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ABSTRACT

        Sepsis in very low birth weight (VLBW) infants has been associated with an

increased risk of adverse developmental outcome. We have identified abnormal

heart rate characteristics (HRCs) that are predictive of impending sepsis, and we

have developed a summary measure of an infant’s HRCs during the neonatal

hospitalization that we refer to as the cumulative HRC score (cHRC).  In this

study we tested the hypothesis that increasing cHRC is associated with an

increasing risk of adverse neurodevelopmental outcome in VLBW infants.

Data were collected on 65 VLBW infants whose HRCs were monitored while in

the neonatal intensive care unit and who were examined at 12-18 months

adjusted age. Using a standard neurological exam and the Bayley Scale of Infant

Development-II, we identified cerebral palsy (CP) and delays in early cognitive

function and psychomotor development.

Increasing cHRC score was associated with an increased risk of CP [odds

ratio: 2.6, (1.42, 5.1)] and delayed early cognitive development [odds ratio: 2.3

(1.3; 4.3)]. These associations remain statistically significant when adjusted for

major cranial ultrasound abnormality.  In conclusion, the cHRC score is

associated with an increased risk of adverse neurodevelopmental outcome

among VLBW infants.
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CHAPTER 1: BACKGROUND

Introduction

Sepsis is a broad term used to indicate a systemic infection; it is a frequent

complication in the Neonatal Intensive Care Unit (NICU).  The risk for sepsis in

neonates is inversely related to the birth weight and gestational age.  Those at

the highest risk for sepsis are very low birth weight (VLBW) infants (1).  These

infants are born with birth weights equal to or less than 1500 grams. Late onset

sepsis is defined as sepsis occurring after 3 days of age.  Stoll et al studied the

incidence of late onset sepsis in a cohort of VLBW infants cared for by the

NICHD Neonatal Research Network (2).  There was a 2.5 fold risk in mortality

and >30% increase in hospital stay in those infants with culture proven sepsis.  In

the cohort studied, 21% of all infants had a positive blood culture.  Lower

gestational age was highly correlated with an increased risk for sepsis since 46%

of the infants born at less than 25 weeks gestation were diagnosed with at least

one episode of culture proven sepsis.   Over 60% of the VLBW infants in the

study were suspected of sepsis, yet only one out of every three of the blood

cultures sent grew bacteria.

Frequently infants with clinical signs of sepsis have a negative blood culture;

this condition is referred to as the systemic inflammatory response syndrome

(SIRS).  SIRS indicates an abnormal inflammatory response in organs remote

from the initial insult.  The etiologies for SIRS can be varied and include sepsis,

necrotizing enterocolitis, and massive trauma.  Since the initial insult that
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activates the inflammatory cascade in SIRS is not always infection, a positive

culture is not necessary for the diagnosis (3).

In a study of extremely low birth weight infants (i.e., birthweight less than

1000 grams), 65% of surviving infants were diagnosed with sepsis: 40% with

culture positive sepsis and 25% with culture negative clinical sepsis.  Infants who

had one or more episodes of infection during their hospitalization had a 50%

higher risk of neurodevelopmental impairment (NDI) at an 18 to 22 month follow-

up visit.  This increased risk for developmental impairment was found for both the

culture positive and the culture negative sepsis groups (4).

Wheater and Rennie observed a 4 fold risk for cerebral palsy in infants

diagnosed with sepsis (5).  This increased risk might be due to increased levels

of pro-inflammatory cytokines in the blood and brain.  Animal studies have shown

that systemic administration of proinflammatory cytokines can produce brain

lesions similar to those seen in human infants with cerebral palsy (6).  Thus,

epidemiologic evidence relating SIRS to white matter damage, cerebral palsy

and developmental delay is consistent with experiments in animal. (7)

White matter damage (WMD) is thought to be the brain structural

abnormality to which cerebral palsy can be attributed.  Severe WMD seen on a

cranial ultrasound is called cystic periventricular leukomalacia (cPVL).  Neonates

with cPVL are 20 times more likely to develop cerebral palsy (8).  WMD has been

associated with antenatal infections such as chorioamnionitis and the fetal

inflammatory response syndrome (9,10).  Cerebral palsy in preterm infants is
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thought to result from brain ischemia, elevated cytokine levels seen with

inflammation, or a combination of both these factors (7).

Heart Rate Variability, Sepsis, and SIRS

Detecting sepsis and SIRS early in the disease process might lead to

prevention of the many adverse consequences of neonatal infection.  Fetal

distress and neonatal illness are often marked by altered heart rate patterns.  In

1959, Burnard noted that infants with respiratory distress would develop a fixed

heart rate at the height of the illness and that an early sign of improvement would

be an increase in heart rate lability (12).  Rudolph et al confirmed these results in

premature infants with respiratory distress syndrome.  The heart rate was a fixed

rate for a greater proportion of time in the infants who died compared to the

infants who survived (13). Physicians at the University of Virginia, in conjunction

with WFU, have developed a computer algorithm that identifies abnormal heart

rate patterns.  These patterns have then been identified in infants with sepsis.  A

synopsis of the research published to date is presented below.
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Study 1:  Griffin MP.  Moorman JR.  Toward the early diagnosis of neonatal

sepsis and sepsis-like illness using novel heart rate analysis.  Pediatrics.

2001;107:97-104

Sepsis is a large contributor to neonatal mortality and early detection

remains difficult for the clinician.  In this first study of heart rate characteristics

(HRC) it was hypothesized that early stages of sepsis could be detected by

evaluating and quantifying abnormal heart rate patterns seen prior to clinical

deterioration.  As shown by both Burnard and by Rudoph, infants who are ill have

a less variable heart rate and an increased number of transient decelerations.

These abnormal HR patterns seen on the electrocardiogram can be quantified by

measuring the distances between each of the QRS complexes.  This distance is

called the R-R interval.  When arranged into frequency histograms these R-R

intervals will form an approximately normal distribution in healthy infants.  For

infants who are ill or in distress the R-R interval frequency histogram forms a

broader and more asymmetric distribution.  The abnormal patterns of reduced

variability and transient decelerations can be detected by increased asymmetry

of the frequency histogram.  Therefore the HRC measures examined in this first

study were the statistical moments of these R-R interval distributions.  The first

statistical moment is the mean, the second moment is the standard deviation,

and the third moment is the skewness.  The frequency histogram distribution

becomes asymmetric and develops a positive skew as a greater number of R-R

intervals lengthen, such as with multiple decelerations. The median and the
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percentiles of the RR interval distributions were also calculated for this study.

The above heart rate characteristics were calculated using 4096 beat records of

R-R intervals.  Each record was normalized using the mean and standard

deviation so there could be direct comparisons between different records.  Heart

rate characteristics were calculated for each 4096 beat record and were then

summarized into 6-hour epochs as median values for each patient.

 An abrupt clinical deterioration for which the physician obtained a blood

culture and gave antibiotics was used as the outcome measure.  HRC data was

analyzed for 5 days before the event and 3 days after.  Those infants requiring

these interventions were then divided into infants with positive blood cultures and

infants with negative blood cultures.  A third group was also studied to use as a

control group.  This group did not have a clinical deterioration and therefore did

not require any intervention during the study period.  The event time was

assigned randomly for this group.  There were a total of 89 patients in this initial

study.  There were 46 episodes of culture positive sepsis in 40 patients and 27

episodes of culture negative sepsis like illness in 23 patients.  The control group

consisted of 29 control periods analyzed in 26 patients.

The infants in the culture positive sepsis group and the infants in the culture

negative sepsis like illness group were found to have abnormal heart rate

patterns for up to 24 hours prior to an abrupt clinical deterioration when

compared to the control group.  The abnormalities detected were reduced beat-

to-beat variability and transient decelerations.  Comparing the means of the

frequency histograms of the R-R intervals showed no statistical differences
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between the groups.  The standard deviation was smaller in those tracings with a

reduced variability, however when transient decelerations were present, the

decelerations would raise the standard deviation back up to normal levels.  The

most important statistical differences between the frequency histograms of the

groups were seen in the skewness and in the percentiles.  Infants with increased

numbers of transient decelerations had a more asymmetric distribution detected

by a more positive skewness.  The 50th percentile values were also significantly

different and found to be more negative in the two groups with the abrupt clinical

deterioration.  Statistical differences were seen between the control group and

the groups with abrupt clinical changes but there were no statistical differences

between the group with a positive blood culture and the group with a negative

blood culture.

The level of illness for each infant was measured by the Score for Neonatal

Acute Physiology (SNAP) and the Neonatal Therapeutic Intervention Scoring

System (NTISS) for every 24 hour epoch.  Like the heart rate characteristics,

both clinical scores were significantly higher prior to an abrupt clinical

deterioration in the sepsis and the sepsis like illness groups compared to the

controls.  There were no significant differences in clinical scores between the

group with positive blood cultures and the group with sepsis-like illness and

negative blood cultures.
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Study 2:  Griffin MP.  O’Shea TM.  Bissonette EA.  Harrell FE.  et al.  Abnormal

heart rate characteristics preceding neonatal sepsis and sepsis-like illness.

Pediatr Res.  2003;53(6):920-926

To further analyze the alterations in heart rate variability in the setting of

sepsis and sepsis-like illness the objective of this next study was to develop a

computer algorithm which used the heart rate characteristic parameters to

calculate a single score called the Heart Rate Characteristic (HRC) index.  This

HRC index could then be used to help identify infants in the early stages of

sepsis.  The statistical model was initially developed at the University of Virginia

(UVA) and was then validated at Wake Forest University (WFU).  A total of 633

patients were evaluated, 316 infants at UVA and 317 patients at the WFU Baptist

Medical Center Neonatal Intensive Care Unit.  UVA admits inborn infants as well

as outside transfers, while the WFU NICU is a referral only center.  The patient

population seen at WFU therefore tends to have a higher proportion of more

critically ill infants.  Both units had similar frequencies of sepsis and sepsis like

illnesses of 30%.

The study compares two statistical models.  Both models used logistic

regression to calculate the odds of developing sepsis or sepsis-like illness within

the next 24 hours.  The first statistical model is called the static model.  This

model uses the demographics of birth weight, gestational age, and days of

postnatal age as the independent variables.  The second statistical model is

called the dynamic model.  In this model the independent variables are the HRC
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parameters.  As in the previous study these parameters were calculated from the

distribution of the frequency histograms of the R-R intervals.  However, the

parameters calculated for this study are different. The three parameters used for

this study are the standard deviation, the sample asymmetry, and the sample

entropy.

The standard deviation was used as an HRC parameter in the previous

study but the sample asymmetry and the sample entropy are new.  These two

parameters replace skewness because they are more flexible measures of

asymmetry.  The sample asymmetry is calculated by splitting the R-R interval

distribution in half at the median.  Thus the R-R intervals that are less than the

median represent heart rate accelerations and the R-R intervals that are greater

than the median represent heart rate decelerations.  The mean squared

differences from the median for each half of the distribution are calculated and

labeled R1 for the accelerations and R2 for the decelerations.  The sample

asymmetry is defined as the ratio of decelerations over accelerations: R2/R1.  An

abnormal sample with many decelerations would therefore have a large sample

asymmetry (16).  The third parameter is the sample entropy.  For a fixed

variance, the highest entropy is found in a normal distribution.  Distributions that

are asymmetric will therefore have lower sample entropy value.  This measure is

based on a combination of the heart rate regularity and periodic heart rate

decelerations seen in critically ill infants.  The infant in distress will have more

frequent and more severe periodic heart rate decelerations in the setting of

reduced baseline variability.  The sample entropy measures both the frequency
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of these periodic decelerations as well as the heart rate regularity seen in

between these episodes (17,18).

The HRC index is calculated by including these three HRC parameters into

a logistic regression equation as the independent variables.  As in the previous

study each parameter is calculated using a 4096-beat record.  The outcome

variable for both the static model and the dynamic model is the probability of

developing sepsis or SIRS within the next 24 hours.  The result of the static

model is called the demographic index; the result of the dynamic model is called

the HRC index.

Several baseline differences were seen between the neonatal population

seen at WFU and the neonatal population seen at UVA.  The patients at WFU

had a higher median HRC index, reduced SD and decreased sample entropy.

This implies there is a higher risk for sepsis and sepsis like illness at WFU.  This

is not surprising since WFU is a referral only NICU and has a higher proportion of

critically ill infants.  Despite these differences both the static and the dynamic

models were found to be significant predictors for sepsis and sepsis-like illness at

UVA and at WFU.  When the two models were combined the HRC index

remained a significant predictor of sepsis or sepsis-like illness, confirming that

the statistical model developed at UVA was applicable to other centers despite

significant differences in baseline severity of illness.
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Study 3:  Griffin MP.  O’Shea TM.  Bissonette EA.  Harrel FE.  et al.  Abnormal

heart rate characteristics are associated with neonatal mortality.  Pediatr Res.

2004; 55(5):782-788

The objective of this study was to evaluate if there was any association

between an abnormal HRC index and an increased risk for death within the next

seven days.  A cumulative HRC score (cHRC ) was devised to serve as a

measure of the total burden of illness for the entire hospital stay.  This new

measure was also evaluated for any association with an increased risk for in-

hospital mortality.  A total of 685 infants were enrolled in the study, 341 at UVA

and 344 at WFU.

The HRC index and the demographic index were calculated as per the

previous study.  Subtracting the demographic index from the HRC index for each

6-hour epoch and then summing the results over the entire hospital stay gives

the cHRC score.

cHRC = ∑[(HRC index) – (Demographic index)]

The demographic index represents the expected clinical course based on birth

weight, gestational age, and days of postnatal age.  The HRC index represents

the actual clinical course as evaluated by the HRC parameters.  An infant whose

actual hospital course followed the expected hospital course would therefore

have a cHRC equal to zero.  If the actual clinical course was better than the
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expected clinical course then the cHRC would be less than zero.  The cHRC

would be greater than zero if the clinical course was worse than the expected

course.  Therefore those infants with the most difficult clinical courses will have

higher cHRC scores.  The higher the burden of illness, the higher the cHRC is

expected to be.

Using multivariable regression analysis it was shown that both the HRC

index and the cHRC score are associated with an increased risk for death within

7 days.  Multivariable analysis showed that the HRC index adds independent

information to both low birth weight and to low GA in predicting mortality.  The

cHRC scores of those infants who died in-hospital were significantly higher than

the cHRC score in the surviving infants.  A box plot of these results is shown in

figure 1.

Fig 1: Box plots of cHRC for survivors and non-survivors.  50% of the data points are within the

box and 80% are within the hatches.  The horizontal line marks the median values; 0.05 for the

survivors and 4.68 for the non-survivors.  *p < 0.001

The surviving patients enrolled at the WFU site in this study serve as the

population from which this thesis project derives its patients.
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Study 4:  Griffin MP.  Lake DE.  Moorman JR.  Heart Rate Characterisitics and

Laboratory Tests in Neonatal Sepsis.  Pediatrics.  2005;115:937-941

The previous studies have demonstrated that identification of infants at

increased risk for sepsis or sepsis like illness is possible by evaluating heart rate

characteristics.  This next study compared the HRC index to more conventional

tests for sepsis and uses multivariable logistic regression to determine if the HRC

index adds information above and beyond these conventional indicators.  For this

paper the definition for sepsis was the far more stringent criteria of “proven

sepsis.”  Not only did the infant have to have an abrupt clinical change initiating a

blood culture and at least 5 days of antibiotics, but the blood culture must also

have been positive.

The HRC index was calculated in a similar manner as in the previous two

studies.  For this paper the HRC index, which is a continuous measure, was

divided into three risk levels.  The lowest 70% of the HRC measurements during

the study were less than or equal to the mean of all the HRC index values.

These were categorized as low risk.  90% of the HRC index values are less than

or equal to twice the mean of the HRC index values.  Therefore the values

between the 70th and 90th percentiles were categorized as intermediate risk.

Those HRC index values above the 90th percentile were categorized as high risk.

The laboratory tests used for comparison were commonly used tests performed

on infants thought to potentially be septic.  Examples include the total white blood
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cell (WBC) count, the ratio of immature to total neutrophil count (I/T ratio), the

platelet count, and blood glucose level.

The heart rate characteristics can be monitored in a continuous fashion,

regardless of whether the infant was showing signs of sepsis or not.  For this

reason a HRC index value was available 92% of the time.  In comparison, the

other laboratory values were often not drawn until signs of clinical sepsis

appeared.  Therefore these tests were only available for 5-10% of the time.  42%

of the HRC readings within 6 hours of a positive blood culture were in the high-

risk range and another 30% were in the intermediate-risk range.  By comparison,

most I/T ratios were measured around the time of the blood culture and 44% of

these were abnormal prior to a positive blood culture.  The definition of an

abnormal I/T ratio is controversial.  By convention, a cutoff value of 0.2 was used

for this study.  Multivariable regression analysis revealed that the tests

significantly associated with a positive blood culture were a high risk HRC index

value, an abnormal WBC count, an I/T ratio, low blood sugar and low pH.  The

value considered abnormal for each of these labs can be manipulated when

performing regression analysis.  It was found that even when an abnormal I/T

ratio was considered to be 0 rather than 0.2, it was still significantly associated

with a positive blood culture.  Therefore it was the clinician’s decision to obtain

the I/T ratio that was significantly associated with sepsis, rather than the I/T ratio

itself.  This indicates that the HRC index may add further to the diagnosis of

sepsis because it is continually being monitored regardless of the patient’s

clinical condition.
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Study 5:  Griffin MP.  Lake DE.  O’Shea TM.  Moorman JR.  Heart rate

characteristics and clinical signs in neonatal sepsis.  Pediatr Res.

2007;61(2):222-227

The previous study showed that the HRC index adds predictive information

to other laboratory tests used to identify infants with sepsis.  The objective of this

paper was to determine if the HRC index also significantly adds to measures

pertaining to the patient’s clinical status.  Examples of these measures would be

vital signs, general appearance, apnea, feeding intolerance, and oxygen

requirement.  In the initial studies, a change in this type of information was what

was referred to as an “abrupt clinical deterioration.”

The HRC index was calculated as before.  A clinical illness score was

devised which included measures for apnea, oxygen requirement, temperature

instability, lethargy, feeding intolerance, an I/T ratio greater than 0.2, a WBC

greater than 25,000 or less than 5000, and hyperglycemia greater than 180

mg/dl.  Clinical points were assigned over a period of 12 hours.  The outcome

measure for the statistical models included both “proven sepsis” as in the

previous study as well as “clinical sepsis,” defined as clinical signs of sepsis with

a negative blood culture requiring 5 or more days of antibiotics.

Both the HRC index and the clinical illness score were predictive of sepsis

in the next 24 hours and the HRC index and clinical score together added

significantly to the clinical score alone.  As seen in previous studies the HRC

index values were significantly higher before proven or clinical sepsis compared
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to controls but there was little difference in HRC index value between proven

sepsis and clinical sepsis.

The HRC index was once again categorized into three categories as it was

in the previous study.  An HRC score within the lowest 70th percentile was

considered low risk, a score between the 70th to 90th percentiles was considered

intermediate risk, and a score greater than the 90th percentile was considered

high risk.  This categorization allowed for a risk assessment tool to be developed.

An infant with a low clinical score alone would have a low risk for illness, but

when a low clinical score was combined with a high-risk HRC index value the risk

for sepsis increased 2.5 fold.  For infants with high clinical scores the HRC index

has little impact on their risk for sepsis.  An infant with both a high clinical score

and a high risk HRC index was at a 4 times greater risk for sepsis, but an infant

with a high clinical score and a low risk HRC index value still had a 3 times

greater risk of sepsis.  The HRC index serves only as an adjunct and does not

eliminate the need for close clinical monitoring.
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Synthesis of Previous Studies

The preliminary studies to date indicate that the heart rate characteristics

index rises with sepsis and with SIRS.  The cHRC, calculated using the HRC

index, is a measure of the burden of illness throughout the entire hospital stay.

An elevated cHRC score therefore indicates significant exposure to either sepsis

or SIRS.  Both these conditions cause elevated inflammatory cytokine levels in

the blood (22).  A growing body of evidence suggests a link between increased

blood levels of inflammatory cytokines, fetal and neonatal inflammation, and

subsequent neurodevelopmental impairments. (7,9,10).  Experiments in animal

models (9,23) and observational studies in humans (24) suggest that initiators of

fetal and neonatal inflammation are associated with neonatal white matter

damage.  Studies of inflammatory cytokine levels in amniotic fluid show that

increased levels are associated with subsequent periventricular white matter

damage(11).  White matter damage, indicated by persistent ventricular

enlargement or cerebral echolucency on cranial ultrasound (25), is a very strong

predictor for cerebral palsy (8,26) and neurodevelopmental delay (24,27) in

VLBW infants.  The cHRC score may therefore be reporting on exposure to

inflammatory cytokines and thus a large contributor to neonatal developmental

delay.

The incidence of cerebral palsy in VLBW infants is approximately 5-6%

(28,29). The risk is much higher for those infants found to have abnormal cranial

ultrasounds.  The findings which place the patient at the greatest risk are either

cystic periventricular leukomalacia (cPVL), ventricular enlargement, or a large
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intraventricular hemorrhage (IVH) which extends into the parenchyma of the

brain itself.  Yet many infants born prior to 32 weeks gestation who are

diagnosed with cerebral palsy have normal cranial ultrasounds (8, 30).  Therefore

VLBW infants with normal cranial ultrasounds are still at risk for adverse

neurodevelopmental outcomes.

As both birth weight and gestational age decrease, the risk for cerebral

palsy and neurodevelopmental delay increases.  Male infants are at an even

greater risk than female infants.  Race is also significant.  Black and Hispanic

babies have been found to have an increased risk for neurodevelopmental delay

when compared to white babies (30).

Chronic lung disease is an important risk factor for adverse

neurodevelopmental outcomes.  It is defined as continued supplemental oxygen

requirement at 36 weeks gestation.  It is associated with prolonged mechanical

ventilation, prematurity, and inflammation.  The reason for its association with

cerebral palsy is unknown.  One theory is that infants with CLD have increased

episodes of hypoxia, which increases the risk for hypoxic brain injury.  Another

theory is that both cerebral palsy and CLD are associated with an elevated

inflammatory process and that both are symptoms of the same underlying

etiology.  Anti-inflammatory agents, such as steroids, have been tried and were

found to decrease the incidence of CLD but the risk for cerebral palsy actually

increased in those infants treated with steroids (23).

The cHRC score measures the burden of illness for the entire hospital stay.

Other clinical measures of clinical illness have been used to predict
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neurodevelopmental outcome.  Mattia and deRegnier created a modified version

of the Score for Neonatal Acute Physiology (SNAP).  The SNAP score was

initially created as a neonatal illness severity index designed to be used during

the first 24 hours of life.  It consists of 26 items, including vital signs and lab

values and takes approximately 10-15 minutes to complete (36).  Mattia

evaluated infants that were less than or equal to 30 weeks gestation and

retrospectively calculated a SNAP score for each hospital day.  Each daily score

was plotted versus time (in days) and the area under the curve was calculated to

create the cumulative SNAP score.  The infants were followed up at 1 year of

age, then again at 2 to 3 years of age.  The infants with cumulative SNAP scores

greater then the 75th percentile were found to have significantly lower MDI and

PDI scores at 1 year and at 2 to 3 years.  A higher incidence of CP was also

found at 2 to 3 years.  Using multiple regression models, the cumulative SNAP

score greater than the 75th percentile, IVH, and gestational age were significantly

associated with lower 1 year MDI scores, but by 2 to 3 years only the cumulative

SNAP score was significant.  This is suggestive that the underlying cause of the

IVH may in fact be responsible for its association with developmental delay rather

than the IVH itself (31).  A large multi-center trial through the NICHD studying

over 2100 infants found that a clinical index calculated from a large number of

variables was a better predictor of developmental impairment than a cranial

ultrasound (37).  In comparison to the cHRC, the cumulative SNAP score is a

labor-intensive tool.  The cHRC is calculated continuously by a computer
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algorithm, the cumulative SNAP requires 10 to 15 minutes of data input for each

day for every infant studied.

The relationship of the HRC index and the cHRC score with developmental

outcome has not previously been evaluated.  However, there have been studies

evaluating the relationship between the maturation of heart rate and

developmental outcome.  In 1985 Fox and Porges recorded 3 minutes of resting

heart rate by electrocardiogram in 4 groups of infants at 40 weeks conceptual

age.  The 1st group was premature infants with no medical complications (15

infants), the 2nd group was premature infants with a history of respiratory distress

syndrome (RDS) (28 infants), the 3rd group was term infants with a history of birth

asphyxia (8 infants), and the 4th group was healthy term infants (29 infants).

These patients were then followed up for a neurodevelopmental exam at 8 and

12 months of age.  Heart rate variability was thought to mainly be controlled by

input from the parasympathetic branch of the autonomic nervous system.  The

main measure of the vagal influence used was respiratory sinus arrhythmia

(RSA).  This was obtained using spectral analysis of the heart rate using filters of

various frequencies. The amplitude of RSA is primarily determined by the

parasympathetic influences on the heart.  A higher RSA indicated more heart

variability and greater maturity.  Therefore RSA was used as an indirect measure

of CNS integrity.  The study results were that term infants at 40 weeks

postmenstrual age, both healthy and sick, had higher heart rate variability than

preterm infants at 40 weeks postmenstrual age.   Higher heart rate variability was

predictive of higher Bayley MDI scores at 8 and 12 months of age.  Between the
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4 groups of infants, there were no differences in MDI scores.  Yet, when

analyzed by heart rate variability, the preterm infants with a history of RDS

showed the greatest association between heart rate variability and MDI score

(32).

Heart rate variability was primarily thought to be the result of vagal tone.

Therefore Doussard-Roosevelt et al postulated that it could also serve as an

index for other regulatory abilities and perhaps serve as a measure of neural

organization.  Heart rate data was recorded weekly beginning at 48 hours of life

for 10 to 15 minutes while the infants slept.  Most of the infants studied were

between 33 and 35 weeks postmenstrual age.  A maturational shift in heart rate

variability, measured by RSA, was correlated with better behavior regulation at 3

years (33).  A follow-up study using the same cohort at 6-9 years of age showed

association of heart variability maturation with greater social competency (34).

A small study containing only 19 VLBW infants evaluated the effect of

intraventricular hemorrhage and white matter damage on heart rate variability.

There were 4 groups: 7 infants had periventricular leukomalacia (PVL), 3 infants

had IVH, 2 infants had both, and 7 infants had no evidence of brain injury.   The

infants diagnosed with IVH had reduced variability while those diagnosed with

white matter damage had increased variability.  The reasons for this unexpected

finding are unknown at this time (35).
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Specific Aims of the Thesis Project

Both sepsis and SIRS are risk factors for cerebral palsy and developmental

delay.  The cHRC score represents the cumulative risk for sepsis and SIRS for

the infant’s entire hospital stay.  The cHRC score may therefore be predictive not

only for SIRS and sepsis but for adverse neurodevelopmental outcomes as well.

The major advantages of the cHRC score over other measures used to

determine burden of illness is that the cHRC is being measured continuously and

non-invasively.  No daily data entry is necessary.

This study will build on the previous research described above.  Using the

follow-up data of the VLBW infants of Study #3 we plan to retrospectively analyze

the cHRC score obtained during the neonatal hospitalization with the results of a

neurodevelpomental exam performed at 12 to 18 months corrected age.  The

primary objective will be to test whether an elevated cHRC is associated with

adverse neurodevelopmental outcome.  We hypothesize that an elevated cHRC

indicates a greater exposure to inflammatory mediators and therefore a greater

risk for neurodevelopmental impairment.  This will be the first study to evaluate

the HRC index with long-term outcomes.
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ABSTRACT

Background: Sepsis in very low birth weight (VLBW) infants has been associated

with an increased risk of adverse developmental outcome. We have identified

abnormal heart rate characteristics (HRCs) that are predictive of impending

sepsis, and we have developed a summary measure of an infant’s HRCs during

the neonatal hospitalization that we refer to as the cumulative HRC score

(cHRC).

Objective: In this study we tested the hypothesis that increasing cHRC is

associated with an increasing risk of adverse neurodevelopmental outcome in

VLBW infants.

Methods: Data were collected on 65 VLBW infants whose HRCs were monitored

while in the neonatal intensive care unit and who were examined at 12-18

months adjusted age. Using the Bayley Scale of Infant Development-II, we

identified delays in early cognitive function (i.e., Mental Developmental Index <

70) and psychomotor development (i.e., Psychomotor Developmental Index <

70).  Cerebral palsy (CP) was diagnosed using a standard neurological

examination.

Results: Increasing cHRC score was associated with an increased risk of CP

(odds ratio per 1 standard deviation increase in cHRC: 2.6, 95% confidence

limits: 1.42, 5.1) and delayed early cognitive development [odds ratio: 2.3 (1.3;

4.3)]. These associations remain statistically significant when adjusted for major

cranial ultrasound abnormality. There was an association of increasing cHRC
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and delayed psychomotor development, which did not reach statistical

significance [odds ratio: 1.7 (1.0, 3.0)].

Conclusions: Among VLBW infants, the cumulative frequency of abnormal

HRCs, which can be assessed non-invasively in the neonatal intensive care unit,

is associated with an increased risk of adverse neurodevelopmental outcome.
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INTRODUCTION

Very low birth weight (VLBW) infants are at a high risk for sepsis(1) and

have an increased incidence of cerebral palsy (CP) and developmental delay

compared to full term infants.(2;3)  Recent studies indicate that sepsis and the

systemic inflammatory response syndrome (SIRS) are associated with an

increased risk for developmental impairments in infants born prematurely(4-6).

We have reported that certain heart rate characteristics (HRCs), specifically,

transient decelerations, decreased variability, and a lack of accelerations, can be

used to identify infants who are at increased risk for developing either sepsis or

systemic inflammatory response.(7-9)  A summation of an infant’s abnormal HRC

during neonatal hospitalization, referred to as the cumulative HRC (cHRC) index,

is predictive of mortality.(10)  In the current study we analyzed the association

between cHRC during the neonatal hospitalization and neurodevelopmental

outcome between 12 and 18 months corrected age.  Our objective was to

determine if an elevated cHRC is associated with adverse neurodevelopmental

outcome at 12 to 18 months corrected age.
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METHODS

This study was approved by the Wake Forest University Health Sciences

Institutional Review Board.

Study Participants

Inclusion criteria for this study were as follows: 1) birth weight less than

1500 grams; 2) admitted to the Wake Forest University Baptist Medical Center

Intensive Care Nursery between 1999-2001; 3) evaluated at 12 months adjusted

age at the Wake Forest University Development Evaluation Clinic; 4) at least 12,

6-hour epochs of HRC monitoring available for analysis; 5) no major congenital

anomaly.  The study was approved by the Wake Forest University Baptist

Medical Center Institutional Review Board with a waiver of the requirement for

informed consent.

Measurements

Collection of HRCs data

Heart rate data were collected non-invasively from the bedside monitors

used in routine care of infants in the Wake Forest University Baptist Medical

Center Intensive Care Nursery. Data were collected continuously 24 hours a day

without selection of epochs relevant to sleep, feeding, clinical status or any other

factors.  Briefly, an analog electrocardiographic signal is obtained from the defib-

sync output port of the bedside monitor.  This signal is digitized at 4 kHz by a
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microcomputer at the bedside. The data are high-pass filtered, and QRS

complexes are identified using amplitude and duration criteria to generate sets of

RR intervals.  These sets of intervals are used to generate HRC parameters

including standard deviation, sample asymmetry, and sample entropy analyses.

These parameters are used as inputs to a predictive model algorithm using

multivariable logistic regression that was developed at the University of Virginia

and externally validated at Wake Forest University.  The output of the model is

divided by the average risk of sepsis and presented as the fold-increase in risk of

sepsis in the next 24hours.

Calculation of HRCs

Sample Asymmetry

Quadratic ‘risk-analysis’ functions are calculated using raw data.  Given a

series of 4096 RR intervals x1, x2, ... x4096 with median = m, we compute

r1(xi)=r(xi) if xi<m; 0 otherwise, and r2(xi)=r(xi) if xi>m; 0 otherwise.  The Left (R1)

and Right (R2) HRC risks are:

 )x(r=R 2
i

1=i

1
140961

4096

∑   and  )x(r=R 2
i

1=i

1
240962

4096

∑  respectively.

The parameters of interest are R1,which relates to the number and extent of HR

accelerations, R2, which similarly reports on decelerations, and the ratio R2/R1,

which we have called the sample asymmetry.
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Sample Entropy

Sample entropy (SampEn) is calculated with m=3, r=0.2 as described(11)

using filtered, normalized data.  In this context, reduced sample entropy occurs

when both reduced variability and transient decelerations are present

Predictive multi-variable statistical models

These have the form of regression expressions of the form:

log[P(Y=1)/ (1-P(Y=1))]  = β0 + β1 HRC1 + β2 HRC2 +…+ βm HRCm;

where HRCm are heart rate characteristics of interest and P(Y=1) is the

probability of sepsis or sepsis like illness within the next 24hrs

Calculation of cumulative HRC

The infant’s hospital stay was divided into 6-hour epochs.  For each 6-hour

epoch, the infant was given a demographic index, calculated from a logistic

regression model containing the variables for gestational age, birth weight, and

days of age(7).  The infant was also given a HRC index value for each 6-hour

epoch, calculated from a different logistic regression model using the HRCs

(standard deviation, sample asymmetry, and sample entropy) as input variables.

The probability of sepsis or SIRS over the next 24 hours of the infant’s life was

the outcome variable used in both of these logistic regression models.
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Therefore, the demographic index is the probability that sepsis or systemic

inflammatory response will occur within the next 24 hours as predicted only by

the demographic variables and the HRC index is the probability that sepsis or

systemic inflammatory response will occur within the next 24 hours as predicted

by the HRCs.  The cHRC is calculated by subtracting the demographic index

from the HRC index for each epoch, and then summing up all the epochs of the

infant’s stay(10).

cHRC = ∑[(HRC index) – (Demographic index)]

Therefore the cHRC gives an overall picture of whether the infant clinically

did better or worse than expected for the average infant based solely on knowing

the birth weight and gestational age.  If the infant had a benign hospital course

and did better than expected then the majority of the HRC index values would be

low and the cHRC would be less than zero.  If the infant did poorly, with multiple

episodes of sepsis or systemic inflammatory response, then the majority of the

HRC index values would be high and the cHRC would be greater than zero.  If

the infant had a typical hospital course, then the cHRC would be close to zero.

Patient characteristics

Data about birth weight, gestational age, gender, race, chronic lung disease,

and cranial ultrasound abnormalities were obtained from an electronic database

maintained at our follow-up clinic.  The data were abstracted from medical

records by a study coordinator who was not aware of the study hypothesis or the
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infants' cHRC score. Sepsis was defined as a positive blood culture treated with

at least 7 days of antibiotics. Small for gestational age was defined as birth

weight less than the tenth percentile for gestational age, based on data reported

by Alexander et al(12). Chronic lung disease was defined as the need for

supplemental oxygen at 36 weeks post-menstrual age(13).  Major cranial

ultrasound abnormalities were defined as any of the following: 1) periventricular

echodensity located ipsilateral to a presumed intraventricular hemorrhage (i.e.,

abnormal echodensity in the ventricle); 2) post-hemorrhagic hydrocephalus

requiring neurosurgical intervention; 3) moderate or severe ventricular

enlargement on a "late" (performed after the first month of life) ultrasound; or 4)

periventricular echolucency(14).

Developmental Outcomes

Follow-up data were obtained at 12 (n=58) or 18 (n=7) months adjusted age

at the Wake Forest University Development Evaluation Clinic.  Children were

classified as having CP or not by a standardized neurological exam performed by

physicians who were aware of the patient’s medical history, but not aware of the

cHRC score.  The Bayley Scales of Infant Development-Second Edition (BSID-

II)(15) was administered by child psychologists who were not aware of the child's

medical history.  After testing was completed, the psychologists learned of the

child's gestational age at birth in order to derive the BSID-II scores adjusted for

gestational age.
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CP was defined as a non-progressive central nervous system disorder

characterized by abnormal muscle tone in at least one extremity and abnormal

control of movement and posture resulting in impaired motor function(16).

Delayed early cognitive development was defined as a BSID-II Mental

Development Index (MDI) < 70; delayed psychomotor development was defined

as a Psychomotor Development Index (PDI) < 70.   We used the term

neurodevelopmental impairment (NDI) to refer to a composite outcome of either

cerebral palsy or an MDI < 70.

Data Analysis

We analyzed associations between cHRC and developmental outcome in

several ways: 1) Correlations between cHRC and MDI and cHRC and PDI were

analyzed using Spearman Rank correlation coefficients.  2) Infants were

classified into cHRC quartiles for each of the dichotomous outcomes of interest

(i.e., CP, delayed early cognitive and psychomotor development, a composite

outcome of CP or delayed early cognitive development) and the resulting 2 x 4

contingency tables were analyzed using the Cochran-Armitage test for trend(17).

3) Logistic models were used to estimate the odds ratios for the association of

cHRC, entered as a continuous variable, and the dichotomous outcomes of

interest.  To compare groups of infants with the outcome of interest to the groups

without the outcome of interest, we used the Wilcoxon-rank sum test for

continuous variables and the Chi-square or Fisher's exact test for categorical

variables.
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Multivariate analysis was performed using logistic regression.  Only

variables which had a p-value less than 0.1 in univariate analyses were included

in the logistic regression model.  Variables with the highest p-value were

eliminated one at a time using backwards stepwise elimination until all variables

within the model had adjusted p-values less than 0.1.  All statistical analyses

were performed using SAS version 9.1 (SAS Institute, Cary, NC.)

RESULTS

The attributes of these infants are summarized in Table 1.  Briefly, the total

number of infants is 65, with a median gestational age of 26 weeks and a median

birthweight of 792 grams.  The rates of each outcome as a function of cHRC

quartile are presented in Figure 1.  The median cHRC was 4.0, and the range

was –4.9 to 43.5.  cHRC was inversely correlated with both MDI (Spearman rho

= -0.29, p = 0.02) and PDI (Spearman rho = -0.39, p = 0.001).  The Cochran-

Armitage test for trend showed a statistically significant linear trend between the

quartiles of cHRC and the outcomes of CP, MDI < 70, and the composite

outcome of CP or MDI < 70 (all p values < 0.05). cHRC was higher among

infants with sepsis (p=0.002), but significant associations were not found

between sepsis and any of the developmental outcomes of interest (all p values

> 0.1).
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Table 1.  Characteristics and outcomes of study infants. Data are number of infants

(percent in parenthesis) except where noted.

Characteristic / outcome VLBW Infants (n=65)

  Gestational age (weeks)* 26 (22 - 33)

  Birth weight (grams)* 792 (406 – 1470)

  Small for gestational age 7 (11)

  Race:       White 37 (57)

                  Non-white 28 (43)

  Female gender 36 (55)

  Sepsis 46 (71)

  Necrotizing enterocolitis 10 (15)

  Chronic lung disease 34 (52)

  Major Ultrasound
  abnormality

17 (26)

  cHRC* 4.0 (-4.9 - 43.5)

  Cerebral palsy 10 (16)†

  MDI < 70 11 (17)

  PDI  < 70 27 (42)

  NDI 16 (25)

* data are median (range in parenthesis)

† One infant did not undergo neurological examination at follow up

Abbreviations: cHRC – cumulative heart rate characteristics index; MDI – Mental
Developmental Index; PDI – Psychomotor Developmental Index; NDI –
neurodevelopmental impairment
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Figure 1.  The Rates of Each Outcome by cHRC Quartile
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Table 2 summarizes associations between infant characteristics and the

developmental outcomes of interest.  At significance level of 0.1, cHRC and

major cranial ultrasound abnormality were associated with each of the

developmental outcomes that we studied.  Gestational age was associated with

an increased risk of CP, MDI < 70, and birth weight was associated with MDI <

70.  Chronic lung disease was associated with MDI < 70, and necrotizing

enterocolitis was associated with PDI < 70. Non-white race was associated with

an increased risk of CP.

In multivariate analyses in which the outcomes of interest were CP, PDI <

70, and the composite outcome of CP or delayed early cognitive development,

only cHRC and major cranial ultrasound abnormalities were retained when

variables were eliminated in a stepwise fashion using α < 0.1 as the criteria for

remaining in the model. In analyses in which the outcome of interest was delayed

MDI < 70, chronic lung disease was also significant at p < 0.1. Unadjusted and

adjusted odds ratios for a one standard deviation increase in cHRC are

presented in Table 3.
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Table 2.  Characteristics of VLBW Infants with and without developmental impairments. Data are medians (range in parenthesis) or
number of infants (percent in parenthesis).

 Cerebral Palsy MDI < 70 PDI < 70

Characteristic Absent
(n=54)

Present
(n=10)

Absent
(n=54)

Present
(n=11)

Absent
(n=38)

Present
(n=27)

  Gestational age (weeks) 27 (23 – 31) 25 (22 – 33)* 27 (22 – 33) 25 (23 – 29)* 26.5
(22 – 31)

26
(23 – 33)

  Birth weight (grams) 798
(440 – 1470)

725
(406 – 1470)

814
(440 – 1470)

650
(406 – 1439)*

798
(440 – 1470)

790
(406 – 1470)

  Small for gestational age 5 (9) 2 (20) 5 (9) 2 (18) 2 (5) 5 (19)

  Race         White 34 (63) 3 (30)* 31 (57) 6 (55) 21 (55) 16 (59)

        Non-white 20 (37) 7 (70) 23 (43) 5 (45) 17 (45) 11 (41)

  Female gender 31 (57) 4 (40) 29 (54) 7 (64) 21 (55) 15 (56)

  Sepsis 37 (69) 8 (80) 37 (69) 9 (82) 24 (63) 22 (81)

  Necrotizing enterocolitis 8 (15) 2 (20) 8 (15) 2 (18) 3 (8) 7 (26)*

  Chronic lung disease 27 (50) 6 (60) 24 (44) 10 (91)* 18 (47) 16 (59)

  Major Ultrasound
  abnormality

10 (19) 7 (70)* 11 (20) 6 (55)* 6 (16) 11 (41)*

  cHRC 3.76
(-4.91 - 41.08)

18.14
(-1.61 -  43.48)*

-2.31
(-4.91 to 33.60)

9.20
(-1.61 to 43.48)*

2.05
(-4.91 to 22.06)

5.53
(-1.61 to 43.48)*

* p < 0.1

Abbreviations: cHRC - cumulative heart rate characteristics index
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Table 3.  Multivariate analysis. Odds ratios and 95% confidence intervals for
each 10 unit increase in cHRC.

  Outcome OR (95% CI) p value Adjusted OR
(95% CI)

p value

  Cerebral palsy 2.6 (1.4 – 5.1) 0.004 2.3 (1.2, 4.7)1 0.02

  MDI < 70 2.3 (1.3 – 4.3) 0.007 2.1 (1.0, 4.2)2 0.04

  PDI < 70 1.7 (1.0 – 3.0) 0.06 1.5 (0.9, 2.7)1 0.1

  NDI 3.3 (1.6 – 7.0) 0.002 3.0 (1.4, 6.6)1 0.005

1 OR adjusted for head ultrasound results

2 OR adjusted for head ultrasound results and chronic lung disease

Abbreviations: cHRC - cumulative heart rate characteristics index; OR – odds
ratio; CI – confidence interval; MDI – Mental Developmental Index; PDI –
Psychomotor Developmental Index; NDI – neurodevelopmental impairment
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DISCUSSION

In a sample of VLBW infants we found that cHRC is correlated with scores

on the BSID-II and that the risk of CP increases with increasing cHRC. These

associations were attenuated only slightly when adjusted for the presence of

major abnormalities on cranial ultrasound. Thus cHRC is associated not only with

mortality, as we have previously described, but also with developmental

impairments among VLBW infants.   As would be expected, we found higher

cHRC values among infants who were diagnosed with sepsis.  Although we did

not collect data about the occurrence of culture-negative sepsis, our prior studies

indicate that the heart rate characteristics that influence cHRC are found in

infants with both culture-positive and culture-negative sepsis.(9)

The HRCs that determine cHRC have been associated with impending

neonatal sepsis, an event that may initiate a systemic inflammatory response

(SIRS), including increased levels of blood cytokines(18). A growing body of

evidence suggests a link between fetal and neonatal inflammation, increased

blood levels of inflammatory cytokines, and subsequent neurodevelopmental

impairments(4-6;19).  Although our results demonstrate an association between

cHRC and neurodevelopmental outcome, our findings are in agreement with

Vohr et al, in that we did not find an association between culture proven sepsis

and adverse neurodevelopmental outcome.(20) Thus elevated cHRC may be

indicative of not only culture proven sepsis, but other initiators of inflammation,

such as SIRS with negative cultures and necrotizing enterocolitis.
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White matter damage, as indicated by persistent ventricular enlargement or

cerebral echolucency on cranial ultrasound(21), is probably the strongest single

predictor of cerebral palsy(22;23) and delayed early cognitive functioning(20;24)

among VLBW infants. Experiments in animal models(4;25) and observational

studies in humans(26) suggest that initiators of fetal and neonatal inflammation

are associated with neonatal white matter damage. Increased levels of

inflammatory cytokines have been detected in the amniotic fluid of infants who

subsequently developed periventricular white matter damage(27).  The HRC

index rises with sepsis(9;28;29), when blood levels of inflammatory cytokines

would be expected to increase(18).   Thus an elevated cHRC score may be

reporting on exposure to one of the putative causes of brain damage in preterm

infants.

Despite its usefulness in identifying brain damage, white matter as seen on

cranial ultrasound has been referred to as the “tip of the iceberg”(30) because

ultrasound fails to detect white matter damage in a substantial proportion of

affected infants(31;32). This may explain why almost 25% of extremely low birth

weight infants with developmental impairment have normal cranial

ultrasound(33). The current study suggests that in addition to its potential as a

means of earlier identification of impending sepsis(7;9;29), HRC monitoring might

provide prognostic information that is to some degree complementary to that

provided by cranial ultrasound(34;35).  Somewhat similar approaches were used

by Mattia and deRegnier, who found that the summation of the Severity of

Neonatal Acute Physiology scores was predictive of lower MDI and PDI scores at
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2 to 3 years of age,(36) and Broitman et al,(37) who found that a multivariate

index derived from clinical data was a better predictor of developmental

impairment than cranial ultrasound(37).

The association of cHRC with delayed psychomotor development was

weaker than that between cHRC and the other neurodevelopmental outcomes

that we studied. It is possible that the reliability of our assessments of

psychomotor development at 12 to 18 months adjusted age was lower than that

of our assessments of early cognitive development (with the MDI). A second

possibility is that the risk factor profile differs for MDI < 70 and PDI < 70.  For

example, major cranial ultrasound abnormalities, chronic lung disease and

necrotizing enterocolitis are associated more strongly with PDI < 70 than with

MDI < 70(20;38).

The specific HRCs that we studied here have not been previously analyzed

in relation to neurodevelopmental outcomes. However others have studied the

maturation of heart rate variability, which is one of the variables that influences

cHRC.  In preterm infants, greater heart rate variability at 40 weeks

postmenstrual age was found to be predictive of higher Bayley MDI(39), and the

rate maturation of heart rate variability between 33 and 35 weeks postmenstrual

age has been correlated with better behavior regulation at 3 years(40) and

greater social competency at 6 to 9 years(41).

We should note several limitations of our study.  Most important is that our

relatively small convenience sample.  All of these infants were transported to a

tertiary hospital and would therefore be at high risk of developmental
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impairments.  For example, the prevalence of cerebral palsy (16%) described

here is higher than that reported from population-based studies(16;42).  Second,

this is a retrospective analysis, which likely limited the validity of data about

potential confounders, such as cranial ultrasound findings, limiting our ability to

adjust for these confounders.  We also had limited information about

socioeconomic status, which is associated with performance on the Bayley

Scales of Infant Development(20).  Third, although the physicians who performed

the neurological assessments were not aware of infants’ cHRC, they were aware

of the infant's medical history, which could have lead to ascertainment bias if

these examiners suspected an association between events that increase cHRC

(such as neonatal sepsis) and subsequent developmental impairments. Finally,

examinations at 12 to 18 months adjusted age are somewhat limited in their

sensitivity for identification of cerebral palsy(43) and delayed early cognitive

functioning ability(44), which may have resulted in misclassification of infants with

respect to the presence of developmental impairment. Before applying our

findings to the clinical care of patients, replication is needed in a larger, and more

representative sample of high-risk infants, with data about potential confounders

prospectively collected.

Despite these limitations, the results of our study support the need for larger

analyses of the relationship of neonatal cHRC score to neurodevelopmental

outcome.  If an association of cHRC and outcome is confirmed in larger studies,

more study of the antecedents of cHRC would be warranted.  Study is needed

also of the relationship between HR variability and known antecedents of poor
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long-term outcome, such as necrotizing enterocolitis(45) and chronic lung

disease(46).  Research into the possible mechanisms linking heart rate

characteristics and developmental outcome should include assessment of

inflammatory cytokines and other biomarkers of inflammation.(47)

The data from which the cHRC is derived can be obtained non-invasively

with a commercially available device, but modification of the software

programming in this device would be needed to automate computation of the

cHRC.  The clinical utility of continuous heart rate characteristics monitoring is

currently under study (ClinicalTrials.gov Identifier: NCT00307333).  At the

present time, we can only speculate as to the clinical utility of cHRC. cHRC might

add to the predictive information conveyed by cranial ultrasound findings(22;35)

and clinical data(37).  Improved prediction of neurodevelopment impairment

could allow clinicians to target infants at highest risk so that early intervention

could be initiated, and outcome improved(48).
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CHAPTER 3: DISCUSSION

Project Summary

In this study we evaluated associations between the cumulative heart rate

characteristics (cHRC) score, measured during the neonatal hospital stay, and

neurodevelopmental outcome in very low birth weight (VLBW) infants at 12 to 18

months adjusted age.  The cHRC score is a measure of the burden of illness for

the entire hospital stay calculated using heart rate characteristics including heart

rate variability, decelerations, and accelerations (1).  Previous studies have

shown that these characteristics are altered prior to sepsis and the systemic

inflammatory response syndrome (SIRS) and are predictive of in-hospital

mortality within 7 days (1-5).

The total number of infants studied was 65, with a mean birth weight of 792

grams and mean gestational age of 26 weeks.  The follow-up data was obtained

at 12 months (58 patients) or 18 months (7 patients).  10 patients (16%) were

diagnosed with cerebral palsy (CP), 11 patients (17%) were diagnosed with

mental delay by the BSID-II Mental Development Index (MDI), 27 patients (42%)

were diagnosed with motor delay by the BSID-II Psychomotor Developmental

Index (PDI). 16 infants (25%) with either CP or MDI <70 were included in a

composite outcome called neurodevelopmental impairment (NDI).

Using multivariable logistic analysis we found statistically significant

associations between increasing cHRC scores and increasing risk for CP, MDI
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<70, and NDI.  These associations remained significant even when adjusted for

abnormal head ultrasound results and chronic lung disease.  There was a trend

towards an association between cHRC and PDI < 70, but this did not reach

statistical significant using an α-value <0.05.

Limitations

There were several important limitations to this study.  This is a

retrospective analysis of a small sample of high-risk patients. Our rate of cerebral

palsy was approximately three times higher than the incidence generally seen in

a cohort of VLBW infants (6,7).  We attribute this relatively high incidence

primarily to the fact that the Wake Forest University NICU is a referral only center

and therefore has a high proportion of critically ill infants.  Although the child

psychologists who performed the BSID-II tests were blinded to the patient’s

medical history prior to the test, the physicians performing the standardized

neurological examination were not blinded and were aware of the child’s medical

history at the time of the exam.  If the examining physician suspected that a

difficult hospital course might lead to worse neurological outcomes then this

could have led to ascertainment bias.

We chose to use the 12 to 18 month neurodevelopmental exam as our

developmental measure in an attempt to minimize selection bias.  During the

time of this study, all VLBW infants cared for at Wake Forest University (WFU),

regardless of hospital course or developmental status, qualified for high-risk

follow-up for up to 18 months.  Beyond this period only those infants with
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developmental delay or at especially high risk for developmental delay, such as

BW < 1000 grams, would normally be seen.  Nonetheless, 12 to 18 month exams

are limited in their ability to identify CP and cognitive delay and might have

resulted in misclassification.

Research Implications

The results of this study have several important implications.  If the findings

of this small study can be replicated in a larger cohort study, then the utility of the

cHRC score is potentially large.  It is a measure of the burden of illness and is

continually and automatically being calculated by a computer.  In conjunction with

other predictors of developmental delay, it might be able to more accurately

identify those infants most at risk for adverse outcome.  These infants can then

be targeted for closer follow-up and therapy.  At this time we can only speculate

on what is the actual etiology and pathogenesis of cerebral palsy.  We know of

many risk factors but the true cause appears to be complex and multi-factorial,

making it difficult to develop therapies to prevent CP.  Nonetheless, several

recent studies have shown promise.  Schmidt et al evaluated the long-term

effects of caffeine therapy and discovered infants treated with caffeine had a

significantly lower risk for cerebral palsy at 18 to 21 months than infants treated

with placebo (8).  Approximately half of this protective effect was thought to be

due to a shorter duration of positive pressure ventilation in those infants given

caffeine, but the explanation for the remainder of the protective effect is still
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unknown.  Another study has evaluated the impact on neonatal developmental

outcome of giving expectant mothers of fetuses at risk for delivery between 24

and 31 weeks gestation a dose of magnesium sulfate just prior to delivery.  The

infants in the magnesium sulfate group had a significantly lower risk for moderate

to severe cerebral palsy at 2 years of age compared to the placebo group (9).

The reason for this effect is still unknown, but is thought to work through

reduction of vascular instability to prevent hypoxic damage.  As our knowledge

continues to grow and more preventive therapies are discovered, the cHRC

score may be able to help identify those infants most likely to develop CP and

those that will most benefit from these new therapies.

Currently the primary utility of heart rate characteristics is their ability to

identify infants with sepsis or SIRS.  The earlier an infection can be identified, the

earlier antibiotics can be started, hopefully with improved outcomes.  The clinical

utility of continuous monitoring of HRCs is currently under study in a randomized

clinical control trial (ClinicalTrials.gov Identifier: NCT00307333).  This study will

also be able to prospectively study the relationship between HRCs and

neurodevelopmental outcome.  A prospective study will also be able to determine

if the cHRC is the best summary score to use in relation to neurodevelopmental

outcome.  The cHRC is a composite index in which the demographic index is

subtracted from the HRC index.  This eliminates gestational age and birthweight

from the cHRC score.  Lower gestation and birthweight are both associated with

a higher risk for neurodevelopmental impairment.  Other summary measures,

such as the mean or median HRC index, in addition to the cHRC, can be
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evaluated and compared in a prospective study.  New measures based on the

HRC index can also be developed, such as adding the demographic index and

the HRC index together in order to include birthweight and gestation within the

summary score.  These other summary measures may more accurately predict

the infant’s risk for neurodevelopmental impairment.

The mechanism by which sepsis leads to decrease in heart rate variability

and transient decelerations is unknown.  One possibility is that hypoxia, which

can result from sepsis-induced apnea, causes decelerations, as occurs with

apnea of prematurity (AOP).  Although this may be the mechanism of action for

the large decreases in heart rate seen during an apneic event, the transient

decelerations seen during illness are less pronounced and do not appear to be

associated with clinical hypoxic events.  Another possibility is that circulating

cytokines interfere with normal signal transduction in the pacemaker cells of the

sinus node.  Future studies will need to correlate cytokine levels with changes in

heart rate variability.  In addition, research is needed to investigate whether other

conditions, such as chronic lung disease (CLD) or necrotizing enterocolitis (NEC)

can be detected using HRCs.  Both of these conditions are thought to be

associated with elevated inflammatory mediators.

Future Directions

Currently I am neonatologist in private practice.  At this time, I am unlikely to

remain involved with further researching the utility of the HRC index score.  In

today’s environment of rapidly progressing healthcare, future research for me will
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primarily involve quality improvement studies within the hospital so I can give the

best care possible to my patients.
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