1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neonatal Perinatal Med. Author manuscript; available in PMC 2021 November 17.

-, HHS Public Access
«

Published in final edited form as:
J Neonatal Perinatal Med. 2021 ; 14(4): 553-561. doi:10.3233/NPM-200578.

Clinical and vital sign changes associated with late-onset sepsis
in very low birth weight infants at 3 NICUs

B.A. Sullivan®*, V.P. Nagraj9", K.L. Berry®d, N. Fleiss®, A. Rambhial, R. Kumara, A.
Wallman-Stokes®, Z.A. Vesoulisf, R. Sahni€, S. Ratcliffed, D.E. LakeP!, J.R. Moorman®i, K.D.
Fairchild®

aDepartment of Pediatrics, Division of Neonatology, University of Virginia School of Medicine,
Charlottesville, VA, USA

bDepartment of Medicine, Division of Cardiology, University of Virginia School of Medicine,
Charlottesville, VA, USA

CUniversity of Virginia School of Medicine, Charlottesville, VA, USA
dUniversity of Virginia School of Public Health Sciences, Charlottesville, VA, USA
€Department of Pediatrics, Division of Neonatology, Columbia University, New York, NY, USA

‘Department of Pediatrics, Division of Newborn Medicine, Washington University School of
Medicine, St. Louis, MO, USA

9Department of Research Computing, University of Virginia School of Medicine, Charlottesville,
VA, USA

hSignature Science, LLC, Charlottesville, Virginia, USA

iUniversity of Virginia Center for Advanced Medical Analytics, Charlottesville, VA, USA

Abstract

BACKGROUND: In premature infants, clinical changes frequently occur due to sepsis or non-
infectious conditions, and distinguishing between these is challenging. Baseline risk factors, vital
signs, and clinical signs guide decisions to culture and start antibiotics. We sought to compare
heart rate (HR) and oxygenation (SpO,) patterns as well as baseline variables and clinical signs
prompting sepsis work-ups ultimately determined to be late-onset sepsis (LOS) and sepsis ruled
out (SRO).
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METHODS: At three NICUs, we reviewed records of very low birth weight (VLBW) infants
around their first sepsis work-up diagnosed as LOS or SRO. Clinical signs prompting the
evaluation were determined from clinician documentation. HR-SpO, data, when available, were
analyzed for mean, standard deviation, skewness, kurtosis, and cross-correlation. We used LASSO
and logistic regression to assess variable importance and associations with LOS compared to SRO.

RESULTS: We analyzed sepsis work-ups in 408 infants (173 LOS, 235 SRO). Compared to
infants with SRO, those with LOS were of lower GA and BW, and more likely to have a

central catheter and mechanical ventilation. Clinical signs cited more often in LOS included
hypotension, acidosis, abdominal distension, lethargy, oliguria, and abnormal CBC or CRP (p <
0.05). HR-SpO,, data were available in 266 events. Cross-correlation HR-SpO- before the event
was associated with LOS after adjusting for GA, BW, and postnatal age. A model combining
baseline, clinical and HR-SpO, variables had AUC 0.821.

CONCLUSION: In VLBW infants at 3-NICUs, we describe the baseline, clinical, and HR-SpO»
variables associated with LOS versus SRO.
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1. Introduction

Late-onset sepsis (LOS) continues to cause significant morbidity and mortality in very low
birth weight (VLBW, < 1500 g) infants [1, 2]. Although LOS incidence has decreased

with improvements in central line care, hand hygiene, and breast milk feeding [3-5], sepsis
remains a major threat, and earlier detection and treatment are likely to improve outcomes.
Diagnosis is complicated because the most common early signs of LOS overlap with normal
premature infant physiology, such as apnea and feeding intolerance. More obvious signs

of sepsis occur late in the course, at which point the systemic inflammatory response may
irreversibly damage multiple organ systems [6, 7].

The risk of catastrophic outcomes with delay in sepsis treatment prompts conservative
management, resulting in frequent negative work-ups diagnosed as “sepsis ruled out” (SRO)
and exposure to antibiotics, which have adverse effects if overused [8-10]. Two important
yet challenging goals are thus to improve the timeliness of antibiotics, with treatment
starting early for true infection, and the precision of antibiotics, where treatment is avoided
or quickly discontinued when there is no infection [11]. Our group previously developed

a continuous heart rate characteristics (HRC) index (HeRO score) to alert clinicians of
abnormal HR patterns of low variability and super-imposed decelerations, which may occur
before overt clinical signs of sepsis [12-14]. Since most infants with abnormal HRC are

not septic, clinicians must consider multiple other variables when making decisions about
starting antibiotics versus taking a “wait and watch” approach [15, 16].

In this retrospective study of a large, multicenter cohort of VLBW infants, we sought to
describe baseline risk factors and clinical signs as well as heart rate (HR) and oxygenation
(SpOy) patterns surrounding sepsis work-ups diagnosed as sepsis ruled in or sepsis ruled out.
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We hypothesized that these three categories of data have additive value in distinguishing
LOS from SRO. Our ultimate goal is not to develop a “calculator” for withholding
antibiotics but instead to systematically evaluate a framework of variables for clinicians

to consider evaluating VLBW NICU patients with non-specific changes in their clinical
status. Such a framework might be useful when advanced physiologic monitoring brings the
attention of the medical team to an infant, at which point multiple variables associated with
sepsis risk must be considered.

2. Methods

2.1. Patient population and sepsis definitions

We reviewed electronic health records for demographic and clinical data for VLBW infants
at three level-1VV NICUs over a 3-5 year period during which continuous vital sign data from
the bedside monitors were being stored: University of Virginia Children’s Hospital (UVA
2012-2016), Morgan Stanley Children’s Hospital of New York, Columbia University (CU
2013-2015) and St. Louis Children’s Hospital, Washington University School of Medicine
(SLCH 2015-2017). The Institutional Review Boards of each institution approved the study.
VLBW infants were included if they had no major congenital or chromosomal anomalies
and had at least one blood culture drawn after three days of age for suspected sepsis.

The first sepsis work-up with a positive blood culture and at least five days of antibiotics
administered was designated as LOS. For infants with no LOS, the first sepsis work-up with
negative cultures and less than five days of antibiotics given was designated as SRO. We did
not include infants without LOS or SRO events who had only other infectious diagnoses,
such as clinical sepsis (a negative blood culture treated with at least five days of antibiotics)
or focal infection (pneumonia, necrotizing enterocolitis, urinary tract infections, other).

2.2. Clinical data collection

We collected demographic and perinatal variables for all infants from the medical record
and NICU databases. Data were recorded in a REDCap database (\Vanderbilt University,
Nashville, TN) designed for this study. We recorded baseline risk factors from the day
before the work-up, including the level of respiratory support, presence of a central venous
catheter, and enteral feeding. We reviewed progress notes and recorded the clinical changes
or signs that led to the decision to evaluate for sepsis. Clinical signs were listed in REDCap,
and any number of signs could be checked off or added for each work-up. No objective
values were required for a laboratory value, or vital sign change, or clinical sign to be
recorded as abnormal. We grouped similar clinical signs for analysis: apnea, bradycardia,
and desaturation spells were grouped as ABDs, low platelets, high or low white blood cells,
or increased bands were grouped as abnormal complete blood count (CBC), and findings
noted on chest or abdominal plain films to prompt a sepsis work-up, such as intestinal ileus
or lung infiltrates, were grouped as abnormal radiographic findings.

2.3. HR and SpO, data collection and analysis

Infants at all three NICUs routinely have continuous heart rate (HR) from electrocardiogram
and SpO, from pulse oximetry collected at 0.5 Hz from standard bedside monitors and
archived, using the BedMaster system (Hillrom’s Medical Device Integration Solution,

J Neonatal Perinatal Med. Author manuscript; available in PMC 2021 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sullivan et al.

Page 4

Chicago, IlI; formerly Excel Medical, Jupiter, FL). SpO, was measured with the default
averaging time of 8 seconds, using Masimo technology at UVA and CU and Nellcor
technology at WU. HR and SpO,, values of zero were removed.

The mean, standard deviation, skewness, and kurtosis of HR and SpO, were calculated in
10-minute windows and averaged hourly. The maximum cross-correlation of HR-SpO, was
calculated in 10 min windows of signals normalized to have a mean of zero and standard
deviation of one using the Matlab function XCORR with a lag window of 30 seconds and
averaged hourly.

For bradycardia and desaturation event quantitation, we employed a previously published
automated algorithm [18]. Bradycardia was defined as HR< 100 bpm for >four seconds,

and desaturation as SpO, < 80% for > 10 seconds. We joined events if the value rose

above then fell back below the threshold in <4 seconds for bradycardia and <10 seconds

for desaturation events. We quantified the number and duration of events, normalized to the
amount of available data, and the means of the numbers of events per hour of data before
and after the time of blood culture. The hourly averages were smoothed in a 12-hour moving
average for visualizations of the trends for the five days before and two days after the time
of blood culture. For hypothesis testing and regression modeling, HR-SpO, features were
summarized as their averages in the 24 hours leading up to the culture.

2.4. Statistical analysis

The distributions of demographic and baseline characteristics, clinical signs, and HR-SpO
features were compared for infants with LOS to those with SRO using Fisher’s exact

test for categorical variables and the Wilcoxon rank-sum test for continuous variables. We
used logistic regression to answer two questions. First, is an individual feature associated
with the outcome on its own? Here, we used multivariable logistic regression to adjust

for the influence of GA, BW, and postnatal age at the time of blood culture. Second,

is an individual feature associated with the outcome when all other features are taken

into account? For this, anticipating multicollinearity, we used logistic regression with

the Least Absolute Shrinkage and Selection Operator (LASSO) procedure to shrink the
coefficients of correlated or unimportant variables to zero [9, 20]. We built four models
using LASSO logistic regression: one with only baseline risk variables, another with only
clinical signs, another with only HR-SpO, features, and another with all variables combined.
Only the 266 infants with HR-SpO-, data available were included for this analysis. To assay
the performances of the models, we calculated the AUC, with 95% CI estimated from
bootstrapping. The percent correctly classified, sensitivity, and specificity were calculated
based on thresholds chosen to maximize the Youden index [21]. AUCs were compared using
Delong’s tests[22].

Statistical analyses were performed using R version 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria).
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3. Results

3.1. Characteristics and blood culture evaluations

We studied 882 VLBW infants admitted to the three centers who survived beyond three days
of age, had no major chromosomal or congenital anomalies, and had recordings of sufficient
duration and quality for analysis (426 UVA, 283 CU, 173 SLCH). Of these, 173 (20%)

had at least one LOS event. The infective organisms were similar at the three centers, with
coagulase-negative staphylococcus (CONS) species as the most common organism (55% of
positive blood cultures) (Table 2).

Of the remaining 709 infants who never had LOS, 275 had one or more work-ups for
suspected sepsis beyond day three, and we reviewed the first work-up diagnosed as SRO in
235 infants.

3.2. Baseline variables in LOS versus SRO

Table 1 shows the baseline demographics and clinical variables at the time of the work-up
for the full cohort of 408 infants (173 LOS, 235 SRO) and for the subgroup of 266 infants
with HR and SpO, data available for analysis. Infants with LOS were of lower GA and
BW, and more likely to be on a ventilator and have a central catheter in place at the time
of the work-up compared to those with SRO (p < 0.05). Clinical characteristics (Table 1)
and clinical signs (Table S4) were similar for the entire cohort and for the sub-cohort with
HR-SpO,, data available.

3.3. Clinical signs prompting work-ups diagnosed as LOS versus SRO

Figure 1A shows the distribution of the eighteen most common clinical signs cited as
prompting the blood culture in =25% of all work-ups, grouped by whether the diagnosis was
LOS or SRO. Table S4 provides a list of all clinical signs. They are ordered top to bottom
from most to least common in LOS cases. The most common clinical sign, cited in nearly
half of all work-ups, was an increase in spells of apnea, bradycardia, or desaturation (ABD).
ABD events were associated with positive and negative work-ups with approximately the
same frequency (47% vs 48%). Likewise, the requirement for increased respiratory support
was commonly cited as a reason for the sepsis work-up but just as likely to be associated
with a confirmed infection compared to an SRO outcome (39% vs 34%).

An abnormal CBC value, elevated CRP, abdominal distention, acidosis, and hypotension
were cited more often in work-ups diagnosed as LOS than those diagnosed as SRO (p <0.05
by Fisher’s test). These signs were also significant predictors in a multivariable analysis
adjusted for BW and postnatal age. A subgroup analysis of LOS with CONS bacteremia
cases excluded showed a similar distribution of clinical signs compared to all LOS cases,
with slightly higher proportions of abnormal CBC, acidosis, and hypotension in cases with
predominantly gram negative organisms (Fig. 1B).

3.4. HR and SpO, patterns in LOS versus SRO

Figure 2 shows HR and SpO, features plotted as the rolling 12-hour mean of the hourly
averages for the five days before and the two days after blood cultures The HR and SpO,
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trends were similar for LOS and SRO, and several features changed near the time of blood
culture for both outcomes. While the mean cross-correlation HR-SpO,, SD HR, and mean
SpOy, in the 24-hours leading up to culture differed individually between the groups, only
the mean cross-correlation of HR-SpO, distinguished the groups in multivariable analysis
including GA, BW, and postnatal age as predictors.

3.5. Variable importance and modeling

We developed and compared four multiple logistic regression models and used the LASSO
procedure to identify important variables and deal with multicollinearity within each group
of predictors. Separate models were built for baseline risk variables, clinical signs, HR-SpO,
features, and all variables combined.

Table 3 lists the LASSO feature selection step results in order of variable importance,
alongside summaries of the performance of logistic regression models. Baseline variables
with non-zero coefficients included GA, BW, and the presence of a central catheter. In the
model using the 18 clinical signs cited in at least 5% of all work-ups, eight variables had
non-zero coefficients. Of the 11 HR-SpO,, features modeled, four had non-zero coefficients.
The HR-SpO, model had the lowest AUC (0.642, 95% CI 0.574-0.710). The model
combining baseline, clinical signs, and HR-SpO,, features had the highest point estimate for
AUC (0.821). However, the 95% CI for AUC, sensitivity, specificity, and percent correctly
classified were comparable to the clinical signs model (Table 3).

4. Discussion

In a three-NICU cohort, we studied the baseline risk factors and clinical signs prompting
sepsis work-ups in VLBW infants, together with the HR and SpO, changes near the work-up
to test the idea that infants with the diagnosis of sepsis could be distinguished from those for
whom sepsis was ruled out. This is an important problem because clinical deterioration

from suspected infection occurs often, but the empiric treatment of every event leads

to unnecessary antibiotic exposure. Therefore, understanding how these clinical changes
prompting work-ups fit in with baseline risk variables, physiologic data, and diagnosis might
help guide decisions on when to obtain cultures and start antibiotics.

We found overlap in the clinical and vital sign presentations of infants with sepsis and

those with sepsis ruled out. The most common signs prompting sepsis work-ups in our
retrospective study, as well as the baseline variables associated with LOS, were similar
across the three NICUs and generally consistent with those previously reported [23-26].
Baseline risk factors for sepsis of mechanical ventilation, central vascular catheter, and
delayed enteral feeding have been described by others [23, 27, 28] and highlight that infants
requiring higher-level support are more susceptible to developing a systemic infection.
Clinical changes more often documented in sepsis included hypotension, acidosis, abnormal
CBC and CRP values, lethargy, oliguria, abnormal radiographic findings, and abdominal
distention. We did not analyze the severity of abnormalities nor use thresholds or cutoffs

to classify signs as abnormal. Instead, we analyzed the documented changes prompting a
work-up. This approach may be viewed as a strength and a weakness of the analysis, since
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not all thoughts are documented in the medical record and not all changes from baseline
meet standard definitions of “abnormal”.

The most common sign overall, spells of apnea, bradycardia, or desaturation, was equally
frequently cited in both groups. We emphasize this finding not to discourage using apnea as
a reason to evaluate an infant for sepsis, but instead to describe its sensitive yet non-specific
nature. Similarly, clinician documentation of an acute increase in respiratory or oxygen
support as a reason for performing a sepsis evaluation was noted equally in cases of sepsis
ruled in or out. This finding confirmed our initial expectations that these respiratory events
are common in both septic and non-septic VLBW infants and often represent immature
control of breathing and lung disease rather than infection [16, 29, 30].

Analysis of HR and SpO, patterns near the time of blood culture paralleled the clinical
findings, in that most patterns of cardiorespiratory instability were similar for events
diagnosed as sepsis and not sepsis. The cross-correlation of HR-SpO, increased near the
time of blood culture in both groups of events, but more so for sepsis than sepsis ruled-out.
Additional features might help identify late-onset sepsis, including HR kurtosis, HR SD, and
mean SpO,. These results add to our previous two-NICU report of an increase in HR-SpO,
cross-correlation in the hours before overt clinical deterioration [31, 32]. Cross-correlation
HR-SpO, reflects concurrent decelerations and desaturations that occur with apnea, which is
a leading sign of sepsis in preterm infants due to prostaglandin and inflammatory cytokine
effects on respiratory drive [31-34].

A previous study showed that the heart rate characteristics algorithm adds information on
sepsis risk to a score based on clinical signs. [35] The clinical signs used for risk modeling
in the cited study were chosen based on expert opinion and included feeding intolerance,
apnea, increased respiratory support, an elevated immature to total neutrophil ratio, lethargy
or hypotonia, temperature instability, and hyperglycemia. Not surprisingly, the important
and common clinical signs identified by our chart reviews in the current study are found
among those identified by clinical experience. While individual HR and SpO, features did
not distinguish infants with and without sepsis at the time of blood culture in our analysis,
modeling multiple features again added information to the clinical signs.

The retrospective design of our analysis limits its application. A review of the medical
record does not capture the clinicians’ entire thought process in deciding to perform a
sepsis work-up. A prospective survey of experienced clinicians might find a different array
of clinical signs associated with sepsis, as would including every episode of evaluation

for sepsis. We did not consider other common results of sepsis work-ups, such as clinical
(culture-negative) sepsis and focal infections. The clinical signs prompting the work-up in
these events often define the diagnosis. We excluded these events to compare and contrast
events generally considered to be true positive and true negative events, but acknowledge
that they contribute to the uncertainty about antibiotic therapy duration in NICU patients.
Gestational age and birthweight were slightly lower for infants with LOS analyzed than for
those with SRO analyzed. Our modeling approach adjusts for multiple possible confounders,
but it is likely that more exist that we were not able to account for, such as concurrent
medications, the fraction of inspired oxygen, or the severity of iliness. Analysis of heart rate
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characteristics shows that heart rate standard deviation increases with increasing gestational
and postmenstrual age, but that infants at any age and maturity with sepsis have abnormal
HRC compared to those without [12].

Our 3-center sepsis collaborative aims to develop, implement, and test early warning
systems for sepsis in the NICU. Waiting for overt clinical signs of sepsis to emerge increases
the risk of progression to shock, organ damage, and death. Continuous monitoring for
abnormal cardiorespiratory vital sign patterns and displaying predictive analytics with or
without an alarm might alert clinicians of the need for a careful clinical assessment. This
assessment should include consideration of baseline variables, clinical changes, and vital
sign changes known to be associated with sepsis. We advocate using this three-pronged
approach to guide important decisions about starting and stopping antibiotics in VLBW
infants who are susceptible both to sepsis and to adverse effects of antibiotic overuse.

5 Conclusion

In a large cohort of VLBW infants at three NICUs, we describe baseline risk factors,
clinical signs prompting sepsis work-ups, and changes in HR and SpO,, features in the
days surrounding the blood culture. Clinical and cardiorespiratory changes in late-onset
sepsis and sepsis ruled out were similar, high-lighting the difficulty in developing a clinical
decision support tool for withholding antibiotics. Nonetheless, we speculate that careful
consideration of variables associated with sepsis might decrease the excessive use of
antibiotics in the absence of culture-proven infection.
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A. Frequency of clinical signs prompting sepsis work-ups that were ultimately diagnosed

as late-onset sepsis (LOS, black bars) due to any organism compared to sepsis ruled-out
(SRO, gray bars). Signs listed in order of decreasing frequency in LOS events. Asterisks
indicate signs cited more often in LOS or SRO by Fisher’s test (*p < 0.05). B. Clinical signs
prompting sepsis work-ups diagnosed as LOS, excluding cases due to CONS, compared

to SRO. Statistical comparisons are not shown but differ by one clinical sign; abdominal
distention was no longer significant.
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Fig. 2.

HR and SpO,, features plotted as the 12hr moving average from five days before to two days
after the time of blood culture, grouped by diagnosis (LOS, solid line; SRO, dashed line).
Gray shaded areas represent the 95% confidence intervals and a horizontal dotted line is
drawn on each panel at the mean for all UVA VLBW infants at all available times for that

feature.
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Table 1
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Characteristics of infants with LOS and SRO for the full cohort and for those with HR and SpO, data available

Clinical signsanalysis

HR, SpO, analysis

Baseline Clinical Variables LOS(n=173) | SRO(n=235) | LOS(n=118) | SRO (n=148)
Gestational age (weeks), median (IQR) 25 (24-27) 27 (25-28) 25 (24-27) 26 (25-28)
Birthweight (grams), median (IQR) 720 (610-895) | 900 (715-1090) | 760 (630-903) | 875 (690-1080)
Male, n (%) 82 (47%) 114 (49%) 59 (50%) 61 (41%)
Age at workup 19 (10-32) 19 (9-38) 18 (9-32) 16 (9-27)
Race/ethnicity n (%)
White or Caucasian 94 (54%) 130 (55%) 68 (58%) 87 (59%)
Black or African American 51 (29%) 71 (30%) 28 (24%) 40 (27%)
Hispanic or Latino 25 (14%) 27 (11%) 20 (17%) 16 (11%)
Asian 2 (1%) 2 (1%) 1 (1%) 1 (1%)
Unknown or not Reported 1 (<1%) 5 (2%) 1(1%) 4 (2%)
5 min Apgar, Median (IQR) 6(4-8) 6(4-8) 6(4-8) 7(4-8)
Delivered by C-section, n (%) 115 (67%) 163 (69%) 73 (62%) 97 (66%)
Outborn, n (%) 32 (19%) 51 (22%) 20 (17%) 35 (24%)
Clinical variables at time of workup
Central line present, n (%) 126 (73%) 110 (47%) 81 (69%) 77 (52%)
Mechanical ventilation, n (%) 87 (50%) 72 (31%) 50 (42%) 44 (30%)
Full enteral feeds, n (%) 30 (17%) 77 (33%) 22 (18%) 55 (37%)
Any breast milk feeds, n (%) 96 (56%) 140 (60%) 61 (57%) 98 (66%)
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Frequency and percent of organisms isolated in positive blood cultures

Blood Culture Organism | N (%)
S. epior CONS 95(55)
S. aureus 24 (14)
E. coli 16 (9)
Kilebsiella sp. 10 (6)
Enterococcus sp. 9(5)
Group B Streptococcus 7(4)
Serratia sp. 4(2)
Enterobacter sp. 3(2)
Other organism 4(2)
Pseudomonas sp. 2(1)
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Performance and variable importance of models including variables from one category of data and all

Table 3

categories combined using LASSO logistic regression

Model

Variableswith non-
zer o coefficients

AUC

% Correctly
classified

Sensitivity

Specificity

Baseline risk factors

Postnatal age
Gestational age
Sex

Central catheter
Outborn
Feeding status
Birthweight

0.710 (0.648 —0.773)

68%

75%

59%

Clinical signs

CRP elevated
Hypotension
Abdominal Distension
Acidosis

CBC abnormal
Dyspnea

Abnormal X-ray

0.751 (0.692 —0.810)

74%

90%

53%

HR-SpO, features

XCORR HR-SpO,
SD HR
Mean SpO, Kurtosis HR

0.642 (0.574 —0.710)

64%

83%

42%

Combinedl

Baseline+CIinicaI+2HR—Sp02

0.821 (0.769 — 0.872)

76%

82%

70%

Abbreviations: AUC= area under the receiver operator characteristic curves, CBC = complete blood count, CRP = C-reactive protein, XCORR=

cross-correlation, HR= heart rate, SpO2 = oxygen saturation, SD = standard deviation.

JAUC of combined model is significantly different than clinical signs model (o= 0.002)

Zlncludes all component model features except BW, feed vol, Mean SpO2.
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