








FIG. 9. Comparison of power spectra obtained from the standard and the modified
approaches at different states of hypothermia treatment for an infant from adverse
outcome group (a) spectra obtained from the standard approach (b) spectra obtained

from the modified approach.
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Statistical Analysis

Descriptive statistics included standard measures of central tendency using the median,
variability for continuous data using the interquartile range and frequencies for
categorical variables by showing how many subjects were available from each outcome
group at the different time points where the comparisons were made. Non-parametric
testing (Wilcoxin Rank-Sum Test) was used to evaluate the differences in HRV between
outcome groups at each time point. Correction for multiple comparisons was performed
with the Bonferroni method. The predictive ability of HRV to distinguish outcome groups
was further evaluated by receiver operating curve (ROC) analyses where the area
under the curve (AUC) of 1 denotes 100% model discrimination, whereas an AUC of 0.5
signifies no significant ability of the test (HRV) to distinguish between outcome groups.
Values of 0.7-0.8 are considered acceptable, and values of greater than 0.8 are
considered excellent. Thus, the magnitude of the AUC is a reflection of the predictive

ability of HRV at a given time point to predict adverse outcome.

EEG/EKG monitoring began at a median 11.6 (mean: 14.6 hours) (Range 4.7-40.7)
hours of life. Total study duration varied between 20-110 hours (mean: 77.2 hours and
median 90.05 hours). Shorter duration studies were, as expected, present in the infants
who died during cooling. Additionally, if patients were off EEG at any point during the 3-
hour window (e.g. for imaging studies, for EEG electrode replacement or other clinical

reasons), that particular epoch was excluded. Thus, individual comparisons were made
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between subjects with available data for each given 3-hour time epoch. Evolution of
HRV over time for each outcome group is depicted in Figure 10. HRV was lower at
nearly all time points in infants in the adverse outcome group compared to those with
favorable outcome. These differences remained statistically significant (p<0.01)
between 18-54 hours (except at 39 hours) and after 80 hours when controlling for

multiple comparisons.

37



0.4

LF Power

0.2

0.1r

0 20 40 60 80 100 120
Time (hour)

Fig. 10. A graph that shows the HRV LF power median and interquartile range for each
group (favorable and adverse outcome) for every three hours of data. Number of
subjects involved to make the calculations is shown. Asterisks denote where the

difference was significant.
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Area under the receiver operating curve for discrimination of outcome group is plotted
over time in Figure 11(a). The highest AUC values were demonstrated around 24 hours
of life and after 80 hours of life. This signifies two key periods of vulnerability, during
which time the separation between outcome groups became most evident. This was
attributable to a decrease in HRV in the adverse outcome group, signaling potential

response to ongoing brain injury in these infants.

For low-frequency power, the modified approach showed higher values of AUC
compared to the standard approach. In both standard and modified approaches, the
adverse group showed lower power compared to the favorable group (Figure 11a).
Also, for high-frequency power, the modified approach showed higher values of AUC
compared to the standard approach (Figure 11b). In this band, newborns in adverse
group displayed higher power compared to the newborns in the favorable group. In both
low- and high-frequency bands, there is a statistically significant difference between the
AUCs obtained from modified and standard approaches (P < 0.05) using paired t-test

and using all AUC values. The earliest AUC value that reached 0.7 was at 21 hours.
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FIG. 11. Comparison of AUC obtained from the modified and standard approaches in
distinguishing the spectral power of the two groups of newborns in (a) low-frequency
and (b) high-frequency. The dashed line represents the AUC value of 0.7 and is shown

for reference.
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Further, since most of the differences in AUC values between the modified approach
and the standard approach are between time of birth and 30 hours from birth. Also, a
difference in the AUC values is shown to be between 78 hours from birth to 108 hours
from birth, AUC values showed in figure 11a are divided into three figures (figure 12,
figure 13 and figure 14) to show these differences. Each of these figures shows the
median and interquartile range of AUC values in the time periods from birth to 30 hours
of birth, from 30 hours from birth to 78 hours from birth, and from 78 hours from birth to
108 hours from birth, respectively. The first time period include the 24 hour from birth
time point that corresponds to the secondary injury cascade, while the third time period
include the after 80 hour time points that correspond to the rewarming period. We see
the greatest difference between heart rate variability values of the infants with favorable
outcome and infants with adverse outcome at these time points. The modified approach

shows this difference more clearly than the standard approach.
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Fig. 12. Median, 75™ percentile and 25" percentile of AUC values obtained by
comparing the low frequency power of heart rate variability of infants with favorable
outcome and infants with adverse outcome. AUC values were taken from the time
periods from birth until 30 hours of birth. 1 refers to AUC values obtained from the

standard approach. 2 refers to AUC values obtained from the modified approach.
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Fig. 13. Median, 75™ percentile and 25" percentile of AUC values obtained by
comparing the low frequency power of heart rate variability of infants with favorable
outcome and infants with adverse outcome. AUC values were taken from the time
periods from 30 hours of birth until 78 hours of birth. 1 refers to AUC values obtained
from the standard approach. 2 refers to AUC values obtained from the modified

approach.
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Fig. 14. Median, 75™ percentile and 25" percentile of AUC values obtained by
comparing the low frequency power of heart rate variability of infants with favorable
outcome and infants with adverse outcome. AUC values were taken from the time
periods from 78 hours of birth until 108 hours of birth. 1 refers to AUC values obtained
from the standard approach. 2 refers to AUC values obtained from the modified

approach.
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DISCUSSION
This study evaluates the evolution of HRV over the course of hypothermia and
rewarming in newborns with HIE. Consistent with prior work (Aliefendioglu D, 2012)
(Matic V, 2013), we demonstrated that HIE infants with adverse outcome have
decreased HRV compared to infants with favorable outcome as has been shown using
ROC analysis for low frequency power of heart rate variability. However, this study
suggests that HRV is most affected in brain-injured patients during two key periods of
vulnerability: 1) at 24 hours of life coincident with the previously reported peak of
secondary energy failure after hypoxic ischemic injury (Johnston MV, 2011), and 2) after
80 hours of life upon the completion of rewarming. The discriminatory power of HRV
reflecting these known pathophysiological and clinical events supports its validity as a

biomarker of ongoing brain injury in this population.

The clinical significance of HRV was first described as a harbinger of fetal distress (EH.,
1996). HRV has since been described as a predictor of outcome in other high-risk
populations including neurosurgical patients (Haji-Michael PG, 2000), patients traumatic
brain injury (Biswas AK, 2000), preterm infants (Yiallourou SR, 2013) (Golder V, 2013),
newborns with sepsis (Fairchild KD, 2010) and necrotizing enterocolitis (Stone ML,
2013), and other critically ill populations (Gang Y, 2002). Few studies have evaluated
HRV in newborns with HIE. Aliefendioglu and colleagues (Aliefendioglu D, 2012)
evaluated HRV on EKG data from 22 HIE infants (of whom 10 had severe HIE) at one

week of life. While they found HRV to differentiate HIE infants with moderate versus
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severe encephalopathy, distinction between these groups after the acute phase of injury
has limited therapeutic implications. More recently Matic and colleagues evaluated EKG
data from 19 HIE infants during the first 48 hours of life and found several heart rate
characteristics to be predictive of outcome by MRI and developmental assessment
(Matic V, 2013). The investigators evaluated 2-hour EKG segments recorded any time
during the first 18-48 hours of life. The advantages of the current study include the
longitudinal recordings and comparative analyses between groups based on time from
birth. This approach enabled inferences that could account for recovery from initial insult
and any maturational effects of postnatal age. One prior case report described HRV
changes during the rewarming phase (Lasky RE, 2009), supporting the importance of
group comparisons at similar stages of physiological response to injury and critical care

interventions.

While other methods have been described to characterize HRV (Anon., 1996), power
spectral analysis of the beat to beat (RR) interval was first described by Akselrod and
colleagues (Akselrod S, 1981) as an advanced signals processing approach for
quantitative analysis of HRV in continuous EKG data. Both animal and human studies
have supported the notion that reduced spectral power in the low-frequency component
of the EKG signal is indicative of impaired autonomic nervous system (ANS) function
(Piccirillo G, 2009) (Piccirillo G, 2009) (Shah AJ, 2013). In the aforementioned study by

Matic and colleagues, LF power was amongst the best discriminators of outcome
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selected from 24 different quantitative HRV parameters evaluated (Matic V, 2013).

Thus, LF spectral power was evaluated as the primary measure of HRV in this study.

A key finding of the current study is the temporal evolution of HRV (as shown by
different AUC values and different low frequency power of heart rate variability with
time) in the two outcome groups as shown in figure 10 and figure 11. It is well
established that hypoxia-ischemia triggers a delayed series of events (i.e. excitotoxic,
pro-inflammatory, oxidative stress, and pro-apoptotic cell signaling pathways) that lead
to cell death in the brain. The timing of this secondary injury cascade has been
demonstrated via both laboratory and clinical observations to peak after 24 hours post-
insult. This secondary injury is mitigated by hypothermia treatment. However, it is
known that hypothermia does not benefit all patients, and that death and disability are
frequent outcomes despite treatment with cooling. The prominent reduction in HRV
seen around 24 hours of life in the adverse outcome group may identify infants in whom
hypothermia is failing to prevent secondary energy failure and subsequent brain injury.
Thus, HRV may be helpful in selecting patients for adjuvant neuroprotective therapies.
The second significant distinguishing HRV time period occurred after 80 hours of life
following the completion of rewarming. It is possible that the ongoing secondary injury
cascade in the adverse outcome infants was partially mitigated by hypothermia and that
this process was left unhindered by the cessation of cooling. Thus, HRV may help

determine the adequate duration of cooling which is currently unknown.
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There are limitations to the current study. The association between hypoxic-ischemic
insults and reduced HRV may be related to several factors. Whether decreased HRYV is
related to direct effects of asphyxia on the myocardium, the impact of medications or
other critical care interventions, brainstem injury leading to autonomic dysfunction, or a
combination of these factors cannot be elucidated by this study. The fact that patients
in the adverse outcome group required more vasopressor support is perhaps indicative
of myocardial dysfunction that could be contributory to reduced HRV. The interaction of
these factors with the association between HRV and outcome warrant further study in a
larger population. Missing data was another important consideration and potential
source of bias. Initiation (and cessation) of EEG/EKG recordings was influenced by
many clinical and logistic factors that could not be controlled for the purposes of this
study. Artifact in the EKG recordings could also impact results, as this is not an
uncommon occurrence in the intensive care unit setting. However, the analytical
approach utilized incorporated an automated artifact rejection method and a
modification that mitigated effects of non-stationarity in the data that could occur as a

result of signal artifact (Govindan RB, 2013).

We did the analysis using and comparing the performance of a recently introduced
modified spectral estimation against the standard spectral power estimation in
characterizing RRi of term birth asphyxiated newborns receiving therapeutic
hypothermia. The modified power spectrum distinguishes the RRi characteristics of

infants with favorable versus adverse outcome better than the standard approach. The
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modified spectral approach captures the difference between infants with favorable
versus adverse outcome at 21 hours from birth. Furthermore, the difference peaks
around 24 hours and after 80 hours.

Several factors related to cardiac dynamics can cause non-stationarity to RRi and they
include the occurrence of tachycardic (Govindan RB, 2013) and bradycardic (Lasky RE,
2009) beats. Further, ongoing interventions and critical care events can contribute to the
non-stationarity. We have shown that the power spectra obtained by the modified and
standard approaches yield the same results when applied to the stationary RRi.

As mentioned earlier; RRi of infants with adverse outcome showed predominance of the
parasympathetic component that may be due to an extrinsic factor, such as an
increased dependency on the external ventilator support. The modified approach
quantifies this feature correctly. The standard spectral approach is highly sensitive to
the sudden changes in the RRi and its characterization is severely affected by the
presence of the spurious and arrhythmic beats. AUC results show that the modified
approach is able to better distinguish the two groups of infants compared to the
standard approach. Based on animal studies (Piccirillo G, 2009) (Piccirillo G, 2009) and
studies of critically ill humans (Shah AJ, 2013), the low power in the low-frequency
component of the infants with adverse outcome group may indicate impaired autonomic
function. The high spectral power in high-frequency band of the infants with adverse

outcome may also indicate increased dependency on ventilator support. It may also
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indicate predominance of the parasympathetic component over the sympathetic
components in adverse outcome infants.

RRi obtained in a clinical setting displays non-stationary segments that include missing
beats, extra beats, slow changes lasting for a long period of time and arrhythmic beats.
Each one of these affects the characterization of RRi in a different way (Govindan RB,
2013) (Chen Z, 2002). Sleep cycles are also known to modulate the RRi (Bunde A,
2000). Further, fetuses and neonates display acceleration patterns during the sleep
states (Nijhuis JG, 1982) which may further confound the characterization of RRi. Our
results show that the modified spectral estimation approach ,even though does a better
job in addressing forms of non-stationarities when compared to the standard spectral

estimation approach, is not able to adequately address other forms.

CONCLUSION

Using the modified and standard spectral approaches to study the RRi of birth
asphyxiated newborns, the standard approach (owing to nonstationarity in the RRi) was
not able to adequately characterize the dynamics and distinguish between newborns
with favorable versus adverse outcome. In contrast, the modified spectral approach
better distinguished the heart rate variability of the two groups of newborns during
hypothermia treatment and after rewarming.

Quantitative measures of HRV may provide a robust bedside physiological biomarker of

ongoing brain injury that can help direct therapeutic interventions in babies with HIE by

50



identifying infants with poor response to hypothermia treatment and direct adjuvant

neuroprotective therapies.
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