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BACKGROUND: Monitoring of heart rate characteristics (HRC) index may improve outcomes of late-onset neonatal sepsis (LOS)
through early detection. We aimed at describing the association between LOS and elevated HRC index.

METHODS: This single-center retrospective case—control study included neonates who presented with blood culture-proven
hospital-acquired LOS. Controls were matched to cases (ratio 1:2) based on gestational age, postnatal age, and birthweight. We
compared the highest HRC indexes in the 48 h preceding blood culture sampling in LOS cases to the highest HRC indexes at the

same postnatal days in controls.

RESULTS: In 59 LOS cases and 123 controls, an HRC index > 2 was associated with LOS (OR 7.1, 95% Cl 2.6-19.0). Sensitivity and
specificity of an HRC index > 2 to predict LOS were 53% (32/59) and 79% (98/123). Sensitivity increased from 25% in infants born >
32 weeks to 76% in infants born < 28 weeks. Specificity decreased from 97% in infants > 32 weeks to 63% in those born < 28 weeks.
CONCLUSIONS: An increase of HRC index > 2 has a significant association with the diagnosis of LOS, supporting the use of HRC
monitoring to assist early detection of LOS. Clinicians using HRC monitoring should be aware of its diagnostic accuracy and

limitations in different gestational age groups.

Pediatric Research (2022) 92:1070-1074; https://doi.org/10.1038/541390-021-01913-9

IMPACT:

® There is a paucity of data regarding the predictive value of heart rate characteristics (HRC) monitoring for early diagnosis of late-

onset neonatal sepsis (LOS) in daily clinical practice.

® Monitoring of heart rate characteristics provides valuable information to assist the early diagnosis of LOS across all gestational

age groups.

® However, the strong influence of gestational age on positive and negative predictive values adds complexity to the

interpretation of HRC indexes.

INTRODUCTION

Infection is a leading cause of death and disability in newborns.’
Late-onset sepsis (LOS) occurs mainly in hospitalized neonates,
and in up to 30% of very preterm newborns.>™* As initial signs are
often subtle and/or non-specific, diagnosis and treatment can be
delayed, resulting in an increased risk of adverse outcomes. Early
detection of sepsis is key to guide the initial management and
improve outcome.” Reduced variability in heart rate and transient
decelerations have been observed in the hours to days before
diagnosis of LOS. Characterization of these abnormal heart rate
characteristics (HRC) through mathematical models has led to the
development of an HRC index, representing the fold-increase in
risk of sepsis during the next 48 h.>” This tool can be used as a
non-invasive early physiomarker of sepsis, to alert neonatologists
before overt clinical deterioration. A large randomized control
trial has demonstrated a reduction of mortality with continuous
real-time HRC monitoring in very low birthweight preterm
infants.®

Despite the benefit shown in the trial by Moorman et al, the
predictive value of HRC monitoring in daily clinical practice has been
questioned.” An increase in HRC is associated with other conditions
than sepsis, including focal infections, necrotizing enterocolitis
(NEQ), surgery, respiratory deterioration, brain hemorrhage, and
use of anticholinergic drugs.'®'? An observational descriptive study
reported that HRC scores are often elevated in newborns who do
not have bloodstream infection, and infrequently elevated in those
with culture-proven sepsis.'?

Given the limited data available in the literature regarding the
predictive value of HRC monitoring outside the controlled setting
of a trial, we conducted a study to determine the association
between blood culture-proven LOS and elevated HRC index.

PATIENTS AND METHODS
This retrospective case-control study was conducted in patients hospita-
lized between September 2014 and December 2018 at the tertiary care
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neonatal unit of the University Hospital of Lausanne, Switzerland. The
study was approved by the Cantonal Ethics Committee of Vaud (Lausanne,
Switzerland, ID 2018-01411). The need for informed consent was waived,
as the potential difficulties in obtaining consent were considered
disproportionate to the low risk and observational nature of the study.

Infants were included if they developed microbiologically documented
hospital-acquired LOS, defined by a positive blood culture collected at a
postnatal age greater than 72 h in infants hospitalized for more than 48 h
before the sepsis episode.* Contaminated blood cultures were excluded
based on the following criteria: pathogens usually considered as
contaminants, Coagulase-negative staphylococci (CoNS) in the absence
of a peripheral or central catheter at the time of blood culture collection,
blood cultures growing a mixed flora of CoNS, or decision of the physician
in charge to treat the patient with antibiotics for less than 5 days. Only the
first episode of hospital-acquired LOS was included for each patient. For
each case, we identified one to three controls matched for gestational age
(£2 weeks), postnatal age (+2 days), and birth weight (£20%) who did not
develop LOS or necrotizing enterocolitis, and who were not under
antibiotic treatment during the period of observation.

Hourly HRC indexes were acquired using the HRC monitor system from
Medical Predictive Science Corporation. Physicians and nurses were
instructed that an HRC index > 2 or an increase of >1 point compared to
the preceding hour should prompt a clinical evaluation of the patient by a
physician, in order to decide whether or not additional investigations and/
or treatment should be conducted. HRC indexes recorded during an
observation period defined as the 48 h preceding blood culture sampling
in LOS cases, and at the corresponding postnatal age in controls were
analyzed. The primary predictive variable was the HRC index, dichotomized
into elevated vs non-elevated. In the main analysis, HRC index was
considered elevated if its maximum value (HRC”X) measured over the
observation period was above two.® The analysis was then repeated after
dichotomizing HRCYAX > 5 vs <5, and HRCMAX = 7 vs <7. We estimated the
optimal HRCYAX cut-off point, that best discriminates between LOS cases
and controls, by finding the HRCY* value that maximizes the Youden
index (specificity plus sensitivity). HRC indexes measured after administra-
tion of drugs affecting HRC (anticholinergics and neuromuscular blocking
agents) and after surgery were not included in analyses." Clinical and
microbiological data were obtained from the database of the microbiology
laboratory, electronic medical charts and through the clinical information
system Metavision®.

Patient characteristics were summarized by descriptive statistics
reporting proportions, means, standard deviations, medians, and inter-
quartile ranges. Univariate analyses were used to assess differences
between cases and controls for all demographic and clinical variables. We
applied association tests (Pearson chi-square or Fisher's exact) for binary
variables, and Wilcoxon-Mann Whitney tests to compare quantitative
variables. Conditional logistic regressions were used to test whether the
dichotomized HRCY* index measured in the 48h preceding blood
culture sampling-predicted LOS. Areas under the ROC curve (AUROC) from
unconditional logistic regressions, sensitivity, specificity, positive predic-
tive values and negative predictive value were calculated for each of the
three dichotomizations of HRC*, Finally, a linear mixed regression
model was estimated to assess whether the HRC trajectories differed over
time between cases and controls. Mixed models take into account the lack
of independence of data measured repeatedly on the same subjects. Our
model estimated the effect of group (case vs control), time (48h
preceding blood culture sampling) and the statistical interaction between
group and time. Since HRC indexes followed a highly skewed distribution
they were log-transformed for this analysis. Statistical analyses were
carried out using Stata/IC software, versions 15.1 and 16.0 (StataCorp LLC,
College Station, Texas).

RESULTS

Among the 2274 patients hospitalized in the tertiary care neonatal
unit of the University Hospital of Lausanne during the study
period, 67 presented with at least one episode of blood culture-
proven hospital-acquired LOS. We excluded six episodes for which
the HRC index was not monitored, and two that could not be
matched to controls due to a birthweight <500 g. Fifty-nine LOS
episodes were analyzed. Median postnatal age at sepsis was
13 days (IQR 12). Infants with LOS had a median gestational age of
29 weeks (IQR 8) and a median birth weight of 1056 g (IQR 1344),
while controls had a median gestational age of 28 weeks (IQR 4)
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Table 1. Baseline demographics, clinical, and heart rate characteristics
of infants with late-onset sepsis and controls.
Controls Sepsis P-values
n=123 n=>59
Median gestational age, 28 (4) 29 (8) 0.8
weeks (IQR)
Median birthweight, g (IQR) 1000 (600) 1056 (1344) 0.7
Male gender, n (%) 80 (65) 37 (62) 0.8
Cesarean section, n (%) 77 (62) 31 (53) 0.2
Median 1 min Apgar 6 (6) 5 (5) 0.1
score (IQR)
Median 5 min Apgar 8 (2) 7 (3) 0.2
score (IQR)
Median postnatal age?, 13 (12) 13 (12) 0.6
days (IQR)
Non-invasive ventilation®, 78 (63) 33 (56) 0.3
n (%)
Invasive ventilation®, n (%) 21 (17) 20 (34) 0.01
Median duration of hospital 50 (50) 66 (59) 0.01

stay, days (IQR)
Mortality, n (%) 4 (3) 4 (7) 0.3

Median HRCMA* (IQR) 1.07 (1.20) 2.77 (5.16)  <0.001
HRCMAX > 2, n (%) 25 (20) 31 (54) <0.002
HRCMAX 2-5, n (%) 23 (19) 12 (20) 0.8

HRCMAX > 5, n (%) 3(2) 19 (32) <0.001
HRCMAX =7, n (%) 1(1) 11 (19) <0.001

IQR interquartile range.

@At sepsis avaluation or at the end of the 48 h evaluation period for
controls.

PDuring the 48 h observation period.

Table 2. Pathogens detected in blood cultures of infants with late-
onset sepsis.

Pathogens N (%)

Gram positive 36 (61%)
Coagulase-negative staphylococci 28 (47%)
Staphylococcus aureus 6 (10%)
Clostridium neonatale 1 (2%)
Enterococcus faecalis 1 (2%)

Gram negative 23 (39%)
Escherichia coli 9 (15%)
Klebsiella pneumoniae 7 (12%)
Enterobacter cloacae 3 (5%)
Citrobacter koseri 1 (2%)
Cronobacter sakazakii 1 (2%)
Enterobacter aerogenes 1 (2%)
Pseudomonas aeruginosa 1 (2%)

and a median birthweight of 1000 g (IQR 600) (Table 1). The main
pathogens were CoNS (28/59, 47%), Escherichia coli (9/59, 15%),
Klebsiella pneumoniae (7/59, 12%), and Staphylococcus aureus (6/
59, 10%) (Table 2).

We compared 1811 hourly-recorded HRC indexes and HRC
index trajectories in the 48 h preceding sepsis evaluation in 59
cases of LOS with 3402 HRC indexes and HRC index trajectories in
123 controls of the same postnatal age (Fig. 1). HRCY* was higher
in LOS (median 2.77, IQR 5.16) compared to controls (median 1.05,
IQR 1.20, P<0.001) (Table 2). An HRCY™ > 2 was found in 54%
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Fig. 1 HRC indexes in late-onset sepsis and controls. a Hourly HRC indexes in the 48 h preceding blood culture sampling for sepsis

evaluation in 59 late-onset sepsis cases, and at a similar postnatal age in 123 controls. The medians (brown lines), 25th and 75th percentiles
(orange lines) are shown. b Individual HRC index trajectories in the 48 h preceding sepsis evaluation in 59 late-onset sepsis cases, and at a

similar postnatal age in 123 controls.

(31/59) of LOS cases and 20% (25/123) of controls, and an HRCY*
of 7 was found in 19% (11/59) of LOS cases and <1% (1/123) of
controls. HRCM was higher in the infants born < 32 weeks than
in those =32 weeks (Supplementary Fig. 1).

Conditional logistic regressions indicated that an HRCY'A* > 2
and an HRCYX of 7 were associated with LOS, with ORs of 7.1
(95% Cl 2.6-19; AUROC=0.66) and 243 (95% Cl 3-191.7;
AUROC = 0.55). An HRCM** > 2 was associated with a combined
outcome of the requirement for invasive ventilation and/or
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hemodynamic support with catecholamines within 7 days after
sepsis onset and/or death before discharge (P<0.001). The
sensitivity and specificity of an HRCW** > 2 to predict LOS were
52% (32/61) and 79% (101/127) (Table 3). Sensitivity increased
from 24% in infants born > 32 weeks to 76% in infants born <
28 weeks, and specificity decreased from 97% in infants >
32 weeks to 63% in those born < 28 weeks. Setting the threshold
of HRCY at =5 or =7 increased specificity, but reduced
sensitivity to predict LOS (Supplementary Table 1). An HRCYAX
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Table 3. HRC indexes in different gestational age groups in infants with late-onset sepsis and in controls.

Gestational age (weeks) Controls Sepsis
n Mean SD n

<28 56 20 1.5 25

<32 93 17 13 39

28-32 37 1.2 0.7 14

>32 30 0.7 0.7 20

All 123 1.4 1.2 59

Diagnostic accuracy of HRCYAX > 2

Mean SD Se (%) Sp (%) PPV (%) NPV (%)
4.7 23 76 63 48 85
4.2 25 67 73 51 84
3.1 25 50 92 70 83
1.6 1.7 25 97 83 66
33 26 53 80 55 78

SD standard deviation, Se sensitivity, Sp specificity, PPV positive predictive value, NPV negative predictive value.

of 2.76 was the optimal cut-off point to discriminate between
sepsis cases and controls, with an AUROC of 0.70, a sensitivity of
0.51, and a specificity of 0.89.

When analyzing LOS cases according to pathogen, we found
that the sensitivity, specificity, positive and negative predictive
values of an HRCY**> 2 to diagnose LOS were 53.6%, 79.7%,
37.5% and 88.3% for CoNS cases (n = 28). For other pathogens
(n=31), the sensitivity, specificity, positive and negative
predictive values of an HRCY*>2 to diagnose LOS were
51.6%, 79.7%, 39.0%, and 86.7%.

A linear mixed regression model estimated that 48 h before
blood culture sampling, the average HRC index was higher in LOS
cases than in controls (mean difference on log scale 0.56, 95% Cl
0.32 to 0.81, p < 0.001). The average values did not change during
the 48 h observation period (mean increase per hour on log scale
independently of group 0.00016, 95% Cl —0.0028 to 0.0032, p =
0.92), and the difference between the two groups remained
constant over time (mean difference between time slopes 0.003,
95% Cl —0.008-0.002, p = 0.26) (Supplementary Fig. 2).

DISCUSSION

In this retrospective case-control study, we observed an associa-
tion between an elevated HRC index (>2) and LOS. The association
with LOS was stronger with an HRC index>5 or=7, but the
optimal cutoff to discriminate LOS from controls was estimated
at 2.76.

Early detection of sepsis followed by timely intervention is key
to prevent mortality and morbidity.”> Studies performed in
children and adults indicate that delays in antimicrobial
treatment are associated with prolonged organ dysfunction and
increased risk of death.”””'” Given the high mortality and
morbidity associated with neonatal sepsis, an approach allowing
to detect of sepsis before the appearance of clinical signs may
allow optimization of the early management and could lead to
better outcomes. Based on the results of a randomized control
trial and subsequent publications on the same cohort, HRC
monitoring was identified as a promising tool for the early
diagnosis of LOS in preterm newborns.® However, these results
were challenged by a study of 2384 infants hospitalized in a
tertiary care neonatal unit, including 46 infants with LOS.'® LOS
was observed only in 5% of neonates with scores >2. Among
infants with LOS, only 37% had at least one score =2, and 11%
had at least one score>5 in the 48 h period prior to sepsis
evaluation by blood culture. The proportion of HRC scores > 2
and =5 in LOS cases was 1.5 and 3-fold higher in our study
compared to the findings by Coggins et al., suggesting a better
diagnostic performance of HRC monitoring in our setting.
Coggins et al. did not have access to hourly HRC indexes, but
only to those transcribed in electronic medical records, which
could have impacted their estimation of the diagnostic perfor-
mance of HRC monitoring.'®> Moreover, differences in patient
populations and infection prevention and management practices
could account for the discrepancies between the two studies.

Pediatric Research (2022) 92:1070-1074

In our study, diagnostic accuracy of HRC index was strongly
influenced by gestational age. This was not unexpected, given
that this tool was initially designed, tested, and validated in very
low birthweight preterm infants.®'® LOS is more prevalent in
extremely preterm newborns."? In this subgroup, we found high
sensitivity and negative predictive value of HRC index, which
may be useful for early detection. However, the relatively low
specificity and positive predictive value in extremely preterm
newborns might trigger unnecessary antibiotic treatments. Yet,
HRC monitoring was not associated with an increased exposure
to antibiotics in the trial by Moorman et al.® In infants born >
32 weeks, for which nosocomial sepsis is less prevalent, we
observed a relatively low sensitivity and negative predictive
value of HRC index, but a high specificity and positive predictive
value. Therefore, our findings indicate that HRC monitoring
provides valuable information for the early recognition of LOS in
all gestational age groups. But the strong influence of
gestational age on positive and negative predictive values adds
complexity to its interpretation.

Analysis of individual patient’s HRC index trajectories indicates
important fluctuations of HRC indexes during the 48 h prior to
sepsis evaluation and multiple different patient trajectories. This
is consistent with the spikes in the HRC index and divergent
trajectories that have been described in previous reports,'*'? and
the heterogeneous nature of sepsis. Interestingly, HRC index
was higher in LOS cases compared to controls throughout the 48
h observation period preceding the sepsis evaluation by blood
culture, suggesting that the clinicians’ response to elevated HRC
indexes did not always involve immediate sampling for blood
cultures. This is in line with the approach proposed in the trial by
Moorman et al., where a rising HRC index required a bedside
evaluation of the patient and consideration for additional blood
testing, but no mandatory investigations or treatment. As the
elevation of HRC index might be the earliest and only sign of
imminent clinical deterioration leading to sepsis, and given
the non-negligible proportion of false alarms, finding the
adequate response to an elevated HRC index can be challenging
for clinicians. Traditionally, early recognition of sepsis is based
on the assessment of risk factors, symptoms and clinical signs,
vital signs, and biomarkers." Models based on machine learning,
integrating data on patient demographics, vital signs and
biomarkers have been recently developed to improve the capacity
to detect LOS.2°22 These algorithms have a superior sensitivity
(74-84%) and positive predictive values (57-82%), but similar
specificity (80%) and negative predictive values compared to HRC
index. Given the complexity to make an early and reliable
diagnosis of LOS, it is expected that multimodal approaches will
perform better than single biomarkers or physiologic markers.
Therefore, it will be important to determine the value of HRC
monitoring in future multimodal prediction models for the early
recognition of sepsis. Importantly, an elevated HRC index was also
associated with a combined outcome of death or dysfunction of
the respiratory or cardiovascular systems in infants with LOS, in
line with the results from a recent study.?®
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This study has limitations, as it was conducted at a single center
with a retrospective design and a relatively small sample size.
However, we report on a large number of HRC indexes in well-
defined LOS cases, with the inclusion of all gestational age groups,
and analysis of sensitivity, specificity, positive and negative
predictive values. Moreover, HRC indexes that could have been
modified by drugs or medical conditions were excluded.?*

CONCLUSION

Elevated HRC indexes are associated with LOS in newborn infants
of all gestational ages. Clinicians using HRC monitoring should be
aware of its diagnostic accuracy and limitations in different
gestational age groups. Monitoring of HRC indexes has its place in
the surveillance and management of newborns at risk of LOS
together with evaluation of risk factors, clinical signs symptoms,
vital signs, and biomarkers, and should be considered in future
multimodal sepsis prediction models.
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