median (IQR) SOFA score at ICU admission was 5 (3-8) in both ICU-BSI groups and 3
(1-5) for the non-BSI group. The median (IQR) ICU LOS was longer for the ICU-onset BSI
(13 d [8-23 d]) vs ICU-BSIppa (5 d [3-8 d]) and non-BSI groups (4 d [3-7 d]) (p< 0.001).
Crude mortality was 10% in the nonbacteremia group, 20.4% in the ICU-BSIppa group, and
37.9% in the ICU-onset BSI group (p < 0.001).

Prevalence, Pathogen Profile, and Antibiotic Resistance

Based on cumulative exposure time, ICU-onset BSI prevalence was 1.47 cases per 1,000
patient-ICU-days. On the other hand, the prevalence of ICU-BSIpga Was over four-fold
greater at 6.32 cases per 1,000 patient-ICU-days. Overall, the most common organisms
causing BSI among ICU patients was S. aureus (Fig. 2A for organism distribution).
However, there were notable differences in the species distribution between the two

types of ICU-BSI (Fig. 2B): Acinetobacter species, CoNS, and Candida, Bacteroides, and
Enterococcus species, respectively, were more often the pathogen involved in ICU-onset BSI
(vs ICU-BSIppa), Whereas S. aureus, E. coli, and Streptococcus species were more often the
etiology for ICU-BSlppp (vs ICU-onset BSI). In general, resistance phenotypes tended to
be more prevalent across bloodstream pathogens causing ICU-onset BSI (vs ICU-BSlpoa).
More specifically, there were more methicillin-resistant S. aureus and CoNS, vancomycin-
resistant enterococci, ceftriaxone-resistant Enterobacterales, and carbapenem-resistant £.
coli, Klebsiella, and Acinetobacter species among the bloodstream pathogens causing ICU-
onset BSI (vs ICU BSlpppa), respectively (Fig. 2C). Seventy-eight percent of patients with
ICU-BSIppp Were in fact admitted to the ICU on the day of hospital admission and were
found to display similar pathogen distribution compared with the overall ICU-BSIppa group
(eTables 9-11, http://links.lww.com/CCM/H200).

Risk Factors for ICU-Onset BSI Compared With Non-BSI

Demographic Factors and Comorbid Conditions.—In the multivariable model,
among demographic characteristics, younger age, male sex, and Blacks and Hispanics (vs
Whites, respectively) and residing in a healthcare facility were independent risk factors

for ICU-onset BSI (Table 2 for hazard ratio estimates and 95% CI). Higher Elixhauser
comorbidity index was associated with higher ICU-onset BSI risk, whereas having codes for
neutropenia and immunosuppression was not.

Center and Care Setting—Related Risk Factors.—In multivariate analysis, among
regions, centers in the Northeast were associated with the highest risk of ICU-onset BSI;
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among centers stratified by size and urbanicity, large rural centers were associated with

the lowest risk; teaching status did not appear to be associated with higher or lower risk

of ICU-onset BSI. Compared with ICUs serving a mixed or undifferentiated population,
cardiac and neurologic ICUs were each associated with a similar risk. Medical and surgical
ICUs were each associated with a lower risk for ICU-onset BSI, respectively. The associated
risk of ICU-onset BSI doubled among patients admitted with (vs without) a diagnosis of
trauma (with or without brain injury). Admission with (vs without) acute pulmonary and
gastrointestinal diagnoses was associated with higher, and admissions for renal, toxic, and
metabolic derangements (vs other indications) were associated with lower ICU-onset BSI
risk, respectively.

Treatment-Related Risk Factors.—Exposure to antibacterial and antifungal agents
while in the hospital in the days preceding the index ICU stay was independently
associated with increased ICU-onset BSI risk, whereas exposure to antivirals agents was
not. The need for vasopressors and mechanical circulatory support on ICU admission also
independently increased the risk of acquiring ICU-onset BSI whereas having the code for
parenteral nutrition did not. Among the five variables with date-stamped procedure codes
that were examined as time varying factors: mechanical ventilation was associated with
ICU-onset BSI risk right from time of intubation, with an increased risk sustained during
all mechanical ventilation procedure. On the other hand, ICU-onset BSI risk from central
venous and arterial catheters placement and following cardiopulmonary resuscitation event,
only manifested in the week following the procedure/event, with a risk starting from week
1 until line removal. Blood product transfusions did not appear to influence ICU-onset BSI
risk.

Sensitivity Analyses.

1. When comorbidities were included individually (in lieu of the Elixhauser
index), paralysis and other neurologic disorders, coagulopathy, liver disease,
arrhythmias, and weight loss were identified as risk factors for ICU-onset
BSI, whereas risk was significantly lower in those with (vs without)
HIV/AIDS, diabetes with complications, and hypertension (eTable 12, http://
links.lww.com/CCM/H200).

2. When the period for considering a BSI as ICU-onset was changed from ICU
Day 3 onwards to Day 4 onwards, the statistical significance (or lack thereof) of
all but one coefficient remained unchanged: Surgical ICU type went from being
significantly protective in the primary analysis to not protective in this sensitivity
analysis (eTable 13, http://links/lww.com/CCM/H200).

DISCUSSION

This report represents the largest study thus far show-casing the descriptive epidemiology
of ICU-onset BSI in U.S. hospitals. In a cohort of over 150,000 critically ill adults at
U.S. hospitals between 2009 and 2015, ICU-onset BSI occurred in approximately 1% of
ICU encounters (prevalence = 1.47 cases per 1,000 person-ICU days), 41.5% of patients
having at least one blood culture drawn during their ICU stay. This estimate is near the
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lower end of the range reported in prior studies (range = 1.2-6.7% of all ICU admissions)
(8-10, 24). Of note, real world data provide more of a “sampled prevalence” which will
vary by scenario (i.e., ICU-BSlppa vs ICU-onset BSI). Our estimate was likely robust to
confounding by under sampling given even approximately 39% the nonbacteremic ICU
study population had blood cultures drawn. The variation might also be attributed to
differences in ICU types, regions, populations, and infection control practices. Although
relatively infrequent compared with ICU-BSlpoa, ICU-onset BSI carried a high risk of
mortality (crude mortality = 37.9%), and these serious infections might often represent
secondary phenomena of healthcare-associated infections, which in turn are often avoidable
(such as central-line associated BSI [CLABSI], catheter-associated urinary tract infections,
and ventilator-associated-pneumonia) (6). Benchmarking risk-adjusted prevalence of ICU-
onset BSI could aid as an indicator of overall infection prevention in an ICU and pose an
opportunity to audit and, where applicable, improve existing mitigation practices.

The pathogen and antibiotic resistance distributions in our study resemble previously
published estimates from contemporaneous but slightly differing BSI populations in

the United States (25, 26). Additionally, our study helps compartmentalize two unique
bacteremic patient populations encountered by ICU providers: compared with ICU-BSlpop,
ICU-onset BSI displayed a different distribution of causative pathogens, greater associated
resistance burdens, and greater crude mortality and longer ICU stays. This pattern is likely
multifactorial: the ICU-BSIpga group predominantly comprises patients arriving to the
hospital with BSI likely enriched for community-onset pathogens. The ICU-onset BSI
group is critically ill upon acquisition, which itself increases the likelihood of acquiring

a more resistant variety of bloodstream pathogens. Furthermore, some pathogens can
coharbor hypervirulence and resistance (27, 28). Critical care providers often need to
make instantaneous selections of empiric antibiotic therapy for patients arriving with
encephalopathy or with unclear healthcare exposures and microbial and treatment history,
and as such, these data might positively influence their treatment decisions.

Prior studies have identified some factors that might heighten the risk of ICU-onset BSI
including immunosuppression, prolonged stay, liver disease or gastrointestinal bleeding,
surgical admission, trauma, invasive devices, sepsis, and other healthcare-associated
infections (5, 6, 29) but focused either on specific types of BSI (e.g., CLABSI [2, 30,

31]) or could only examine a few factors to avoid overfitting models. Our large study
sample enabled simultaneous examination of several candidate risk factors at the level of
the pathogen, host, care setting, institution as well as treatment and procedural exposures.
In addition to sample size, being well-distributed on geography, urbanicity, teaching status,
bed capacity, and baseline volume of BSI encounters enhanced generalizability of findings,
at least partially, to other U.S. hospitals. Our study identified demographic factors, chronic
conditions, and acute presentations that providers could be cognizant of while gauging risk
of ICU-onset BSI. Black and Hispanic patients displayed a higher risk for ICU-onset BSI
compared with White patients further widening existing healthcare disparities even around
healthcare-associated conditions (32, 33). Chronic conditions including neurologic and
hepatic disorders, coagulopathy, arrhythmias, weight loss, and acute presentations such as
trauma, acute respiratory, and gastrointestinal dysfunction were associated with acquisition
of ICU-onset BSI. In this context, weight loss and arrhythmias might be surrogate markers
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of uncontrolled hypercatabolic disease processes and the associated frailty that necessitates
longer stays; the protective effect observed for overdose admissions might in fact indicate
an effect of shorter stays and less exposure time. Interestingly, some previously recognized
risk factors like parenteral nutrition and immunosuppression were not identified as such in
our study (34). However, our model was not designed to identify risk factors for specific
ICU-onset BSI types (e.g., CLABSI or Candidemia), for which perhaps total parenteral
nutrition might have displayed a different risk profile and administrative data may have
precluded a comprehensive capture of immunosuppression.

Our study also confirms prior reports on the heightened risk of BSI upon prior exposure

to antibacterial and antifungal agents and might be related to alteration of the microbiome.
Our study also identified other potentially modifiable operational and management strategies
that warrant further exploration for mitigating acquisition of ICU-onset BSI. Smaller and
urban hospitals and undifferentiated ICUs demonstrated higher risk of ICU-onset BSl,
which should prompt further investigation to understand the drivers of risk (e.g., training,
personnel, equipment, policies etc.) in these specific care settings. Reducing the duration

of mechanical ventilation has known advantages, such as lower risk of ventilator-associated
pneumonia and lung injury (35). Our study found mechanical ventilation of any duration
was associated with a risk of acquiring ICU-onset BSI. Although mechanical ventilation
might represent a surrogate for severely ill patients, a prior study found secondary BSI

in 20% of patients with ventilator-associated pneumonia (36). As such, our study offers
another reason to minimize duration of mechanical ventilation whenever possible. On the
other hand, we found that a statistically significant risk of putative CLABSI and arterial
catheter-related BSI were only observed a week or later into the ICU stay. A clinical trial
conducted between 2006 and 2008 showed a significant increase in risk of arterial catheter
infections after 7 days of the catheter being in situ (23). In our study, both arterial catheters
and central catheters similarly displayed an associated risk of ICU-onset BSI acquisition that
appeared to manifest only beyond 7 days from insertion. Our study complements this trial
with more recent data and offers reassurance when retaining arterial catheters during initial
resuscitation and monitoring. Nonetheless, providers must continue to encourage removal of
vascular catheters as soon as they are deemed nonessential.

Our study has important limitations. Our study relies heavily on administrative data

(e.g., diagnosis codes) to identify certain risk factors, and as such our findings must be
interpreted in the context of their variable sensitivity and inability in reflecting condition
intensity. Notably, identified risk-factors are hypothesis-generating at best, considering the
potential for residual confounding. Missingness encountered in our analysis was handled

by exclusion, although it was relatively low (2.7% in ICU-onset BSI group). Physiologic
perturbations and laboratory values (e.g., WBCs) could not be analyzed and might represent
unmeasured risk factors. Patients admitted with trauma tend to be admitted directly to ICUs
from the emergency department leaving lesser pre-ICU healthcare exposure time to develop
nosocomial BSI. The lack of access to progress notes precluded scrutiny of historical
exposures, checklists, and compliance with infection control measures (37). Some BSI cases
might have been misclassified, (e.g., delayed diagnosis of ICU-BSIpga being misclassified
as ICU-onset BSI); however, findings persisted in sensitivity analyses. Findings might be
less generalizable to current times; our study period ended in 2015, analyses were completed
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in 2019, but the manuscript was delayed accommodating authors’ needs to prioritize mission
critical COVID-19 research. Interestingly, a growth in CLABSIs has been observed during
the COVID-19 pandemic (38, 39), and patients with COVID-19 have been reported to
display a higher risk of ICU-onset BSI (40, 41). This could be related to the disease itself
or the potential breakdown of infection control standards secondary to surging caseloads.
As such, future studies on ICU-onset BSI risk should investigate mechanisms and employ
causal inferences to substantiate modification of management practices and behaviors in
different ICU care settings. Our findings might not be generalizable to other global regions
with disparate healthcare systems, policies, training, and staffing patterns, case-mix, and
pathogen epidemiology. We encourage similar investigations from other regions and more
recent data to enable more global and contemporary perspectives on the topic.

CONCLUSIONS

In conclusion, our study quantifies the burden of ICU-onset BSI in a cohort of 85

U.S. hospitals, describes how these burdens and their associated pathogen and antibiotic
resistance distributions might compare between ICU-onset BSI to BSI present on ICU
admission, and identifies potential target areas in infection control, triage, policy, and
treatment interventions that might may eventually enable us to alter practices and behavior
with the goal of minimizing prevalence of these serious, yet often avoidable, infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Case selection flowchart. BSI present-on-(ICU)-admission (ICU-BSIpga) represents BSI
with onset on the day of admission to the ICU or the day after. BSI acquired in the ICU
(ICU-onset BSI) represents BSIs with onset on the third day of ICU admission or thereafter.
"Greater than or equal to 20 yr old; *limited to inpatient period of up to 14 d preceding index

ICU admission. BSI = bloodstream infection.
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Figure 2.
Distribution of bloodstream pathogens among ICU patients. A, The distribution of

bloodstream pathogens across all ICU patients with bloodstream infection (BSI) (green
bars). B, The percentage distributions of bloodstream pathogens separately for BSI present
on (ICU) admission (ICU-BSlppa) (blue bars) and BSI acquired in the ICU (ICU-onset BSI)
(orange bars), respectively, and displayed as paired graphs to enable visual comparisons.

C, The distribution of bloodstream pathogens according to resistance profile separately for
ICU-BSlpoa (blue bars) and ICU-onset BSI (orange bars), respectively.
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