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Improving Recognition of 
Neonatal Sepsis 

Neonatal Sepsis - Incidence and 
Outcomes
Despite advances in knowledge and medi-
cal care, sepsis remains a major cause of 
morbidity and mortality in infants world-
wide, claiming the lives of one million 
newborn infants each year according to 
the World Health Organization (Liu et al. 
2015;Vogel 2017). By definition, sepsis 
involves the immune response to invading 
pathogens, and is characterised by presence 
of a bloodstream infection accompanied by 
multi-organ system dysfunction. Although 
sepsis affects relatively few healthy, term 
infants, the incidence is significantly higher 
(200-fold) in those born prematurely or 
chronically hospitalised (Zea-Vera and 
Ochoa 2016; Liu et al. 2015).

Prematurely born infants experience the 
highest mortality, and among survivors, 

30-50% incur major long term impair-
ments including prolonged hospitalisation, 
chronic lung disease and neurodevelop-
mental disabilities (Stoll et al. 2004; Stoll 
et al. 2010).  To date, despite increased 
understanding of the pathophysiology 
of sepsis and sophistication of neonatal 
intensive care strategies, there have been 
only modest improvements in outcomes 
(Wynn 2016).

Challenges in Neonatal Sepsis 
Recognition and Treatment
Early detection of sepsis, followed by timely 
intervention, is key to reducing neonatal 
morbidity and mortality. However, delays 
in recognition and treatment are common 
(Castellanos-Ortega et al. 2013). Infants 
frequently demonstrate subtle, ambigu-
ous clinical signs, which overlap with 
other neonatal disease processes. Multiple 
diagnostic biomarkers have been studied, 
but none have yet achieved sufficient accu-
racy to be employed in clinical practice 
(Reinhart et al. 2012; Ng et al. 2018). In a 
retrospective review of infants in our level 
IV Neonatal Intensive Care Unit (NICU) 
at the Children’s Hospital of Philadelphia 
(CHOP) who underwent sepsis evaluations 
with subsequent positive blood cultures, 
recognition was delayed more than 3 
hours in 30% and a significant proportion 
progressed to severe sepsis and multi-organ 
system dysfunction. These findings reflect 
the challenge of interpreting non-specific 
clinical signs in the face of complex under-
lying conditions and support the need for 
improved methods for sepsis detection 
in infants.

As detailed in the Surviving Sepsis 
Campaign, early treatment such as timely 
antibiotic administration is associated with 
decreased sepsis mortality (Dellinger et al. 
2013). Recent studies of infected adults and 
children demonstrate significantly increased 
risk of mortality and prolonged organ 
dysfunction when antimicrobial therapy 
was delayed (Seymour et al. 2017; Weiss et 
al. 2014; Evans et al. 2018). However, there 
is little evidence regarding optimal timing 
and consequences of delayed antibiotic 
administration in infants with sepsis. Recent 
work using our neonatal sepsis registry (see 
below) has demonstrated that prolonged 
time to antibiotic initiation was associated 
with significantly increased morbidity and 
mortality in infants with sepsis, highlight-
ing the importance of rapid recognition of 
sepsis in the NICU (Schmatz et al. 2019). 

To avoid adverse outcomes of delayed 
antibiotic administration while recognis-
ing the heterogeneous, complex nature 
of sepsis and the immune inflammatory 
response, empiric antibiotics are widely 
administered despite the modest prevalence 
of culture proven sepsis (Schlapbach et al. 
2018) and the potential for overtreatment 
of non-infected infants (Squire et al. 1979). 
Infants with suspected sepsis are often 
managed conservatively and receive weeks 
of antibiotic therapy, often despite negative 
cultures (Gonsalves et al. 2009; Connel 
et al. 2007). Recent studies demonstrate 
that unnecessary antibiotic exposure in 
non-infected infants may worsen clinical 
outcomes and contribute to the development 
of antibiotic resistance (Ting et al. 2016; 
Cotten et al. 2009; Kuppala et al. 2011). 
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These findings underscore the importance 
of developing novel, improved methods for 
sepsis detection in infants with potentially 
life threatening illness while minimising 
the overtreatment of non-infected infants. 

Neonatal Sepsis Registry at Chil-
dren’s Hospital of Philadelphia 
In 2014, we established a sepsis registry in 
the CHOP NICU which provides automated 
identification and data abstraction from 
the electronic health record (EHR) of all 
infants less than one year of age who are 
evaluated for sepsis (EHR–Epic Systems 
Inc. Verona, WI). The CHOP NICU is a 100 
bed quaternary unit that admits and treats 
roughly 1300 infants annually including 
outborn infants with complex medical 
conditions as well as inborn infants with 
surgical and other anomalies delivered in 
the Special Delivery Unit at CHOP. Infants 
are enrolled into the registry when clinical 
concern prompts the collection of a blood 
culture and initiation of intravenous anti-
biotics. The registry captures EHR data for 
variables including patient demographics, 
laboratory and vital sign data, medication 
administration records, respiratory and 
inotropic support, NICU length of stay 
and mortality. Comorbid conditions are 
identified based on EHR ICD-9/ICD-10 
codes. Infants are then further classified 
when results of blood and other systemic 
cultures are known. Electronically abstracted 
data are intermittently evaluated by manual 
chart review to ensure accuracy. The registry 
currently includes data from 1,868 infants 
who experienced 3,384 episodes of sepsis 
evaluation. Of these evaluations, 336 (10%) 
resulted in positive cultures for bacterial 
pathogens. There were an additional 682 
evaluations (20%), of “clinical sepsis” where 
clinicians nevertheless chose to treat with 
antibiotics for at least 5 days despite the 
inability to identify a bacterial pathogen.

Models to Predict Infant Sepsis
We used readily available EHR data for 
infants in our registry to develop predic-

tion models that may be useful to improve 
the early recognition of sepsis (Masino et 
al. 2019). We demonstrated that several 
machine learning algorithms could achieve 
good performance to differentiate infected 
(either culture proven or clinical sepsis) 
from non-infected infants 4 hours prior 
to the time of clinical recognition (i.e. the 
time when sepsis evaluation was initiated). 
Six of the algorithms we evaluated achieved 
an area under the receiver operating char-
acteristic (AUROC) > 0.8, with the best 
performing algorithm (gradient boost-
ing) achieving an AUROC of 0.87 [95% 
confidence interval (CI): 0.82, 0.92]. At a 
pre-specified sensitivity of 0.8, the gradient 
boosting algorithm had a specificity of 0.74 
[95% CI 0.63, 0.84]. Our results compare 

favourably with the few recent studies that 
have attempted to predict sepsis in advance 
of clinical recognition (Desautels et al. 
2016; Fairchild et al. 2017; Shashikumar 
et al. 2017; Nemati et al. 2017). Only one 
of these studies was performed in infants, 
and that study required the use of high 
frequency vital sign data from bedside 
monitors, which is not readily available in 
most EHRs (Fairchild et al. 2017).

Path Forward to Precision Med-
icine Using Sepsis Prediction 
Models
Despite the promise of prediction models 
that have excellent test characteristics for 
discriminating infected from non-infected 
patients in advance of current recognition, 
there remain important barriers to transla-
tion into clinical practice. For conditions 
such as sepsis, where delayed recognition 
and treatment results in significant mortal-

ity, implementers typically favour sensitive 
alerts at the expense of specificity. However, 
even algorithms that achieve high levels 
of specificity will typically have low posi-
tive predictive values (PPV) in real-world 
clinical environments. To address this 
concern, two-phase sepsis alerts that use a 
highly sensitive initial alert to recommend 
additional evaluation, sometimes known 
as a “sepsis huddle,” followed by a more 
specific secondary assessment have been 
used successfully in paediatric emergency 
departments (ED) (Balamuth et al. 2017). 
In these settings there is a specific moment 
in time, typically during patient triage, 
where the ED team decides whether or 
not to proceed with a sepsis evaluation.  

In contrast to the ED setting, there is no 
single evaluation moment in an intensive 
care unit (ICU) setting, rather there is 
continuous patient monitoring and evalu-
ation for sepsis. The frequent evaluations 
produced by a predictive model in an 
ICU setting may further compound the 
problem of low PPV, as it may lead to high 
false alarm rates and alarm fatigue which 
markedly decreases the likelihood that clini-
cians will respond to an alarm, especially 
when those alarms occur repeatedly for 
the same patient (Ancker et al. 2017). It 
is, unfortunately, not obvious how best to 
extend a two-phase approach that is effective 
in the ED to the ICU setting. An obvious 
alternative is to require models with both 
high sensitivity and PPV. However, this is a 
daunting challenge for rare event predic-
tion; consider for example the difficulty 
of accurately identifying fraudulent credit 
card transactions despite the availability of 
huge amounts of data and resources (Fu 
et al. 2016). Clinicians are trained to view 
decision-making as a task that occurs at 
particular moments in time. They arrive 
at the patient’s bedside with a collection 
of practice guidelines, decision rules, 
heuristics and instincts to establish a treat-
ment plan. However, given the challenges 
above, it may be more useful to think of 
sepsis prediction in the ICU as “weather 

early detection of 
sepsis, followed by 

timely intervention, is 
key to reducing neonatal 

morbidity and mortality 
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forecasting” rather than as the familiar 
concept of “alarm systems” that have been 
used to support clinical decision-making 
for decades. Additional understanding of 
how clinical teams approach decisions 
related to sepsis is required before new 
approaches such as continuously available 
long- and short-range forecasts of sepsis 
probability estimates can be introduced in 
clinical settings. New approaches to estimat-
ing and reporting the uncertainty that is 
inherent in prediction models must also be 
developed. Clinical teams are also unlikely 
to accept “black box” model predictions 
without a way of understanding the key 
patient features that are driving a particular 
risk estimate. Our team’s future work will 
focus on these challenges of determining 

how to best support clinical teams with 
imperfect forecasts of sepsis probability that 
are available continuously at the bedside.

Conclusion
Machine learning models can identify infants 
with sepsis in the NICU hours prior to 
clinical recognition and may be valuable as 
a clinical decision support tool. As discussed 
above, we anticipate significant challenges 
in translating retrospective sepsis decision 
support models into effective clinical tools. 
Nonetheless, given the significance of 
neonatal sepsis and the consequences of 
delayed recognition and treatment, we are 
committed to the performance of clinical 
trials to identify infants at highest risk of 
sepsis and provide clinicians and nurses with 

the decision support needed to improve 
the health and safety of these infants. 
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Key Points
•	 Neonates and infants are uniquely 

susceptible to infection and experience 
high morbidity and mortality from this 
disease.

•	 Rapid recognition and treatment are 
crucial to improve sepsis outcomes. 

•	 Prediction models using EHR data may 
be useful in early recognition of infants 
with sepsis.

•	 Results support the future implementa-
tion of novel decision support tools in 
clinical trials to improve clinical decision 
making in infants with sepsis.


