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BACKGROUND: Mortality and intraventricular hemorrhage (IVH) are common adverse outcomes in preterm infants and are
challenging to predict clinically. Sample entropy (SE), a measure of heart rate variability (HRV), has shown predictive power for
sepsis and other morbidities in neonates. We evaluated associations between SE and mortality and IVH in the first week of life.
METHODS: Participants were 389 infants born before 32 weeks of gestation for whom bedside monitor data were available. A total
of 29 infants had IVH grade 3 or 4 and 31 infants died within 2 weeks of life. SE was calculated with the PhysioNet open-source
benchmark. Logistic regressions assessed associations between SE and IVH and/or mortality with and without common clinical
covariates over various hour of life (HOL) censor points.
RESULTS: Lower SE was associated with mortality by 4 HOL, but higher SE was very strongly associated with IVH and mortality at
24–96 HOL. Bootstrap testing confirmed SE significantly improved prediction using clinical variables at 96 HOL.
CONCLUSION: SE is a significant predictor of IVH and mortality in premature infants. Given IVH typically occurs in the first 24–72
HOL, affected infants may initially have low SE followed by a sustained period of high SE.
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IMPACT:

● SE correlates with IVH and mortality in preterm infants early in life.
● SE combined with clinical factors yielded ROC AUCs well above 0.8 and significantly outperformed the clinical model at 96 h of

life. Previous studies had not shown predictive power over clinical models.
● First study using the PhysioNet Cardiovascular Toolbox benchmark in young infants.
● Relative to the generally accepted timing of IVH in premature infants, we saw lower SE before or around the time of

hemorrhage and a sustained period of higher SE after. Higher SE after acute events has not been reported previously.

INTRODUCTION
Approximately 400,000 infants are born preterm in the United
States annually and 15 million worldwide.1,2 Over the last 50 years,
preterm mortality and morbidity have improved dramatically but
remain high for the most preterm infants.3–5 Optimum care
practices to maximize survival and improve neurodevelopmental
outcomes continue to require exploration. Intraventricular hemor-
rhage (IVH) is a significant morbidity of and highly correlated with
mortality among preterm infants. IVH occurs in approximately 25%
of infants born under 1500 g and may lead to long term
neurodevelopmental impairment, decreased survival and long,
difficult, costly hospital stays.5–8 Over half of IVH episodes are
silent and most others have only subtle signs to alert the
clinician.9,10 Prediction of IVH may help identify higher risk
newborns, possibly allowing corrective action such as reduction
in hypoxemia, hypercarbia, more detailed blood pressure mea-
surement, reduction in handling and stress and provision of
preventative medications.7

Heart rate variability (HRV) analyzes the subtle differences in
time intervals between heartbeats and can be extracted from data
collected, routinely and noninvasively, by bedside monitors. HRV is
thought to retain information about the various physiological
controls on the heart rate including the autonomic inputs to the
heart and respiratory cadence.11 HRV has been associated with
multiple neonatal illnesses, notably including sepsis and overall
mortality, and so seems a promising avenue for research as a
diagnostic tool.12,13

Prediction of IVH to date has typically relied on combinations of
clinical variables although no easily accessible clinical tool exists to
guide routine care.14–17 Shifts in cardiovascular dynamics are
widely believed to contribute to the pathogenesis of IVH, and so it
may well be expected that such shifts would leave a recognizable
signature in HRV.18–20 Indeed, previous work has shown
some predictive power of HRV for IVH.21–24 Notably, the Heart
Rate Characteristic (HRC), a proprietary algorithm marketed as the
HeRO system and extensively studied for prediction of neonatal
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sepsis, correlated with severe IVH and mortality at 24 hr of life
(HOL) and at 7 days of life (DOL).25 This time spread is intriguing as
most IVH is believed to occur within 48–72 HOL and suggests
there may be some detectable perturbation in HRV both around
the time of and hours to days after the hemorrhage occurs.7,26

While HRC was associated with IVH, it did not improve prediction
beyond clinical models.
A particularly interesting component of HRC is sample entropy

(SE).27 Stemming from information theory research, SE measures
the randomness of a series of numbers. A series with predictable
patterns would have a low entropy while a truly random series
would have very high entropy. This gives SE useful statistical
properties that are relatively more stable compared to other HRV
measures, such as frequency spectral analyses, which tend to
show rapid swings, broad variance and very high skewness
especially in long time recordings.28–30 As SE is part of the
standardized, open source PhysioNet HRV software, it can be
calculated readily from any high resolution bedside cardiac
monitor.31 Thus, in the current study, we sought to characterize
SE in premature infants during the first week of life and to explore
its association with IVH and, given its extremely strong correlation
with IVH, mortality.

METHODS
Patient population and clinical outcomes
The Stanford University Institutional Review Board approved this study.
Clinical and cardiac monitoring data for all infants born at Lucile Packard
Children’s Hospital from June 2017 through December 2021 with a
gestational age (GA) of less than 32 weeks at birth, a common threshold
for risks of premature birth, were reviewed.5 Eleven infants were excluded
as no cardiac monitoring data was available for them due to death in the
delivery room or prior to being placed on monitors in the neonatal
intensive care unit (NICU). Ten infants were excluded who died after 14
DOL so as to avoid confounding from later complications that we would
not expect to have a physiological signature in the first week of life.
Head ultrasound (HUS) results were reported by board certified pediatric

radiologists with grade (Gr) determined using Papile designation.32 Unless
clinically indicated due to critical illness or an acute change, head
ultrasounds were routinely obtained on DOL 7. When serial HUS were
performed on the same infant, the most severe grade was reported. Nine
infants who died before a HUS were excluded from the IVH specific
analyses. Infants with IVH Gr3 and 4 were grouped as severe IVH.17 Given
both the strong correlation between mortality and IVH early in life in
extremely premature infants and the likelihood some such infants may
have died before IVH could be diagnosed by HUS, a composite outcome
group of infants who either had severe IVH or died was constructed.4

As both IVH and mortality are much more likely at lower GA, to facilitate
data exploration, a control group of infants was defined who survived
without IVH or with IVH Gr1 only and who were born before 29 wk GA. This

group had demographic characteristics very similar to those of the severe
IVH and mortality groups (Table 1).
In order to explore how HRV may complement known clinical predictors

of IVH, clinical data were gathered from the electronic medical record. A
clinical predictive model for IVH was adapted from Luque et al.16 Clinical
variables included GA at birth, birthweight, delivery mode, infant sex, one
minute APGAR score, receipt of at least one dose of antenatal steroids at
least 24 hr before delivery and infant need for mechanical ventilation.
Given the use of time-specific models, an infant was coded as mechanically
ventilated if ventilation had begun by the relevant time point. As
intubation-surfactant-extubation (INSURE) was part of clinical practice in
this study period, mechanical ventilation was defined by occurrence for at
least 4 hr contiguously.33

HRV data
Stanford University has established a warehouse of bedside monitor
data.34 Monitor data were obtained using Philips MX800 monitors and
Philips PIC iX Data Warehouse Connect. Beat locations and classifications
were computed by a real-time arrhythmia algorithm analyzing 500 sample-
per-second diagnostic quality ECG waveforms with 0.05–150 Hz. band-
width. R-R intervals were measured with 0.5 ms resolution via parabolic
ECG waveform interpolation. The open source benchmark PhysioNet
Cardiovascular Signal Toolbox (https://www.physionet.org/content/pcst/
1.0.0/) was used for R-R interval time series preprocessing and SE
computation.31 The preprocessing module retained the default parameters
apart from the missing data tolerance which was increased to 50% given
the prevalence of rejected, and thus missing, beats in noisy infant ECG
signals. The Toolbox converted R-R intervals into SE using 5-minute
computation windows stepped at 30-second intervals with a radius of
similarity (r) of 0.2 and an embedding dimension (m) of 3.35

Statistical analysis
SE was averaged by hour of life for each infant. Plots by clinical outcome
group used a 1-dimensional Gaussian smoother with sigma= 1.36

Logistic regression models were constructed to better characterize the
potential predictive power of sample entropy relative to the clinical
outcomes of IVH and mortality. Given substantial inter-individual
variability, each infant’s baseline SE was first calculated as the average in
their first 4 HOL. The main predictive variable was the difference between
baseline SE and SE averaged over a 4-hour window before various HOL
censor points. Baseline SE itself was used for the time point at 4 HOL.
Regression models were tested using SE alone, the clinical model alone

and the combination of SE with the clinical model. Predictive power was
assessed using the area under a receiver operating curve (ROC AUC). To
obtain confidence intervals (CI) and estimate generalizability, a boot-
strapped test and train approach was utilized with 500 iterations on a
random 20% of the sample data left out of the regression training data.37

The PhysioNet Cardiovascular Signal Toolbox ran in MATLAB version
R2021b (https://www.mathworks.com/products/matlab.html). All other
analyses were performed using Python version 3.7.6 with logistic
regression from Statsmodels version 0.13.5 (https://www.statsmodels.org/).

Table 1. Clinical characteristics of the study population.

All Infants IVH Gr3-4 Died IVH Gr3-4 or
Died

IVH Gr0-1 & Survived,
< 29wk GA

Number 389 29 31 48 140

GA wk, mean (σ) 28.7 (2.4) 26.6 (2.5) 27.5 (2.6) 27.2 (2.7) 26.8 (1.4)

BW g, mean (σ) 1180 (396) 933 (319) 1051 (446) 1010 (416) 924 (258)

Female, count (%) 176 (45%) 11 (38%) 14 (45%) 19 (40%) 62 (44%)

1-minute APGAR, median (25–75th percentile 6 (3–7) 4 (3–6) 3 (1.5–4) 3 (2–4) 5 (3–7)

>=1 dose antenatal steroids, count (%) 379 (97%) 26 (90%) 25 (81%) 42 (88%) 137 (98%)

Mechanical ventilation in 1st wk, count (%) 176 (47%) 26 (90%) 27 (87%) 41 (85%) 83 (64%)

HOL mechanical ventilation began, median
(25–75th percentile

2 (<1–13) <1 (<1–5) <1 (<1–2) <1 (<1–4) 2 (<1–11)

IVH intraventricular hemorrhage, Gr grade of IVH by the Papile system, GA gestational age, BW birthweight, HOL hours of life.
HOL mechanical ventilation began shows the median HOL among those infants who required any mechanical ventilation by 7 DOL.
The IVH Gr0-1 & Survived, <29 wk GA group was constructed as a data visualization aid, see Figs. 1 and 2, but is not used in subsequent statistical analyses.
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RESULTS
Demographics and outcomes
In total, 389 infants were included in this study. Demographic data
is available in Table 1. Supplemental Table 1 shows how cohort
sizes were impacted by mortality over time. Among infants with
known IVH Gr3-4, seven died by 7 DOL. Among the infants with
mortality by 14 DOL, 24 died by 7 DOL. Among infants in the
entire cohort who required any mechanical ventilation by 7 DOL, it
was initiated at a median of 2 h of life (IQR < 1–13 h). Among those
who had severe IVH or died, median intubation was within the first
hour of life. As expected, adverse outcomes were highly correlated
with lower GA and were broadly comparable to published
incidence rates.4,6

Sample entropy by clinical group
Fig. 1 plots SE, averaged by HOL, across the various clinical
outcome groups over the first 7 DOL. SE appears generally higher
in the IVH and mortality groups relative to controls albeit with
considerable variance. Fig. 2 better illustrates this dynamic for the
main adverse outcome groups and their matched controls with
shading of the population distribution. Starting around 8 HOL of
life, while it covered a broad total range, mean SE was noticeably
and consistently higher in the adverse outcome groups relative to
controls. While more variance was expected in the smaller adverse
outcome groups, SE was also skewed higher in those groups with
much of the 68th to 95th percentile region well above the 95th
percentile for controls. Strikingly, before approximately 8 HOL, the
means were reversed with the adverse outcome groups lower
albeit with extensive overlap in their distributions.

Predictive performance of SE
In univariate logistic regressions, SE was highly associated with all
outcomes from 24 to 96 HOL. The associations were strongest at
72 HOL with p-values on the order of 10−4. Odds ratios (OR) were
generally 1.2–1.5 per 0.1 units of SE increase from the infant’s
baseline.
In multivariate logistic regressions using the clinical model as

covariates, results were very similar. Consistent with the findings
in Figs. 1 and 2, there were also significant associations between
SE for mortality and the composite outcome at 4 HOL but in the
opposite direction. In the first few hours of life, an overall decrease
of 0.1 units in SE was associated with an OR of 1.5 for mortality
(p < 0.01) and 1.3 for the composite outcome (p= 0.04).
We used ROC AUC with a bootstrap approach to measure the

predictive utility of SE. Fig. 3 summarizes the results using the
training data. Addition of SE generally yielded a modest increase
in AUC compared to the model with clinical variables only. At 96
HOL, the 95% CI of the clinical plus SE models did not overlap with
those of the clinical only model for all 3 outcome groups. Similar
results were observed in the out of sample tests, but, given the
relatively small N values in the hold out samples, CIs overlapped
among the 3 models (data not shown). Given the small remaining
number of infants who died between DOL 5 and 14 (see
Supplementary Table 1), the results for mortality at HOL 120 and
after were omitted.

DISCUSSION
Our study showed a marked difference in SE, an HRV metric which
has shown promise in several neonatal studies to predict adverse
outcomes, between control infants and those who either
developed IVH or died in the first week of life.35,38–40 It showed
significant correlation with eventual mortality as early as 4 HOL
and with severe IVH by 24 HOL. When combined with a clinical
prediction model that itself achieved AUCs around 0.83, adding SE
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Fig. 1 Mean SE by hour of life grouped according to clinical
outcomes. a Infants groups according to maximum grade of IVH on
cranial ultrasound b Infants grouped according to mortality within
14 days of life (c) Infants grouped according to composite outcome
of either IVH Gr3-4 or mortality within 14 days of life. While not part
of subsequent statistical analyses, to illustrate SE trends in a subset
of controls with a mean GA similar to the affected groups
(approximately 26 wk, see Table 1), the Control curves show infants
born < 29 wk who are controls for each outcome. For visualization
only, curves were smoothed with a one-dimensional Gaussian kernel
with sigma = 1.
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improved prediction performance. At 96 HOL when it performed
best, the combination of SE with the clinical model yielded AUCs
0.9 and above for all three outcome groups and performed
significantly better than the clinical model alone, a performance
not seen in previous studies of HRV to predict IVH.22,25

The pattern of SE differences between infants with and without
adverse outcomes was surprising and somewhat unique com-
pared to previous reports in the literature. As expected, we saw

lower SE in infants with adverse outcomes relative to controls
particularly early in life when risk of IVH is believed to be highest.7

Several similar studies have used lower SE alone or in combination
with other HRV metrics to predict sepsis.28,35,41,42 Sullivan et al.
used the HRC algorithm, marketed commercially as HeRO, to
predict IVH and mortality.25 While that algorithm is proprietary
and includes various features, it seems from published descrip-
tions to be predicting adverse outcomes from decreases in SE.35,43
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Lower SE has also been reported recently among more premature
and lower birthweight infants generally.38 Indeed, the observation
that gravely ill neonates tend to show a fixed heart rate was one of
the earliest insights into HRV as a field of study.44 Thus, while we
did not observe strong predictive power at 4 HOL, observing a
significant association between lower SE and mortality was
consistent with similar literature. That the association was
significant so early in life suggests many of the contributing
factors of mortality are detectable at or shortly after birth.

Interestingly, we found significantly higher SE in infants with
adverse outcomes beyond approximately 24 HOL. To our knowl-
edge, this is the first such report in a neonatal population. While
there was substantial variance in the overall population, mean SE
was consistently higher across the three adverse outcome groups.
That this result was maintained through bootstrap test and train
iterations suggests it is not merely a function of a few outlier
infants. To our knowledge, the only factor that is documented to
increase SE is administration of dexamethasone.45 No infants in
our population received dexamethasone during the study period
given its potential association with poorer neurodevelopmental
outcomes.46

On manual review of the R-R tracings around the 24 HOL mark
where the SE rise was most pronounced, we noted that transient
decelerations seemed less common. Periods with variability
around a steady baseline seemed unusually common and, as
expected, these periods produced high SE.35 An example from the
IVH group that juxtaposes brief decelerations more typical of the
overall population sample with one of these high SE periods is
shown in Supplemental Fig. 1. We also observed spikes –
unusually short or long intervals – that may represent artifact or,
in some cases, premature beats. As the preprocessing step of the
PhysioNet Cardiovascular Signal Toolbox eliminated beats 20%
longer or shorter than their predecessor, most of these did not
influence our data. As an added precaution, we analyzed a sample
of our data with such spikes using a more stringent preprocessing
filter that eliminated beats 10% longer or shorter than their
predecessor and then eliminated the top and bottom 0.5% of the
remaining intervals. As Supplemental Fig. 2 shows, the impact on
SE was modest even in areas with spikes. As expected, retaining
some spikes reduced SE relative to the more stringent filter. Thus,
to be confounding our result of increased SE, there would have to
have been a dearth of such spikes within 20% of their
predecessors in the IVH and mortality groups. Such a dearth
would itself be a striking finding, but we saw spikes scattered
across the population, including the much larger control popula-
tion, and so do not believe this is a major factor.
A key limitation of our findings is that the exact timing of IVH is

not known. Literature suggests most IVH in premature infants
takes place in the first 48–72 HOL.5,8 As such, the subtly lower SE
observed in the first 4–8 HOL in infants with adverse outcomes
may be a marker for impending hemorrhage, an acute symptom
of hemorrhage or a reflection of the clinical illnesses that tend to
be found in cases of IVH. That this effect was so strong in the
mortality group who may or may not have IVH as well suggests
this difference in SE is a nonspecific reflection of clinical illness
present early in life and correlated with both IVH and mortality.
The prominent increase we observed in SE around 72–96 HOL

may then reflect a prolonged physiological reaction to the acute
injury. That a rise in SE has also been documented from
dexamethasone administration could hint at the underlying
mechanism.45 Perhaps by this time, many infants who have
suffered severe injuries are mounting an endogenous anti-
inflammatory process that has a physiologic signature similar to
a glucocorticoid effect. Potentially consistent with this hypothesis,
a secondary analysis of the PREMILOC trial has shown endogenous
cortisol levels were elevated around 24 HOL in infants with severe
IVH relative to controls.47

There is no reason to expect IVH events to cluster around a
specific HOL point, nor is there strong evidence about the shape
of their statistical distribution over time. This variability in IVH
timing may then explain the transition in our adverse outcome
groups from slightly lower SE very early in life to notably and
persistently higher SE by 48–72 HOL. Under this hypothesis, in IVH
groups at the earliest HOL, most infants would be in the acute or
premonitory phase with lower SE. Around 8–24 HOL, the
population would be mixed with some infants already recovering
from IVH or similar illness with higher SE and some still in the
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intervals estimated from bootstrap analysis, 500 iterations on
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outcome. Three different logistic models analyzed different pre-
dictive variables - sample entropy (SE) alone, the clinical model
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Mortality data are omitted for 120–168 HOL as the shrinking size of
the adverse outcome group made the analysis unreliable.
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lower SE acute phase. By 72 HOL, the majority of IVH events may
have occurred and so the population average would more
consistently reflect higher SE.
Indeed, this uncertainty of IVH timing across our population

filters the type of HRV changes detectable by these methods.
Similar studies on the acute deterioration of sepsis hinge on the
ability to identify a specific clinically relevant time point and align
HRV data to it.12,48 Even if most IVH events in our population did
occur in the first 48–72 HOL, that still leaves a broad range of time
for a fairly brief clinical event. As such, by these methods, we could
only have detected a change that is both prominent and
persistent through an affected infant’s first days of life. A shorter
lived pattern in SE or other HRV metrics could well exist around
the time of or even before IVH events, but, being dispersed over
different HOL points in different infants, such patterns would be
averaged into the background in our current data. If the true
timing of IVH events could be more narrowly defined,
future research may find such detectable patterns in HRV around
the time of IVH events that could be diagnostically useful.
To this end, we selected simple model features - the difference

between latest SE and baseline or, for 4 HOL, just the average SE -
for this analysis. Use of a simple logistic regression and a
bootstrapped test and train approach to estimate AUC was to
reduce the scope for overfitting and to improve the general-
izability of findings for future research. Retrospective HRV studies
often yield vast amounts of data with two to three R-R intervals
per infant per second and various HRV metrics commonly
estimated every 30 s. Datasets typically require tens of gigabytes
or beyond and leave broad scope for overfitting when multiple
features or complex models are used.49,50

Historically, HRV studies have struggled with a lack of
standardized methods and so making comparison among studies
has been challenging.51 While a widely adopted, proprietary
system could be one solution, another would be an open source
standard like the PhysioNet Cardiovascular Signal Toolbox.31 It can
be used to calculate a very wide range of HRV metrics including
time domain, frequency domain and phase rectified signal
averaging. It allows easy customization to a wide range of input
data from neonates to adults. Broad adoption of this standard
could allow HRV researchers to more readily collaborate.
To our knowledge, this is the first reported use of the PhysioNet

HRV benchmark in young infants. Intriguing preliminary work has
deployed the benchmark for intrauterine diagnosis.52,53 Entropy
measures have gained great attention recently for their potential
power in this population and favorable statistical properties.54,55

More widespread adoption of benchmark algorithms throughout
the field would be welcome.

Limitations
This study had important limitations. It was conducted retro-
spectively at a single center with potentially limited variation in
clinical care. Despite a fairly large sample size, there was only a
modest incidence of the outcomes of severe IVH and mortality.
This is an especially important limitation in our out of sample ROC
AUC testing where a typical hold out sample had only a few
infants with adverse outcomes and so limited the ability to
estimate generalizability of HRV relative to the clinical model.
Not knowing the specific timing of IVH events is a clear

limitation that biases our approach to detect only HRV changes
that are persistent through time. We speculate but cannot confirm
that our strongest predictive power from elevated SE at 96 HOL is
likely after most IVH events have already occurred. It is possible
lower SE may presage IVH or other acute events, but better
determination of IVH timing would be needed to assess this.
Only the highest reported IVH grade was used as the outcome.

Some infants may have had progressive hemorrhages over time. If
acute events are associated with lower SE, it would be expected to
drop toward the end of the expected time window for IVH, that is,

roughly 48 HOL and beyond. If true, this would bias our results to
under-reporting a potentially true rise in SE after early IVH events.
Timing of initiation of end of life care may also be a potential

limitation. Severe HRV depression has long been associated with
impending mortality.44 Infants transitioned fully to comfort care
would have been disconnected from monitors and not contribute
to HRV data. However, this practice and its timing relative to
severe HRV depression was likely to have been highly variable.
Half the infants in our sample died by the third DOL and therefore
large HRV changes in a few infants could be skewing the results
especially at later HOL.
In conclusion, HRV and, in particular, SE continues to show

promise as a diagnostic tool in neonatal populations. To our
knowledge, this is the first report of elevated SE relative to
controls in infants who experienced the adverse outcomes of IVH
or mortality. While previous work with HRV has also shown some
predictive power for IVH, we observed improvement on the
predictions of common clinical models not seen in those
studies.22,25 The uncertain timing of IVH is a major limitation
which may be addressed in the future with more frequent HUS
monitoring and larger populations. Future research would benefit
from continued use of standardized, open-source HRV software
like the PhysioNet Cardiovascular Signal Toolbox to facilitate
collaboration among different centers.31 As bedside technology
delivery improves, more research into algorithms that incorporate
both clinical variables and high frequency data such as HRV is
needed. NICU care of the future will include clinical decision
making tools which integrate individual patient factors with
multiple streams of physiologic data, of which HRV will be a core
component. Use of standardized, open source HRV measures
correlating with patient outcomes is a vital step in the innovation
of patient care.

DATA AVAILABILITY
The datasets analyzed during the current study are available from the corresponding
author on reasonable request.

REFERENCES
1. Martin, J. A., Hamilton, B. E., Osterman, M. J. K., Driscoll, A. K. & Mathews, T. J.

Births: Final Data for 2015. Natl. Vital-. Stat. Rep. Cent. Dis. Control Prev. Natl. Cent.
Health Stat. Natl. Vital-. Stat. Syst. 66, 1 (2017).

2. Blencowe, H. et al. National, regional, and worldwide estimates of preterm birth
rates in the year 2010 with time trends since 1990 for selected countries: a
systematic analysis and implications. Lancet Lond. Engl. 379, 2162–2172 (2012).

3. Patel, R. M. Short- and long-term outcomes for extremely preterm infants. Am. J.
Perinatol. 33, 318–328 (2016).

4. Walsh, M. C. et al. Neonatal outcomes of moderately preterm infants compared to
extremely preterm infants. Pediatr. Res. 82, 297–304 (2017).

5. Ward, R. M. & Beachy, J. C. Neonatal complications following preterm birth. BJOG
Int. J. Obstet. Gynaecol. 110, 8–16 (2003).

6. Stoll, B. J. et al. Trends in Care Practices, Morbidity, and Mortality of Extremely
Preterm Neonates, 1993-2012. JAMA 314, 1039 (2015).

7. Inder T. E., Perlman J. M., Volpe J. J. Preterm Intraventricular Hemorrhage/Post-
hemorrhagic Hydrocephalus [Internet]. In Volpe’s Neurology of the Newborn
637–698.e21 (Elsevier, 2018 [cited 2023 May]) Available from: https://
linkinghub.elsevier.com/retrieve/pii/B9780323428767000247

8. Inder, T. E., Warfield, S. K., Wang, H., Hüppi, P. S. & Volpe, J. J. Abnormal cerebral
structure is present at term in premature infants. Pediatrics 115, 286–294 (2005).

9. Lazzara, A., Ahmann, P., Dykes, F., Brann, A. W. & Schwartz, J. Clinical Predictability
of Intraventricular Hemorrhage in Preterm Infants. Pediatrics 65, 30–34 (1980).

10. Blackburn S. Assessment and management of neurologic dysfunction. In Com-
prehensive Neonatal Nursing. A Physiologic Perspective (Kenner C., Lott J., & Flan-
dermeyer A., eds) 564-607 (WB Saunders Company, Philadelphia, PA, 1998)

11. van Ravenswaaij-Arts, C. M., Kollée, L. A., Hopman, J. C., Stoelinga, G. B. & van
Geijn, H. P. Heart rate variability. Ann. Intern. Med. 118, 436–447 (1993).

12. Griffin, M. P., Lake, D. E., O’Shea, T. M. & Moorman, J. R. Heart rate characteristics
and clinical signs in neonatal sepsis. Pediatr. Res. 61, 222–227 (2007).

13. Griffin, M. P. et al. Abnormal heart rate characteristics are associated with neo-
natal mortality. Pediatr. Res. 55, 782–788 (2004).

M.D. Scahill et al.

377

Pediatric Research (2024) 96:372 – 379

https://linkinghub.elsevier.com/retrieve/pii/B9780323428767000247
https://linkinghub.elsevier.com/retrieve/pii/B9780323428767000247


14. Chien, L.-Y. et al. Snap-II predicts severe intraventricular hemorrhage and chronic
lung disease in the neonatal intensive care unit. J. Perinatol. J. Calif. Perinat. Assoc.
22, 26–30 (2002).

15. Singh, R. et al. A predictive model for SIVH risk in preterm infants and targeted
indomethacin therapy for prevention. Sci. Rep. 3, 2539 (2013).

16. Luque, M. J. et al. A risk prediction model for severe intraventricular hemorrhage
in very low birth weight infants and the effect of prophylactic indomethacin. J.
Perinatol. 34, 43–48 (2014).

17. Siddappa, A. M., Quiggle, G. M., Lock, E. & Rao, R. B. Predictors of severe intra-
ventricular hemorrhage in preterm infants under 29-weeks gestation. J. Matern.
Fetal Neonatal. Med. 34, 195–200 (2021).

18. Perlman, J. M., McMenamin, J. B. & Volpe, J. J. Fluctuating cerebral blood-flow
velocity in respiratory-distress syndrome: relation to the development of intra-
ventricular hemorrhage. N. Engl. J. Med. 309, 204–209 (1983).

19. Bel, F., Bor, M., Stijnen, T., Baan, J. & Ruys, J. H. Aetiological role of cerebral blood-
flow alterations in development and extension of peri-intraventricular haemor-
rhage. Dev. Med. Child Neurol. 29, 601–614 (2008).

20. Noori, S., McCoy, M., Anderson, M. P., Ramji, F. & Seri, I. Changes in cardiac
function and cerebral blood flow in relation to peri/intraventricular hemorrhage
in extremely preterm infants. J. Pediatr. 164, 264–270.e3 (2014).

21. Hanna, B. D. et al. Heart rate variability in preterm brain-injured and very-low-
birth-weight infants. Biol. Neonate 77, 147–155 (2000).

22. Tuzcu, V., Nas, S., Ulusar, U., Ugur, A. & Kaiser, J. R. Altered heart rhythm dynamics
in very low birth weight infants with impending intraventricular hemorrhage.
Pediatrics 123, 810–815 (2009).

23. Addison, K., Griffin, M. P., Moorman, J. R., Lake, D. E. & O’Shea, T. M. Heart rate
characteristics and neurodevelopmental outcome in very low birth weight
infants. J. Perinatol. 29, 750–756 (2009).

24. Fairchild, K. D. et al. Abnormal heart rate characteristics are associated with
abnormal neuroimaging and outcomes in extremely low birth weight infants. J.
Perinatol. 34, 375–379 (2014).

25. Sullivan, B. A. et al. Early heart rate characteristics predict death and morbidities
in preterm infants. J. Pediatr. 174, 57–62 (2016).

26. Al-Abdi, S. Y. & Al-Aamri, M. A. A systematic review and meta-analysis of the
timing of early intraventricular hemorrhage in preterm neonates: clinical and
research implications. J. Clin. Neonatol. 3, 76–88 (2014).

27. Richman, J. S. & Moorman, J. R. Physiological time-series analysis using approx-
imate entropy and sample entropy. Am. J. Physiol. Heart Circ. Physiol. 278,
H2039–H2049 (2000).

28. Moorman, J. R. et al. Cardiovascular oscillations at the bedside: early diagnosis of
neonatal sepsis using heart rate characteristics monitoring. Physiol. Meas. 32,
1821–1832 (2011).

29. Takatani, T. et al. Relationship between frequency spectrum of heart rate varia-
bility and autonomic nervous activities during sleep in newborns. Brain Dev. 40,
165–171 (2018).

30. Delgado-Bonal, A. & Marshak, A. Approximate entropy and sample entropy: a
comprehensive tutorial. Entropy Basel Switz. 21, 541 (2019).

31. Vest, A. N. et al. An open source benchmarked toolbox for cardiovascular
waveform and interval analysis. Physiol. Meas. 39, 105004 (2018).

32. Papile, L. A., Burstein, J., Burstein, R. & Koffler, H. Incidence and evolution of
subependymal and intraventricular hemorrhage: a study of infants with birth
weights less than 1,500 gm. J. Pediatr. 92, 529–534 (1978).

33. Bohlin, K., Gudmundsdottir, T., Katz-Salamon, M., Jonsson, B. & Blennow, M.
Implementation of surfactant treatment during continuous positive airway
pressure. J. Perinatol. J. Calif. Perinat. Assoc. 27, 422–427 (2007).

34. Miller, D. R., Dhillon, G. S., Bambos, N., Shin, A. Y. & Scheinker, D. WAVES - The
Lucile Packard Children’s Hospital pediatric physiological waveforms dataset. Sci.
Data 10, 124 (2023).

35. Lake, D. E., Richman, J. S., Griffin, M. P. & Moorman, J. R. Sample entropy analysis
of neonatal heart rate variability. Am. J. Physiol. Regul. Integr. Comp. Physiol. 283,
R789–R797 (2002).

36. Hastie T., Tibshirani R., Friedman J. The Elements of Statistical Learning. (Springer,
New York, NY, 2009)

37. James G., Witten D., Hastie T., Tibshirani R. An Introduction to Statistical Learning:
with Applications in R. (Springer, New York, NY, 2021)

38. Stålhammar, A. M. et al. Weight a minute: The smaller and more immature, the
more predictable the autonomic regulation? Acta Paediatr. Oslo Nor. 112,
1443–1452 (2023).

39. Ribeiro, M. et al. Evolution of heart rate complexity indices in the early detection
of neonatal sepsis. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc.
Annu. Int. Conf. 2022, 367–372 (2022).

40. Jost, K., Datta, A. N., Frey, U. P., Suki, B. & Schulzke, S. M. Heart rate fluctuation
after birth predicts subsequent cardiorespiratory stability in preterm infants.
Pediatr. Res. 86, 348–354 (2019).

41. Beuchée, A. et al. Uncorrelated randomness of the heart rate is associated with
sepsis in sick premature infants. Neonatology 96, 109–114 (2009).

42. Lake, D. E., Fairchild, K. D. & Moorman, J. R. Complex signals bioinformatics:
evaluation of heart rate characteristics monitoring as a novel risk marker for
neonatal sepsis. J. Clin. Monit. Comput. 28, 329–339 (2014).

43. Kovatchev, B. P. et al. Sample asymmetry analysis of heart rate characteristics
with application to neonatal sepsis and systemic inflammatory response syn-
drome. Pediatr. Res. 54, 892–898 (2003).

44. Rudolph, A. J., Vallbona, C. & Desmond, M. M. Cardiodynamic Studies in the
Newborn: III. Heart Rate Patterns in Infants with Idiopathic Respiratory Distress
Syndrome. Pediatrics 36, 551–559 (1965).

45. Alonzo, C. J. & Fairchild, K. D. Dexamethasone effect on heart rate variability in
preterm infants on mechanical ventilation. J. Neonatal. Perinat. Med. 10, 425–430
(2017).

46. Doyle, L. W., Ehrenkranz, R. A. & Halliday, H. L. Early (< 8 days) postnatal corti-
costeroids for preventing chronic lung disease in preterm infants. Cochrane
Database Syst. Rev. 5, 1146 (2014).

47. Renolleau, C. et al. Association between Baseline Cortisol Serum Concentrations
and the Effect of Prophylactic Hydrocortisone in Extremely Preterm Infants. J.
Pediatr. 234, 65–70 (2021).

48. Griffin, M. P. & Moorman, J. R. Toward the early diagnosis of neonatal sepsis and
sepsis-like illness using novel heart rate analysis. Pediatrics 107, 97–104 (2001).

49. BabyakM. A.What You SeeMayNot BeWhat YouGet: A Brief, Nontechnical Introduction
to Overfitting in Regression-Type Models. Psychosom. Med. [Internet] 66, 411-421 (2004).
Available from: https://journals.lww.com/psychosomaticmedicine/Fulltext/2004/05000/
What_You_See_May_Not_Be_What_You_Get__A_Brief,.21.aspx.

50. Hawkins, D. M. The problem of overfitting. J. Chem. Inf. Comput. Sci. 44, 1–12 (2004).
51. Heart rate variability. Standards of measurement, physiological interpretation,

and clinical use. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology. Eur. Heart J. 17, 354–381
(1996).

52. Valderrama, C. E., Marzbanrad, F., Hall-Clifford, R., Rohloff, P. & Clifford, G. D. A
Proxy for Detecting IUGR Based on Gestational Age Estimation in a Guatemalan
Rural Population. Front. Artif. Intell. 3, 56 (2020).

53. Magawa, S. et al. Fetal heart rate variability is a biomarker of rapid but not
progressive exacerbation of inflammation in preterm fetal sheep. Sci. Rep. 12,
1771 (2022).

54. Henriques, T. et al. Nonlinear Methods Most Applied to Heart-Rate Time Series: A
Review. Entropy Basel Switz. 22, 309 (2020).

55. Ribeiro, M. et al. The Entropy Universe. Entropy Basel Switz. 23, 222 (2021).

ACKNOWLEDGEMENTS
This research used data or services provided by STARR, “STAnford medicine Research
data Repository,” a clinical data warehouse containing live Epic data from Stanford
Health Care, the Stanford Children’s Hospital, the University Healthcare Alliance and
Packard Children’s Health Alliance clinics and other auxiliary data from Hospital
applications such as radiology PACS. STARR platform is developed and operated by
the Stanford Medicine Research Technology team and is made possible by the
Stanford School of Medicine Research Office. This work was supported by a grant
from the Stanford Maternal & Child Health Research Institute (MCHRI, https://
med.stanford.edu/mchri.html) with Melissa Scala as the principal investigator.
Additional support included a faculty scholar award from MCHRI and resources
generated from NIH/NICHD (R00 HD084749-01A1) to Katherine Travis (PI).

AUTHOR CONTRIBUTIONS
M.D.S., V.C., K.T. and M.S. were responsible for the study design. M.D.S. and M.S. were
responsible for the literature search and manuscript drafting. All authors were
responsible for the critical revision of the manuscript, contributed to the article and
approved the submitted version.

COMPETING INTERESTS
E.H. is a full-time employee of Philips Healthcare and owns stock in the company.
M.D.S., V.C., K.T., M.L., and M.S. declare no competing interests.

ETHICAL APPROVAL
The Stanford University Institutional Review Board approved this study (protocol
number 50602). All data were gathered in the course of routine clinical care and
anonymized, and so no specific consent was indicated.

M.D. Scahill et al.

378

Pediatric Research (2024) 96:372 – 379

https://journals.lww.com/psychosomaticmedicine/Fulltext/2004/05000/What_You_See_May_Not_Be_What_You_Get__A_Brief,.21.aspx
https://journals.lww.com/psychosomaticmedicine/Fulltext/2004/05000/What_You_See_May_Not_Be_What_You_Get__A_Brief,.21.aspx
https://med.stanford.edu/mchri.html
https://med.stanford.edu/mchri.html


ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41390-024-03075-w.

Correspondence and requests for materials should be addressed to Michael D.
Scahill.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to
this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

M.D. Scahill et al.

379

Pediatric Research (2024) 96:372 – 379

https://doi.org/10.1038/s41390-024-03075-w
http://www.nature.com/reprints
http://www.nature.com/reprints

	Sample entropy correlates with intraventricular hemorrhage and mortality in premature infants early in�life
	Introduction
	Methods
	Patient population and clinical outcomes
	HRV�data
	Statistical analysis

	Results
	Demographics and outcomes
	Sample entropy by clinical�group
	Predictive performance�of SE

	Discussion
	Limitations

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethical approval
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




