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Late-onset neonatal sepsis is a significant cause of morbidity
and mortality, and early detection could prove beneficial. Previ-
ously, we found that abnormal heart rate characteristics (HRC) of
reduced variability and transient decelerations occurred early in
the course of neonatal sepsis and sepsis-like illness in infants in
a single neonatal intensive care unit (NICU). We hypothesized
that this finding can be generalized to other NICUs. We prospec-
tively collected clinical data and continuously measured RR
intervals in all infants in two NICUs who stayed for �7 d. We
defined episodes of sepsis and sepsis-like illness as acute clinical
deteriorations that prompted physicians to obtain blood cultures
and start antibiotics. A predictive statistical model yielding an
HRC index was developed on a derivation cohort of 316 neo-
nates in the University of Virginia NICU and then applied to the
validation cohort of 317 neonates in the Wake Forest University
NICU. In the derivation cohort, there were 155 episodes of sepsis
and sepsis-like illness in 101 infants, and in the validation cohort,
there were 118 episodes in 93 infants. In the validation cohort,
the HRC index 1) showed highly significant association with

impending sepsis and sepsis-like illness (receiver operator char-
acteristic area 0.75, p � 0.001) and 2) added significantly to the
demographic information of birth weight, gestational age, and
days of postnatal age in predicting sepsis and sepsis-like illness
(p � 0.001). Continuous HRC monitoring is a generally valid
and potentially useful noninvasive tool in the early diagnosis of
neonatal sepsis and sepsis-like illness. (Pediatr Res 53: 920–926,
2003)
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Late-onset nosocomial neonatal sepsis occurs after 3 days of
life and is a major health problem in high-risk newborn infants

in the neonatal intensive care unit (NICU). It occurs in 25% of
very low birth weight (�1500 g) infants and leads to a more
than doubling of mortality and a 50% increase in hospital stay
(1). Early detection is very difficult using clinical signs and
currently available laboratory tests (2, 3). Clinicians have
found neither to be reliable (4, 5), and the diagnostic challenge
is manifest in the Centers for Disease Control and Prevention’s
definition that allows diagnosis of neonatal “clinical sepsis”
with either a negative blood culture or no blood culture at all
(6). These high-stakes uncertainties lead to two shortcomings
of the current practice. First, infants with sepsis are often
detected only when seriously ill, increasing morbidity and
mortality and lowering the chance for prompt, complete recov-
ery with antibiotic therapy. Second, physicians have a very low
threshold for suspecting sepsis, and as many as 10–20 infants
are treated unnecessarily for every infant who truly is septic
(3–5). The National Institute of Child Health and Human
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Development Neonatal Research Network concluded that suc-
cessful surveillance strategies that lead to an earlier diagnosis
of sepsis are urgently needed for very low birth weight infants
to decrease mortality and morbidity (1).

We have found that abnormal heart rate characteristics
(HRC) of reduced variability and decelerations were present in
some infants for 12–24 h before the clinical diagnosis of sepsis
(7). Interestingly, we found no difference between infants with
positive (“sepsis”) and negative (“sepsis-like illness”) blood
cultures. We interpreted the findings to be the result of a
systemic inflammatory response syndrome (8, 9). Specifically,
we hypothesized that cytokines released in response to infec-
tious or noninfectious agents led to altered intracellular signal
transduction processes. In our view, HRC analysis allows
detection of these effects in real time because sinus node cells
are affected like any others. Another nonexclusive point of
view is that sepsis influences multiple points in the feedback
control loop for heart rate variability (HRV) and that the
observed changes are due to altered regulation of the heart beat
by the central and autonomic nervous systems.

The goals of this study were to derive and to validate
multivariable statistical models based on HRC to predict im-
pending sepsis and sepsis-like illness. Previously, we used the
measures of moments and percentiles of RR intervals, the
times between heartbeats, to quantify the abnormality. Since
our previous report, we have developed and evaluated two new
measures of neonatal HRC. Sample entropy (SampEn) de-
scribes regularity and also detects time series with spikes
(here, the heart rate decelerations) (10, 11). Sample asym-
metry reports on asymmetry of distributions of RR intervals
(Kovatchev B, Farhy L, Lake DE, Griffin MP, Moorman JR,
Sample asymmetry analysis of neonatal heart rate charac-
teristics prior to sepsis and sepsis-like illness. Pediatr Res,
submitted) and is similar mathematically to the low blood
glucose index developed by Kovatchev et al. (13). Here we
describe the derivation and validation of regression models
to predict neonatal sepsis and sepsis-like illness. Models
were derived using data collected at the University of
Virginia (UVA) and were then validated with data from
Wake Forest University (WFU).

METHODS

Patients. We prospectively and continuously collected data
on RR intervals for all infants admitted to the NICUs at UVA
and WFU between September 1999 and March 2001. Both
NICUs are tertiary care facilities with approximately 500
admissions per year. The UVA NICU admits both inborn
infants and those transported from referral hospitals, whereas
with rare exceptions, all infants admitted to the WFU NICU are
born at other hospitals. The Institutional Review Boards at both
institutions approved this study. Because this was a noninter-
ventional, observational study, written informed consent was
not required.

Definition of Outcome of Interest. We defined episodes of
sepsis and sepsis-like illness as acute clinical deteriorations
that prompted physicians to obtain blood cultures and start

antibiotics. For this study that focused on late-onset sepsis, we
analyzed data obtained after 7 d of age.

Data Acquisition. We prospectively collected clinical and
HRC data for the entire hospital course of each infant. Clinical
data included birth weight (BW), gestational age (GA), and the
times and results of blood cultures obtained for the clinical
diagnosis of sepsis and sepsis-like illness. HRC data were
collected on microcomputers as previously described (7) and
included SD, SampEn (10, 11), and sample asymmetry analy-
sis of consecutive 4096-beat segments. Sample asymmetry,
like skewness, measures the asymmetry of the histogram of RR
intervals. It is conceptually similar to the low blood glucose
index, a predictor of the risk for severe hypoglycemia in
patients with type 1 diabetes (13). It yields two measures that
can be directly interpreted as representing the frequency and
extent of heart rate accelerations and decelerations, respec-
tively (Kovatchev B, Farhy L, Lake DE, Griffin MP, Moorman
JR, Sample asymmetry analysis of neonatal heart rate charac-
teristics prior to sepsis and sepsis-like illness. Pediatr Res,
submitted).

Data Analysis. HRC data were grouped into 6-h epochs
beginning each midnight. Every 6 h, HRC measures for the
previous 12 h were summarized using median or 10th percen-
tile values. The 6-h epoch containing the clinical event was not
analyzed. The 14-d epoch after the event was also excluded to
allow recovery of the infant and to ensure independence of any
subsequent events. For the purpose of logistic regression, the
HRC results for the four 6-h epochs leading up the event epoch
were classified as outcome � 1, and all others were classified
as outcome � 0.

Statistical Analysis. The mathematical and statistical anal-
ysis was carried using S-Plus (Insightful), Matlab (Math-
Works), and our own programs in C��. The statistical sig-
nificance of differences in demographic features and HRC at
the two sites (Table 1) was tested using the Wilcoxon rank-sum

Table 1. Demographic characteristics and HRC of the study
population

UVA
(n � 316 infants)

WFU
(n � 317 infants) p

All infants in the study
BW (g) 1746 (1102, 2852) 1790 (870, 2751) NS*
�1500 g 139 (44%) 131 (41%) NS*
GA (wk) 32 (28, 37) 33 (27, 37) NS*
Mortality, overall 19 (6%) 32 (10%) NS*
Mortality, no event 12 (6%) 13 (6%) NS*
SD (ms) 7.6 6.5 �0.001
Sample asymmetry 0.97 0.99 NS*
SampEn 0.73 0.53 �0.0001
HRC index 3.5 6.8 �0.0001

Infants with events n � 101 (32%) n � 93 (29%)
Events 155 118 NS*
BW 1010 (742, 1424) 803 (650, 1488) NS*
�1500 g 77 (76%) 70 (75%) NS*
GA 27 (25, 31) 26 (24, 30) NS*
(�) blood cultures 32 (21%) 27 (23%) NS*
(�) blood cultures 123 (79%) 91 (77%) NS*
Mortality 7 (7%) 19 (20%) 0.01

Data are presented as median (25th, 75th percentile).
* Cutoff p � 0.05.
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test.
We developed predictive statistical models based on logistic

regression on a derivation cohort in the UVA NICU and then
tested the models on a validation cohort at WFU. We refer to
models that use nonchanging or slowly changing variables (i.e.
the demographic features BW, GA, and days of postnatal age)
as static and models that use the more quickly changing HRC
measures as dynamic.

Repeated measures logistic regression models (14, 15) were
built using incidence of a blood culture as a response with days
of postnatal age (age), GA, BW, and repeated HRC measure-
ments as independent predictors. Nonlinear terms for age were
included using a cubic spline function with six knots tested for
sufficiency using the Akaike Information Criterion. The covari-
ance matrix of the model coefficients was corrected for corre-
lated responses from the same infant using the Huber-White
method (16). Models were summarized and compared using
Wald statistics and area under the receiver operating charac-
teristic (ROC) curve. We obtained final models using the
Akaike Information Criterion and penalized maximum likeli-
hood techniques to shrink the regression coefficients to the
level of complexity supported by the data (15).

We define the HRC index to be the output of a regression
model that used only HRC to predict sepsis and sepsis-like
illness. It is a unitless number between 0 and 1 that is propor-
tional to the risk of an acute clinical deterioration in the next
24 h. We quantified the incremental gain in using the HRC
index over clinical parameters alone in a test set of data using
the techniques outlined above where the log-odds of develop-
ing sepsis over the next 24 h was modeled as the logit, or linear
combination of terms:

�0 � �1 HRC index � �2 GA � �3 BW � �4 Age �
nonlinear terms for age

The null hypothesis that the HRC index provided no incre-
mental diagnostic information over clinical parameters is H0:
�1 � 0. The p value of this hypothesis was calculated using a
Wald test. The 95% confidence intervals for ROC area were
generated using a cluster bootstrapping technique (16). These
confidence intervals were generated nonparametrically by ran-
domly sampling from infants’ predicted values and outcomes,
with replacement, and recalculating the ROC area 500 times.
The 2.5th and 97.5th percentile values of this sampling distri-
bution were used as upper and lower bounds.

Assessment of Test Validity. We used a threshold-
independent approach to evaluating the models. For continuous
measures such as a model output, a cutoff or threshold value
must be chosen so that tests can be classified as positive or
negative, and values of sensitivity, specificity, and predictive
accuracies can be calculated. Although time-honored, this
strategy has been severely questioned (17). It has the weakness
of presuming that all physicians agree in the selection of
threshold values. In fact, physicians might very well differ in
their judgment on the basis of costs assigned to false-positive
and false-negative results. Instead of imposing thresholds, we
validated models by calculating the area under the ROC curve,
which evaluates all possible threshold values. We evaluated
models by calculating the fold increase in odds of an event as
a variable is increased from the 25th to 75th percentile, and

from the 10th to the 90th. For any patient at any point in time,
we calculated the fold increase in odds of an event as exp(logit
from dynamic model � logit from static model).

RESULTS

Study Population. Table 1 shows the demographic and heart
rate characteristics of the 633 study infants in the derivation
and validation groups. The higher median HRC index and
lower SD and sample entropy at WFU suggested a higher risk
for sepsis and sepsis-like illness at WFU, a referral-only center.
The frequency of sepsis and sepsis-like illness was very similar
at approximately 30%. The most common blood culture result
was no growth (123 of 155 at UVA and 91 of 118 at WFU).
Coagulase-negative Staphylococcus was the organism most
commonly isolated (16 at each center). Other pathogens iso-
lated included Staphylococcus aureus, group B streptococcus,
Escherichia coli, Enterococcus, Enterobacter, Klebsiella,
Pseudomonas, and Candida. The most significant difference
was in the mortality rate among infants with sepsis or sepsis-
like illness, which was nearly 3-fold higher at WFU.

The regression analyses were based on a derivation cohort at
UVA, the training site, of 316 consecutive patients in whom
there were 155 episodes of sepsis and sepsis-like illness in 110
patients. The validation cohort was 317 neonates in the WFU
NICU, where there were 118 episodes of sepsis and sepsis-like
illness in 93 infants.

Example of the HRC Analysis. Figure 1 shows representa-
tive 4096-beat time series of RR intervals from a single infant
with the corresponding frequency histograms. Figure 1A shows
normal HRV, whereas Figure 1B shows reduced variability
with several transient, subclinical decelerations (i.e. the heart

Figure 1. RR interval time series of length 4096 beats with normal (A) and
abnormal (B and C) HRC and the corresponding frequency histograms. Data in
B and C were obtained 6 and 3 h before the clinical diagnosis of sepsis,
respectively. Values of the mean RR interval (ms) are 371 (A), 353 (B), and
363 (C). The SD (ms) are 17.9 (A), 15.0 (B), and 34.6 (C). The skewness values
are 0.85 (A), 1.49 (B), and 1.11 (C). The sample asymmetry values are 0.4 (A),
9.6 (B), and 12.2 (C). The SampEn values are 0.90 (A), 0.41 (B), and 0.26 (C).
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rate remained above 100 beats per minute, where RR intervals
exceed 600 ms), and Figure 1C shows many decelerations.
These are characteristic abnormalities of heart rate early in the
course of sepsis (7) and present a challenge for classification
because conventional measures of HRV such as the SD are
similar in all three. As we reported previously, the skewness of
the histograms are higher for the abnormal series in Figure 1,
B and C. In addition, they are further distinguished from
normal by increased values of sample asymmetry and by
decreased values of SampEn (10, 11).

Distributions of HRC. Figure 2 shows histograms of the
HRC measures for the two sites. The smooth lines are Gaussian
functions and support the hypothesis that the underlying dis-
tributions are normal or log-normal.

Changes in HRC with Gestational Age and Postmenstrual
Age. Figure 3, A–C shows regression-derived estimates of SD,
SampEn, and sample asymmetry as a function of postmenstrual
age. There were small but significant changes in each measure,
with more abnormal values in the most premature infants.
Analysis of interaction terms showed that postnatal changes
were different in the most premature infants as well. As shown
in Figure 3D, the HRC index is higher for premature infants at
birth (p � 0.01). The interaction term was also significant,
indicating that the shape of the curve varies across gestational
age (p � 0.01). After approximately 250 postmenstrual days,
there was no large difference.

Predictive Models for Neonatal Sepsis and Sepsis-Like
Illness Using Clinical Information. The highest risk for neo-
natal sepsis and sepsis-like illness occurs in infants of lowest
BW and GA, and the risk varies with time in the NICU. To
guard against the possibility that our HRC measures were
merely surrogates for these other, more conventional risk
factors, we derived estimates of sepsis and sepsis-like illness in
the next 24 h using BW, GA, and days of postnatal age as the
predictor variables. As expected, these variables were associ-
ated with risk of sepsis and sepsis-like illness (Table 2). For
example, a model trained and tested at UVA had ROC area
0.65 (model 1), and the same model tested at WFU had ROC
area 0.67 (model 2). Because the demographic features of the

UVA and WFU NICUs are not the same, we derived a predic-
tive model optimized for the WFU NICU population (model 3,
ROC area 0.72).

Predictive Models for Neonatal Sepsis and Sepsis-Like
Illness Using HRC. A regression model using only HRC
parameters as predictor variables showed highly significant
association with impending sepsis and sepsis-like illness at the
training site (model 4). This regression equation was used to
calculate the HRC index in all of the following tests. Impor-
tantly, HRC parameters added significantly to the predictive
information of BW, GA, and days of age at the training site
(model 5).

Validation of the Models. We found that the HRC index that
was developed at UVA showed highly significant association
with impending sepsis and sepsis-like illness at WFU (model
6). Again, HRC added significantly to the predictive informa-
tion of BW, GA, and days of age (model 7). We also used the
regression model 3 that optimized the relationships of BW,
GA, and days of age to sepsis and sepsis-like illness in the
WFU NICU population. There was no large difference between
the ROC areas of the models using HRC with either model
based on demographic features (0.77 versus 0.75). Thus pre-
dictive models developed at UVA, the training site, showed
highly significant association with neonatal sepsis and sepsis-
like illness at WFU, the test site.

Evaluation of the Models. We evaluated the potential utility
of the models by calculating the increase in odds of sepsis
associated with a change in the model output. Figure 4 shows
the fold increase in odds of sepsis and sepsis-like illness for
infants at the 25th and 75th and at 10th and 90th percentiles of
the model values. Static models based on demographics were
useful in identifying infants at high risk for sepsis. Clinically,
these models would be useful in comparing risks among
infants. The dynamic models were also useful and could be
equally applied in monitoring changing risks in an individual
infant as well as in comparisons among infants.

Time Course of HRC in Neonatal Sepsis and Sepsis-Like
Illness. Figure 5 shows time series plots of HRC-derived
estimates of risk in two infants who had episodes of sepsis and

Figure 2. Histograms of individual HRC measures at UVA (training site) and WFU (test site): SD (A), sample asymmetry (B), SampEn (C), and the HRC index
that incorporates the other measures (D). The smooth lines are Gaussian functions. There were 40,659 records from 316 infants at UVA and 35,697 records from
WFU.
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sepsis-like illness at the point labeled CRASH. The fold in-
crease in odds of an event was calculated using the difference
between the estimates of the static and dynamic models and
represents the HRC-detected change in risk from that already
expected to be present for an infant of given BW, GA, and days
of postnatal age. When the value is near 1, the interpretation is
that the HRC analysis detects no increased or decreased risk. In
these two infants, one term (Fig. 5A) and the other premature
(Fig. 5B), the HRC-derived estimate of risk rose intermittently

over the 5 d before the event. Both infants recovered unevent-
fully with antibiotic therapy.

DISCUSSION

The main finding of this study is that regression models
involving the HRC index, derived at the UVA NICU, were
highly predictive of sepsis and sepsis-like illness at a NICU at
a second site (WFU). At both sites, abnormal HRC of reduced

Figure 3. Changes in HRC as a function of postmenstrual age. The heavy lines represent data from the lowest quartile (GA 28 wk and less), middle half (median
32 wk GA) and highest quartile (GA 37 wk and greater). The dotted lines are 95% confidence intervals. HRV, as indexed by SD, was reduced in premature infants
(p � 0.0001). The interaction term (GA * postmenstrual age) was also significant (p � 0.02), indicating a significant difference in the shape of the curve across
GA. Sample asymmetry was significantly higher for premature infants (p � 0.001), and the difference in the shape of the curves was significant (p � 0.001).
SampEn increased with increasing postmenstrual age after approximately 250 d (p � 0.004). The rate of increase was greater among lower GA infants (p � 0.02
for interaction term).

Table 2. Regression analysis of demographic features and HRC before neonatal sepsis and sepsis-like illness

Model Training site
Test
site Predictor Predictor Outcome ROC area �2 d.f. p1 p2

1 UVA demographics sepsis 0.65 31 7 *
2 UVA WFU demographics sepsis 0.67 20 1 *
3 WFU demographics sepsis 0.72 53 7 *
4 UVA† HRC sepsis 0.70 88 4 *
5 UVA demographics HRC sepsis 0.72 99 11 * *
6 UVA WFU HRC index sepsis 0.75 60 1 *
7 WFU/UVA WFU demographics HRC index sepsis 0.77 86 8 * *

d.f., degrees of freedom in the regression model; demographics, GA, BW, and days of postnatal age; p1, p value for overall model; p2, p value for HRC or
HRC index adding information to demographics.

WFU/UVA, models generated with demographic features from WFU and the single HRC index developed at UVA as predictor variables. Parameters of models
without a test site are provided for purposes of describing the model and not for evaluation or validation.

* �0.001.
† The regression equation generated from this model yields the HRC index.
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variability and transient decelerations precede the clinical signs
of sepsis and sepsis-like illness in newborn infants. We have
previously developed novel measures of RR interval time
series optimized to detect these abnormalities (7), which are
observed before neonatal sepsis and sepsis-like illness as well
as fetal distress. In this work, we used multivariable logistic
regression to derive and to validate predictive models that used
HRC and clinical demographic information to estimate the risk
of upcoming illness and death.

We have evaluated the HRC index as a continuous measure
of risk rather than as a test with a threshold. As described also
by McIntire et al. (18), the risk of neonatal death was associ-
ated with decreasing birth weight, with no identifiable thresh-
old. One way to present the information from the HRC index
is as the fold change in risk of sepsis and sepsis-like illness
over that expected from the known risk factors of BW, GA, and
days of postnatal age. This kind of continuous measure may be
readily interpretable by health care personnel and does not
require a threshold for use in clinical care.

We note two major limitations of this study. First, the
outcome of interest was driven by physician behavior. Al-
though using the time of a blood culture for suspected sepsis
has the advantage of unambiguity in time, it has the disadvan-
tage that different physicians have different clinical judgment
and behavior patterns, and thus the outcome measure has a
degree of variability. Despite this arbitrary definition, however,
the predictive models showed highly significant association of
HRC changes with the physician’s diagnosis of neonatal sepsis
and sepsis-like illness. Second, we included episodes of illness
associated with negative as well as positive blood cultures. We
justify this approach on the basis of the similarity of HRC
changes in infants with clinical deterioration regardless of
culture result (7).

Infants at WFU, which admits only referral patients and has
no labor and delivery facility, were at higher risk as judged
from trends toward lower BW and higher mortality. These
findings were recapitulated in the finding of more abnormal
HRC measures at WFU, with reduced SD, decreased SampEn,
and increased HRC index.

The mechanism of the HRC abnormality, which resembles
that of fetal distress, is not known but might be traced to
abnormalities of autonomic activity, circulating cytokines, or
deprivation of cellular substrates. Distressed fetal sheep also
have reduced variability and transient decelerations that can be
elicited by hypoxia or acidosis and prevented by blockade of
the parasympathetic nervous system with atropine (19). In
sepsis, a possible mechanism is the presence of circulating
cytokines, which interfere with signal transduction and are
elevated before the clinical diagnosis of neonatal sepsis (20).
The abnormal HRC of reduced variability and transient decel-
erations that we observe in newborn infants differs from that of
critically ill children and adults with sepsis and systemic
inflammatory response syndrome (SIRS) in which the only
finding is reduced HRV (21, 22). Current concepts of patho-
genesis include uncoupling of autonomic and cardiovascular
systems (23, 24), and we have suggested a cellular mecha-
nism—dampened or interrupted intracellular signal transduc-
tion in sinus node cells (25). This mechanism might lead to
both reduced variability and to transient decelerations.
O’Rourke et al. (26, 27) showed that even mild substrate
depletion in guinea pig heart cells leads to opening of ATP-
sensitive K channels and thus to membrane hyperpolarization
and suppression of spontaneous depolarization. Episodes of
substrate depletion in sino-atrial (SA) node pacemaker cells
might be expected to lead to epochs of hyperpolarization and
reduced firing rates.

Figure 4. Fold increase in odds of neonatal sepsis and sepsis-like illness with
changes in static and dynamic predictive models. Bars are 95% confidence
intervals.

Figure 5. Fold increase in odds of neonatal sepsis and sepsis-like illness for
two infants, each with an episode of sepsis at the point labeled CRASH
(cultures, resuscitation, and antibiotics started here). The upper line is the fold
increase in odds of event in the next 24 h, and the lower line is the 95% lower
confidence interval. A, The infant was term (GA 40 wk, BW 3000 g), and a
blood culture grew coagulase-negative staphylococci. The estimate of risk of
an event was several-fold increased for up to 72 h before. B, The infant was
premature (GA 26 wk, BW 660 g), a blood culture grew Staphylococcus
aureus, and a urine culture grew E. coli.
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As shown in Figure 5, the HRC index–derived estimate of
risk rose and fell intermittently over several days before the
clinical diagnosis of sepsis. Although the pathophysiology is
not known, such a pattern is consistent with the well-
recognized phenomenon of intermittent bacteremia (28–30).

Because HRC show small but significant changes postna-
tally, with findings consistent with higher risk in the most
premature infants, the use of demographic features in the
predictive models is justified. The increases in SD and sample
asymmetry are consistent with increasing postnatal responsive-
ness of autonomic control of heart rate (31, 32). In particular,
the increase in sample asymmetry reflects an increasing pro-
portion of decelerations over accelerations, consistent with
increasing vagal activity. Normally occurring episodes of neo-
natal decelerations (33) are distinguished from the abnormal
episodes before neonatal sepsis in that the latter occur in the
setting of reduced baseline variability.

Quantitative analysis of HRV has been studied extensively
in adults with heart disease, and a consistent finding is that
reduced variability is associated with poorer prognosis (34).
Nonetheless, clinical use of HRV measures is not widespread,
perhaps because adults with high-risk heart disease can already
be identified using more conventional means, and no novel
intervention can be readily suggested. Likewise, the finding of
T-wave alternans clearly identifies adults at high risk of sudden
cardiac death (35, 36), but the therapy most likely to be
effective, an implantable cardiac defibrillator, is expensive,
invasive, and as yet untested for that indication.

Qualitative analysis of fetal heart rate characteristics, how-
ever, is very widely used clinically. Other than the reduction of
neonatal seizures, there is no consistent demonstration of
clinical utility (37), and the intervention involved, cesarean
section, is expensive, invasive, and unproved to improve ma-
ternal or fetal outcome.

Where might quantitative analysis of neonatal HRC fit in?
Such monitoring would be continuous, be noninvasive, and
require no new contacts with the infant and is here shown to be
associated with sepsis and sepsis-like illness, a major cause of
morbidity and mortality. The intervention involved need only
be timely assessment and closer observation by health care
personnel, which is inexpensive. HRC monitoring may be an
effective and continuous assessment strategy for the NICU
with many high-risk infants.
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