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Abstract

Objective—Scores to predict sepsis or define sepsis severity could improve care for very low
birth weight (VLBW) infants. The heart rate characteristics (HRC) index (HeRO score) was
developed as an early warning system for late-onset sepsis (LOS), and also rises before necrotizing
enterocolitis (NEC). The neonatal sequential organ failure assessment (nSOFA) was developed

to predict sepsis-associated mortality using respiratory, hemodynamic, and hematologic data. The
aim of this study was to analyze the HRC index and nSOFA near blood cultures in VLBW infants
relative to diagnosis and sepsis-associated mortality.

Study Desigh—Retrospective, single-center study of VLBW infants from 2011 to 2019. We
analyzed HRC index and nSOFA around blood cultures diagnosed as LOS/NEC. In a subgroup
of the cohort, we analyzed HRC and nSOFA near the first sepsis-like illness (SLI) or sepsis
ruled-out (SRO) compared with LOS/NEC. We compared scores by diagnosis and mortality
during treatment.

Results—We analyzed 179 LOS/NEC, 93 SLI, and 96 SRO blood culture events. In LOS/NEC,
the HRC index increased before the blood culture, while nNSOFA increased at the time of culture.
Both scores were higher in nonsurvivors compared with survivors and in LOS/NEC compared
with SRO. The nSOFA 12 hours after the time of blood culture predicted mortality during
treatment better than any other time point analyzed (area under the curve 0.91).
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Conclusion—The HRC index provides earlier warning of imminent sepsis, whereas nNSOFA
after blood culture provides better prediction of mortality.
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Sudden deterioration due to inflammatory illnesses such as late-onset sepsis (LOS)

and necrotizing enterocolitis (NEC) can have lifelong or life-limiting consequences for
premature infants in the neonatal intensive care unit (NICU). Rates of LOS and NEC

have decreased over time, but morbidity and mortality remain high, particularly for very
low birth weight (VLBW, <1,500 g) infants.! Survivors have a high risk of permanent
neurodevelopmental impairment, attributed to the damaging effects of inflammation on the
developing brain.23 Early detection of the systemic inflammatory response to infection
could lead to earlier treatment and improved outcomes.

Heart rate characteristics (HRC) monitoring was developed to detect signatures of illness
from the NICU bedside monitor electrocardiogram, and was validated in multicenter VLBW
cohorts to predict the fold-increased risk of imminent deterioration from sepsis as the HRC
index (HeRO score).*® For example, an HRC index of 2.0 indicates a twofold increase in
sepsis risk within the next 24 hours. Display of the HRC index reduced sepsis-associated
mortality by 40% in a large randomized clinical trial, presumably because of earlier
diagnosis and treatment.5:7 This continuous risk score detects abnormal patterns in the HR
of decreased variability and transient decelerations caused by the systemic inflammatory
response to infection.82 The HRC index was designed to predict sepsis, but can be altered
by medications or conditions other than sepsis, including surgery, postnatal steroids, and
significant respiratory deterioration.19-12 A high average HRC index is associated with an
increased risk of mortality,13:14 but the score is not well calibrated for illness severity.

The lack of a scoring system correlated with the severity of neonatal sepsis remains a
critical barrier to research and quality improvement.1® For adults, a sequential organ failure
assessment (SOFA) tool was developed decades agol6 to predict mortality or identify the
need for ICU transfer. A threshold SOFA score of two or more serves as the operational
definition of life-threatening organ dysfunction and defines sepsis among adults with
suspected infection.1’ Recently, a similar tool was developed for NICU patients to predict
the risk of death during sepsis treatment.18:12 The neonatal SOFA (NSOFA) score estimates
mortality risk by assigning points for respiratory deterioration, hemodynamic compromise,
and hematologic dysfunction.

The score was derived from observational data on progressive organ failure in cases of
fatal LOS,20 and then validated for sepsis mortality prediction in a separate, single-center
cohort.19 Recently, a large multicenter study validated the score for predicting mortality in
preterm infants with LOS and demonstrated similar performance at multiple NICUs.?! The
nSOFA score has not previously been evaluated in patients diagnosed with culture-negative
sepsis or infections with a focus other than blood or spinal fluid, which we call sepsis-like
illness (SL1I).
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In this study, we aimed to analyze both HRC index values and nSOFA scores near blood
culture events and assess the changes in the two risk markers relative to the diagnosis and
relative to mortality during treatment of LOS or NEC. We speculated that nSOFA and
HRC monitoring would provide complementary information to guide the care of the septic
neonate, with the HRC index pointing the clinician to the patient at high risk of imminent
deterioration due to sepsis and the nSOFA score grading the severity of the episode by
estimating the risk of death during treatment.

Materials and Methods

Subjects and Definitions

The University of Virginia Institutional Review Board (UVA IRB) approved this
retrospective cohort study with a waiver of consent. For VLBW infants <33 weeks’
gestational age admitted from 2011 to 2019, we reviewed all cases of bacteremia diagnosed
as LOS and all events diagnosed as NEC with or without bacteremia. We defined LOS as
sepsis with a positive blood culture obtained after 3 days of age and treated with at least

5 days of antibiotics. Blood culture events positive for Coagulase-negative Staphylococcus
(CONS) were excluded if the clinical team called the result a contaminant or treated the
infant with antibiotics for <5 days. NEC cases were identified from a unit-specific database
for event tracking and only cases of confirmed modified Bell’s stage Il or greater were
included in the analysis. We used the time of the earliest blood culture associated with

the NEC event as the time of diagnosis. The actual time of diagnosis based on exam or
radiological findings may differ, but typically not by more than a few hours. We analyzed
more than one event per infant if the two LOS/NEC events were separated by at least 10
days without antibiotics. The primary outcome was death during the treatment of confirmed
infection as defined by death prior to the cessation of antibiotics. As a secondary outcome,
we analyzed death at any time after LOS or NEC.

In a subset of the cohort (2012-2017), we reviewed the first negative blood culture obtained
after 3 days of age to determine the diagnosis. Infants with LOS or NEC as well as a distinct
negative blood culture event were included in both analyses. Negative blood culture events
were defined as follows:

1. SLI—negative blood culture treated at least 5 days with empiric antibiotics
for clinical sepsis or focal infection, including urinary tract infection (UTI),
pneumonia, or spontaneous intestinal perforation;

2. Sepsis ruled-out (SRO)—negative blood culture and treated for <5 days with
empiric antibiotics.

Events with either nNSOFA or HRC index data missing were excluded from both analyses,
which eliminated events that occurred within 48 hours of admission for infants admitted
after 3 days of age.
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nNSOFA Score Calculation

The components used to calculate nNSOFA scores were automatically extracted from the
electronic health record and validated by chart review. The score assigns points according to
the following criterial®:

1. Respiratory: 0 points if no need for mechanical ventilation or intubated with
oxygen saturation/fraction of inspired oxygen (SpO,/FiO,) ratio = 300; 2 points
if intubated with SpO,/FiO, <300, 4 points for <200, 6 points for <150, or 8
points for <100);

2. Cardiovascular: 1 point for systemic steroid use, 2 points for inotrope use, 3
points for one inotrope plus systemic steroids or additional inotropes, and 4
points for two or more inotropes and systemic steroids;

3. Hematologic: 0 points for platelet count = 150 x 103, 1 point for platelet count
100-149 x 103, 2 points for platelets 50-99 x 103, or 3 points for platelets < 50 x
103.

A new nSOFA score was calculated every time new data points were available from the
flowsheets. NSOFA scores were analyzed at nine time points: the time of blood culture (time
0) and 6, 12, 24, and 48 hours before and after the blood culture.

HRC Index Data Collection

All infants were monitored using the HeRO system (Medical Predictive Science
Corporation, Charlottesville, VA) during the study period. The HRC monitoring algorithm
uses measurements of HR variability, asymmetry, and entropy to capture abnormal patterns
of decreased HR variability and repetitive HR decelerations. The HRC index is calculated
from the previous 12 hours of electrocardiogram data, updated hourly, and represents

the fold-increased risk of clinical deterioration with confirmed or suspected sepsis in the
subsequent 24 hours. Central and bedside monitors display the continuous HRC index for all
NICU patients, and nurses file scores hourly in the electronic medical record.

Data Analysis

At nine time-points surrounding the time of blood culture, we compared the HRC index
and nSOFA for infants with LOS/NEC who died during treatment to those who survived
the infection using Wilcoxon rank-sum tests. Scores at each time point were also compared
between events diagnosed as LOS/NEC, SLI, and SRO using Wilcoxon tests. We analyzed
the change from baseline in HRC index and nSOFA by comparing the score at 48 hours
before culture to the values at all subsequent times (24, 12, and 6 hours prior to the event,
the time of the event, and 6, 12, 24, 48 hours after the event) using Wilcoxon signed-rank
tests. We used logistic regression to predict death during treatment of LOS or NEC with the
HRC index, total NSOFA, and component nSOFA scores and calculate the area under the
receiver operator characteristic curves (AUC).
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Results

Clinical Characteristics of Patients and Events

Among 956 VLBW infants <33 weeks’ gestational age admitted from 2011 to 2019, we
identified 207 cases of LOS/NEC (166 LOS in 150 infants [16%], 41 NEC in 41 infants
[4%]). This overall prevalence aligns with published multicenter LOS and NEC rates.22-25
Six LOS and nine NEC events did not meet our definition of a distinct event or had missing
data, so a total of 192 LOS/NEC events in 179 patients were included in the analysis.

Table 1 compares the characteristics of infants analyzed with LOS or NEC to those of the
full cohort. Infants with LOS or NEC had lower gestational age and birth weight, more
comorbidities, and were more likely to be male (p < 0.05). In the subgroup of infants
admitted during 2012 to 2017, 313 of 612 infants (51%) had at least one blood culture
obtained to evaluate for LOS. Of these, we analyzed the first distinct event with a negative
blood culture in 188 infants with data available; 92 were diagnosed as SLI (42 clinical
sepsis, 50 focal infections without bacteremia) and 96 were diagnosed as SRO. Age at blood
culture was higher for events diagnosed as LOS or NEC, but this is only comparing the age
at the first negative blood culture and most infants had more than one. Table 2 shows the
frequency of organisms isolated in LOS events, with CONS identified in 59%.

Mortality during treatment in the LOS/NEC cases occurred in 10 infants (8 LOS, 2 NEC) at
median 4 days from culture (range: 0-15). Of the eight infants who died during LOS, three
had gram-negative and five had gram-positive bacteremia. Twenty (11%) infants with LOS
or NEC died at any time following the event and 90 (9%) died overall. Of the 10 infants who
survived the LOS/NEC episode but died before discharge, the median days from the event to
death were 51 days (range: 20-148).

HRC Index and nSOFA Scores in LOS/NEC Survivors versus Nonsurvivors

Figs. 1 and 2 show the distribution of NSOFA using boxplots at each of the nine time points
analyzed and show the continuous HRC index using a loess curve to fit the group means at
each time point analyzed. For infants with LOS/NEC, both the HRC index and nSOFA were
higher near the time of blood culture for infants who died during the event than for those
who survived (Fig. 1A, B). The difference in survivors and nonsurvivors was apparent for
nSOFA earlier than the HRC index (earliest comparison with p < 0.05 at 48 hours before
culture for nSOFA versus time 0 for HRC index). Mortality occurred in 19% of events
with nSOFA >4 at 6 hours after culture, and the mean HRC index was higher in these
events compared with events with nSOFA 0-4 (mean [standard deviation] vs. at 6 hours
after culture, p < 0.05) (Fig. 3). Table 3 shows the AUC and 95% confidence interval (ClI)
predicted by nSOFA and HRC at the time of blood culture and the maximum score of the
nine time points, both for mortality during LOS or NEC and at any time after.

Components of nSOFA in Survivors versus Nonsurvivors of LOS/NEC

Points given for respiratory dysfunction (mechanical ventilation and SpO,/FiO, ratio) were
the most predictive component at all time points analyzed (Fig. 4). The cardiovascular
component AUC increased from the time points before culture to after (12 hours before
culture = 0.558 [95% CI: 0.430-0.687]; time 0 = 0.615 [95% CI: 0.456-0.773]; 12 hours
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after culture = 0.793 [95% CI: 0.629-0.958]), while the hematologic component remained
a poor individual predictor by AUC at every time point (AUC: 0.552-0.561). By 12 hours
after blood culture, the total nSOFA score predicted mortality during LOS or NEC with
AUC 0.912 (95% CI: 0.841-0.987) (Fig. 4B).

HRC Index and nSOFA in LOS or NEC versus SLI and SRO

In the subset of the cohort with negative blood culture events abstracted, the mean HRC

index was higher near the time of blood culture for LOS or NEC compared with SLI and
SRO (Fig. 2A). nSOFA was higher at all time points in events diagnosed as LOS or NEC
than those diagnosed as SRO (p < 0.05), but was not different from SLI events (Fig. 2B).

In an analysis of repeated measures of the HRC index in all cases of LOS or NEC, the
increase from baseline for each infant occurred, on average, 6 hours before the time of blood
culture (p < 0.01 for the value 48 hours before culture compared with the value 6 hours
before culture and every subsequent time point). nSOFA also rose near the time of positive
blood culture or NEC, with a significant change from 48 hours before culture to the time of
blood culture for all events (p< 0.01, Fig. 5).

Discussion

In this study of VLBW infants with proven and suspected sepsis, we describe both the HRC
index, developed as an early warning system for sepsis,2 and the nSOFA score, developed
to gauge sepsis severity and predict mortality.1® We found that both scores were elevated

in confirmed infections compared with negative sepsis evaluations and that both scores
were higher in infants who died during treatment of the infection. Furthermore, in cases

of LOS or NEC, the rise in the HRC index occurred before the blood culture, while the

rise in nSOFA occurred shortly after. nSOFA demonstrated high predictive performance for
mortality during the sepsis treatment, which serves as an important marker of the severity of
the event. Our results demonstrate how a predictive monitoring score and an illness severity
score might be useful when combined in clinical practice. An increase in the HRC index
brings the attention of the clinical team to the infant with imminent clinical deterioration,
while nSOFA communicates the severity of illness and predicts risk of mortality.

The HRC index was developed at UVA and tested in a nine-NICU randomized trial that
showed reduced all-cause and sepsis-related mortality for infants randomized to have their
HRC index displayed.®’ Previous studies have shown an increase in the hours to days
preceding clinical diagnosis, which our results in an independent cohort confirm.27-2% While
prior studies have shown HRC to be similar for events diagnosed as clinical sepsis or

UTI and sepsis with bacteremia, 239 our cohort shows a higher HRC index for LOS and
NEC events compared with SLIs, which includes clinical, or culture-negative, sepsis and
focal infections. We grouped these events because their numbers were too small to analyze
individually and because of their clinical similarities. In these cases, infection might not
be confirmed or uniformly defined, but the medical team decides that the illness warrants
empiric treatment for infection with a course of antibiotics.
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The HRC index algorithm continuously monitors for abnormal HR patterns caused by
systemic inflammation® and bacterial toxin effect.® While some infants with an exaggerated
inflammatory response to infection may have a higher HRC index, abnormal HR patterns
alone do not define the severity of the event. Instead, illness severity has been estimated

by developing nSOFA, an empirical score based on organ dysfunction as it presents in
neonates.1?20 HRC monitoring is well calibrated to predict imminent infection,28 but can
be altered by medications or conditions other than sepsis. For example, postnatal steroids
increase HR variability,}1 while atropine decreases it by blocking parasympathetic control
of the heart. Surgeries performed with general anesthesia increase the HRC index, likely
due to the combined effect of anesthesia and inflammation on HR control. Finally, pain

and pain medications may transiently affect HRC3! but have not been shown to cause an
abrupt increase in the HRC index. A retrospective review of “spikes” in the HRC index from
patients where the score was not displayed showed that half of these events were associated
with blood culture for suspected infection, a third correlated with a respiratory deterioration,
and in another third, there was no clear clinical event associated with the spike.1% We were
unable to account for all variables that may cause a false increase in the HRC index, a
limitation of the retrospective analysis.

nSOFA and HRC monitoring are likely to be synergistic both in clinical care and research.
In clinical care, abnormal HRC points to the infant needing careful assessment for signs of
infection. Once sepsis is diagnosed, nSOFA is highly predictive of mortality and provides
the first objective tool of its kind to define sepsis severity.1 Our results show that these two
validated scores can provide complementary information to the clinical team. In research,
predictive monitoring algorithms such as HRC have been modeled on sepsis using the only
currently available definitions: either positive blood culture or antibiotic duration or both.
With nSOFA to classify sepsis severity, predictive algorithms can be modeled using more
clinically relevant outcomes, which might improve performance.32 In this study, events with
an elevated nSOFA shortly after diagnosis had a higher HRC index during the event.

Infants who died during sepsis treatment in this study had a higher average HRC index

and nSOFA than those who survived, as early as 2 days before blood culture. We did

not calculate nSOFA more than 48 hours from the blood culture but hypothesize that the
baseline scores for infants who die of sepsis are higher than the average for survivors,
possibly as early as birth. Prospective studies of nSOFA are needed to evaluate the score
longitudinally for baseline and episodic differences. A study of early HRC by Sullivan et al
found that the average HRC index in the first 24 hours and 7 days after birth was higher

in infants who died or developed sepsis weeks later.14 Other studies of abnormal HRC
demonstrate a higher baseline in infants who ultimately develop sepsis compared with those
who have relatively stable NICU courses.#27

In adult medicine, the operational definition of sepsis recently changed from using systemic
inflammatory response syndrome (SIRS) criteria to organ failure criteria, 1’33 as defined

by the adult SOFA score.16 SIRS criteria have also failed to accurately define sepsis in
neonates.343% Neonatal sepsis is typically defined by blood culture results and antibiotic
duration, criteria that have been recognized as problematic due to the potential for false
negative and false positive blood culture results as well as variability in antibiotic use.36:37
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nSOFA was developed as an operational definition for sepsis using empirical points for
quantification of neonatal organ dysfunction in the categories of respiratory, cardiovascular,
and hematologic systems.1? In our cohort, the respiratory component was the most
predictive component at all time points, but the predictive performance of the hematologic
and cardiac components improved after the event. This is not surprising, as hypotension and
thrombocytopenia often prompt a sepsis evaluation and therefore points for the hematologic
and cardiovascular components follow the time of diagnosis. However, respiratory distress
is not specific to sepsis in the NICU and therefore might not trigger a sepsis evaluation.
Furthermore, this component uses physiological monitoring data, as does HRC monitoring,
and adding measures of respiratory dysfunction to continuous HRC might also improve
early warning of sepsis.12:38 We analyzed the HRC index and nSOFA models as they were
developed and validated in previous studies, but adding mortality and sepsis risk factors
such as gestational age or birth weight could further improve risk prediction. Nonsurvivors
had lower gestational age and birth weight in our cohort and previous studies have shown
the added value of combining physiologic and demographic variables for models predicting
sepsis.27:38

The retrospective design and low number of infants with the primary outcome limit the
validity of our results. While the overall cohort and number of LOS/NEC events were large,
relatively few infants died during treatment of the event. Still, our results align with a
multicenter analysis of nNSOFA 21 providing some assurance in their generalizability despite
the small numbers. We chose this primary outcome to be consistent with previous studies
published on nSOFA for the sake of comparison and because death due to sepsis is an
objective measure of the episode’s severity. Using death at any time after the event, results
were similar. We did not analyze the cause of death for infants who died after completing
treatment for sepsis or NEC. The analysis of negative blood culture events was also limited
by the study design. Most VLBW infants with at least one blood culture have more than
one blood culture,3® but we did not annotate every blood culture. Instead, we analyzed the
first negative blood culture, which assumes that the trends of nSOFA and HRC are similar
for the first sepsis rule out or clinical sepsis event and subsequent ones. Further studies are
needed to analyze trends longitudinally for every episode and to analyze continuous sepsis
risk prediction stratified by illness severity.

Prospective studies are needed to further demonstrate the utility of combined predictive
monitoring for sepsis using a continuous early warning score such as the HRC index and

a periodic mortality risk score based on organ failure criteria such as nNSOFA. Furthermore,
model development using events defined by illness severity could improve performance of
predictive analytics for early sepsis detection.

Conclusion

In VLBW infants with confirmed late-onset infection, the HRC index increased before

the time of blood culture and the nSOFA was higher in nonsurvivors compared with
survivors. Both scores were higher in events diagnosed as LOS or NEC compared with
those diagnosed as SRO. SLIs had HRC index values similar to events with no infection but
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nSOFA values similar to confirmed infections. This study demonstrates the strengths of each
score and the potential utility of their combined use in clinical care and research.
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Key Points

. The HRC index and nSOFA provide complementary information on sepsis
risk and sepsis-related mortality risk.

. This study adds to existing literature evaluating these risk scores
independently by analyzing them together and in cases of not only proven
but also suspected infections.

. The impact of combining risk models could be improved outcomes for
premature infants.
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Fig. 1.

Hgart rate characteristics (HRC) index and neonatal sequential organ failure assessment
(nSOFA) scores at nine time points surrounding the time of blood culture (time 0) in events
diagnosed as late-onset sepsis (LOS) or necrotizing enterocolitis (NEC) for patients who
died during the episode compared with those who survived. (A) The HRC index was higher
for infants who died during LOS or NEC from the time of blood culture to 24 hours after (*p
< 0.05). (B) nSOFA was higher for infants who died during LOS or NEC at all time points
analyzed (*p < 0.01).
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Fig. 2.

Tr?e heart rate characteristics (HRC) index and neonatal sequential organ failure assessment
(nSOFA) scores for cases diagnosed as late-onset sepsis with bacteremia or necrotizing
enterocolitis (NEC), sepsis-like illnesses, and sepsis ruled out. (A) Mean HRC index was
higher from 48 hours before to 24 hours after blood culture for cases of late-onset sepsis
(LOS) or NEC compared with events diagnosed as sepsis-like illness or sepsis ruled-out
(*p < 0.05). (B) nSOFA scores were higher for events diagnosed as LOS or NEC than
those where sepsis was ruled out (*p < 0.05 at all-time points), but were not different from
sepsis-like illnesses.
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Fig. 3.
The heart rate characteristics (HRC) index was higher at the time of blood culture and every

time point after for events with neonatal sequential organ failure assessment (h\SOFA) >4
compared with events with nSOFA 0-4.
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Fig. 4.

Receiver operator characteristic curves for the total neonatal sequential organ failure
assessment (nNSOFA) and component scores at the time of positive blood culture and 12
hours after culture. Points given for respiratory dysfunction (mechanical ventilation and
oxygen saturation/fraction of inspired oxygen ratio) were the most predictive component
at all time points analyzed. The cardiovascular component area under the curve (AUC)
increased from time points before culture to after, while the hematologic component
remained a poor individual predictor by AUC at every time point. By 12 hours after blood
culture, performance of the total nSOFA score to predict mortality during the episode

reached an AUC of 0.91.
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In cases of late-onset sepsis or necrotizing enterocolitis, the heart rate characteristics (HRC)
index increased from baseline (48 hours before culture) by 6 hours before blood culture,
while neonatal sequential organ failure assessment (nNSOFA) increased compared with
baseline at the time of culture.
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Clinical characteristics of VLBW infants <33 weeks’ gestational age with LOS or NEC during the study

Table 1

period compared with all infants

n (%) 179 (19%) 956
Gestational age, weeks (mean, SD) 257 (2_31)51 27.2 (2.62)
Birth weight, grams (mean, SD) 816 (230)a 978 (295)
Female, 77 (%) 76 (42.5%)3 465 (48.6%)
Died before NICU discharge, 7(%) 20 (10.1%) 90 (9.4%)

With LOSor NEC  All VLBW infants

Page 18

Abbreviations: LOS, late-onset sepsis; NEC, necrotizing enterocolitis; NICU, neonatal intensive care unit; SD, standard deviation; VLBW, very

low birth weight.

4h<0.05.
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Table 2
Organisms isolated in positive blood cultures and classification of cases diagnosed as necrotizing enterocolitis
(NEC)
Organism n (%)
Total 158
Coagulase negative staphylococcal sp. 110 (69)
Staphylococcus aureus 12 (8)
Escherichia coli 10 (6)
Klebsiella pneumoniae 6 (4)
Enterobacter cloacae 4(2)
Serratia marcescens 4(2)
Enterococcus faecalis 3(2)
Group B. Streptococcus 3(2)
Pseudomonas Aeruginosa 2(1)
NEC with bacteremia 9
NEC without bacteremia 25
Stage 2 15
Stage 3 10
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