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Abstract

Objective: In this study, we investigate the ways in which brain electrophysiology responds to sudden
cardiopulmonary arrest. We also investigate differences in brain dynamic response which correspond to
mortality, as well as potential age differences between infants and adolescents who experience cardiopul-
monary arrests.

Methods: We utilize multitaper spectral analysis to qualitatively analyze changes in the frequency
structure of EEG signals. We also quantify changes in the alpha delta ratio and spectral edge frequency
prior to and during cardiopulmonary arrest.

Results: We identify a narrowband frequency structure characterized by a strong 2Hz rhythm. This
structure localizes temporally to the arrest event, and its strength reflects differences in arrest mortality.
We also note that the alpha-delta ratio (ADR) decreases prior to arrest, and the spectral edge frequency
increases during arrest.

Conclusions: Changes in frequency structure of electrophysiological activity reflect changes in physiol-
ogy present during cardiopulmonary arrest and correspond in strength. The strength of the narrowband
structure we observed corresponds to mortality in our cohort, indicating its potential usefulness as a
prognostic aid.

Significance: These results contribute insight into the ways in which the brain reacts to and recovers
from cardiopulmonary arrest, enabling clinicians to identify patients requiring more aggressive care.

Highlights:

• We identified a narrowband structure localizing to time of arrest and corresponding to outcome using EEG
spectral analysis.

• Alpha delta ratios decreased prior to arrest, while spectral edge frequencies increased during arrest.

• EEG monitoring can provide valuable prognostic information prior to, during, and in the wake of cardiopul-
monary arrest.

Keywords— quantitative EEG, brain dynamics, pediatric neurology, cardiopulmonary arrest, spectral analysis

1 Introduction

Cardiopulmonary arrest is an extreme physiological event which can lead to devastating neurologic injury and death.
In survivors of arrest events, many will later die of complications secondary to hypoxic-ischemic brain injury (HIBI)
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(Nolan et al, 2021; Sekhon et al, 2017; Sandroni et al, 2022). Thus, cardiac arrest has a significant impact on
brain physiology and function. However, the matter of how brain electrophysiology responds to and recovers from
cardiopulmonary arrest is less well-studied. It stands to reason that acute effects on cerebral oxygenation would
impact neural firing. Characterization of the neurophysiological response to hemodynamic changes and metabolic
stress of cardiopulmonary arrest could help us understand neurologic recovery after these events. Additionally, given
the high morbidity and mortality associated with arrest events, there is a call for further monitoring modalities,
particularly in hospitalized patients receiving intensive care, to help identify patients at high risk for decompensation
and facilitate possible interventions before neurologic harm is done (Pollack et al, 2018).

Despite this potential for arrest prevention and prognosis, previous research into human brain electrophysiology
during cardiac arrest have been limited due to the challenge of identifying subjects who have experienced an arrest
event while undergoing continuous electroencephalogram (CEEG) monitoring (Roberti et al, 2023). Currently, CEEG
is utilized primarily for the detection of non-convulsive seizures in particularly vulnerable populations, such as post-
cardiac arrest. In the pediatric intensive care unit, there has been increasing utilization of CEEG monitoring over time
in other high-risk populations due to the improved sensitivity for seizure detection and survival outcomes reported
with continuous monitoring (Ney et al, 2013; Abend et al, 2013). As such, there is more neurophysiologic data being
gathered in patients that ultimately experience arrests while on CEEG.

Many previous works analyzing CEEG in these patients focus on time domain analyses, identifying patterns
such as voltage suppression, burst suppression, and rhythmic and periodic patterns associated with poorer outcomes
(Sadaka et al, 2015; Søholm et al, 2014; Benghanem et al, 2022; Sandroni et al, 2020; Monteiro et al, 2016; Reagan
et al, 2018). While these analyses can be informative, it is often difficult to investigate the brain’s more complex
oscillatory dynamics through time domain analysis alone (Babadi and Brown, 2014).

Other previous works use the bispectral index (BIS) as an indicator of outcome in cardiac arrest (Feng et al, 2016;
Chawla et al, 2009; Goodman et al, 2009; Stammet et al, 2009). The BIS is a scalar value ranging from 0-100, an
aggregate metric which includes measures of the power spectrum, burst suppression ratio, and phase coupling in the
EEG (Bruhn et al, 2000). The BIS has been observed to decrease during cardiac arrest and indicate patient prognosis
(Feng et al, 2016; Chawla et al, 2009; Goodman et al, 2009; Stammet et al, 2009). However, while changes in the BIS
may indeed be manifest, they do not provide specific information on dynamical changes in brain activity associated,
e.g., with specific oscillations or rhythmic structure. Frequency domain analyses including power spectrograms, can
provide a more holistic insight into the oscillatory dynamics which occur prior to, during, and after a cardiopulmonary
arrest, and have proved useful in neurocritical care (Babadi and Brown, 2014; Claassen et al, 2013).

In this paper, we apply both time and frequency domain analyses to EEG recordings from 16 patients who
experienced cardiac arrest while undergoing CEEG monitoring. We identify and characterize the alpha-delta ratio,
a narrowband frequency structure, and a change in spectral edge frequency in the data which is temporally localized
to the time of arrest to investigate how these changes relate to patient outcomes as well as potential opportunities
for intervention to avoid clinical decompensation.

2 Methods

2.1 Patient Population

We retrospectively examined a cohort of 17 patients at St. Louis Children’s Hospital who experienced a cardiac
arrest event while undergoing EEG monitoring. We excluded one patient who was in status epilepticus at time of
arrest, providing a confound to the EEG data, resulting in a final cohort size of 16. The patients ranged in age from
38 week post-menstrual age to 16 years old, though 9 were under one year old and the rest were 7 years old or older.
Patient demographics are given in Table 1. 58.8% (n = 10) survived their arrest. Each patient had a minimum of
one hour of EEG data surrounding the arrest event. Further clinical information is included in Table 2. This study
was approved by the Institutional Review Board (IRB) at Washington University in St. Louis.
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Infant Group (n=9) Child Group (n=7)
Male, N (%) 5 (55) 3 (43)
Ethnicity

White 7 (78) 4 (57)
Black 1 (11) 3 (43)
Asian 1 (11) 0

Age at time of arrest, median (IQR) 3 months (3.5) 13 years (5)
Type of arrest, N (%)

Ventricular Fibrillation 1 (11) 2 (28)
Bradycardiac 3 (33) 2 (28)
Hypotensive 2 (22) 2 (28)
Other 3 (33) 1 (15)

Resuscitation duration (minutes), median (IQR) 3 (9) 9 (15)
Arrest survival, N (%) 7 (78) 3 (34)

Table 1: Patient Demographics
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To examine the interactions between brain activity and other key variables, we split the patient cohort in two
ways. We split the cohort based on age into a group of infants under one year old, and a group of children and
adolescents 7 years old and older, in order to investigate a possible age difference. We also separately split the
cohort into surviving and nonsurviving patients, in order to investigate any indications of outcome in the brain’s
electrophysiology.

2.2 Electrophysiological signal processing and analyses

We first preprocessed the EEG data by applying a standard bipolar montage LB-18.1 (Acharya et al, 2016), subtract-
ing the mean, and dividing by the mean absolute deviation. We then computed a multi-taper spectrogram (Babadi
and Brown, 2014) of each channel, and clipped all spectrograms to times ranging from 40 minutes prior to arrest to
40 minutes after arrest, where arrest is defined as time of CPR. In some patients, recordings were not present for
this entire 80-minute window. In these cases, we zero-padded the spectrograms and timeseries in order to provide
recordings of a uniform length with arrests centered at 0.

To evaluate the central tendency of spectral activity across the brain in a patient, we calculated the spectrogram
for each channel and took the median across channels for each time-frequency point. This is similar to the mean
spectrogram of a given patient, but using the median rather than the mean makes it more robust to outlying signals
such as motion artifact. The median spectrogram for eight of our 16 patients is shown in Fig. 1. We then took
the median spectrogram across all patients and channels, in order to examine the spectral structures common across
all patients. Time points which consist entirely of padding zeros do not figure in the median calculation. This
cross-patient median spectrogram is shown in Fig. 2.

In addition to using the spectrogram as a tool of analysis, we also used the 90% spectral edge frequency (Szeto,
1990) (SEF90) as a low-dimensional quantification of spectral changes. The SEF90 is the frequency below which 90%
of the power in the spectrogram resides. The SEF90 can account for changes in the band-specific power structure,
and can provide a low-dimensional proxy for spectral changes observed by eye. Figs. 1 and 2 overlay the SEF90 on
top of the spectrogram itself in order to show the edge changes alongside the full spectral changes.

To analyze the temporal changes in brain electrophysiology as the body enters cardiac arrest, we take the SEF90
for each patient and channel, and categorize them as pre-arrest, peri-arrest, and post-arrest. We define pre-arrest
time points as 40 minutes prior to arrest time to 2 minutes prior to arrest time, peri-arrest as 2 minutes prior to arrest
time to 12 minutes post arrest time, and post-arrest as 12 minutes post arrest time to 40 minutes post arrest. After
making these divisions, we then compare the distributions of the SEF90 in each category, and can test for significant
differences using two-sample t-tests.

3 Results

3.1 Alpha Delta Ratio Decreases Prior to Arrest

The alpha delta ratio (ADR) decreases, indicating a higher proportion of delta range frequencies (0.5-2Hz) two
minutes prior to arrest in both infants and children. The ADR decreases from baseline (calculated at 20 minutes
prior to arrest) by 27% in the infant group and by 63% in the child group.

3.2 Narrowband Structure Localizes to Time of Arrest

As shown in Fig. 1, each arrest is individualized. Nevertheless there are some common structures which appear in
multiple spectrograms in Fig. 1, as well as the median spectrogram in Fig. 2. Most noticeably, there is narrowband
activity in the delta and theta frequency ranges with a strong 2Hz rhythm which emerges around the time of arrest
in many of the patients (e.g., Patients 1, 2, 3, 7, 12, and 14 in Fig. 1) and in the median spectrogram across patients
(Fig. 2). This narrowband structure is characterized by a transition in the power spectrogram from typical diffuse
activity to a highly rhythmic structure, characterized by a 2Hz oscillation and harmonics occurring at multiples of
2Hz. These harmonics steadily decrease in power as they reach into the low theta frequency range. These higher
harmonics appear to be patient-specific: in the median across all patients, they are not present, but the 2Hz oscillation
is still observable (Fig. 2). Since this oscillation is occurring during CPR, there is a possible confound due to motion
artifact from chest compressions. We believe this is not the case, and provide a fuller discussion below 4.2.

3.3 Cardiac Arrest is Associated with Increase in Spectral Edge Frequency

In addition to this narrowband activity, we observed a loss of power in the lower delta frequency range (0.5 - 1.5Hz)
during arrest. This is reflected in a rise in the spectral edge frequency, since power is less concentrated at these

5
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Figure 1: Cardiopulmonary arrest is evident in frequency-domain EEG analysis. Median spectro-
gram and 90% spectral edge frequency (SEF90) for eight of the sixteen cardiac arrest patient. Recordings are
zero-padded (solid dark blue) when the recording does not cover the entire 80-minute window surrounding
the arrest. Each arrest occurs at t = 0 min.

Median Spectrogram Across All Patients & Channels
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Figure 2: Narrowband frequency structure is observed in the cross-patient median. Median
spectrogram and SEF90, calculated across all patients and channels. Arrest occurs at t = 0.
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Figure 3: Spectral edge frequency is significantly elevated during arrest. Distribution of spectral
edge frequencies at pre-arrest time points, peri-arrest time points, and post-arrest time points. Significance
calculated using two-sample t-test in MATLAB.

low frequencies. The comparison of the SEF90 prior to, during, and after arrest is shown in Fig. 3. We observed a
significant change in the edge distributions between the pre-arrest and peri-arrest periods, and between the peri-arrest
and post-arrest periods.

3.4 Intensity of Observed Spectral Effects Reflects Differences in Outcome and
Age

When we split the cohort by outcome and calculated the median spectrogram for each group (Fig. 4), we noticed
that both the observed narrowband activity and the rise in SEF90 were stronger and more persistent in the patients
who did not survive than in the patients who did. To a lesser extent, this same difference in narrowband activity is
seen between the children and infant populations (Fig. 5).

Our observations about the strength of the effects of arrest is also reflected in the changes in spectral edge
frequency. We observed that the change in median SEF90 from pre-arrest timepoints to peri-arrest timepoints is
160% larger in nonsurviving patients than in the whole cohort, and 95.5% larger in children (Fig. 6). Additionally, the
SEF90 returns to levels close to the original levels in surviving patients, but remains high in nonsurviving patients,
indicating that it is capturing a level of pathology.

4 Discussion

4.1 Changes in Alpha Delta Ratio Herald Clinical Decompensation

The ADR in both infants and children decreases from baseline in the minutes prior to cardiopulmonary arrest. This
change reflects a relative increase in delta-range frequencies which are seen with neurologic dysfunction. Thus, these
results suggest that there are CEEG markers of physiologic changes prior to the need for resuscitation. As the ADR
is a computed value that can be accessible at the bedside by non-neurologists, our results suggest that tracking the
ADR could provide additional neurologic monitoring for critically ill patients.

4.2 Observed EEG Spectral Patterns are Independent of CPR

Since the observed 2Hz narrowband structure is a strong effect occurring at the same time as CPR was being
performed on the patients, we wondered if perhaps it was just artifact caused by the CPR. To investigate this, we
compared the time domain EEG signals from each channel with their respective spectrograms, to see if artifact from
CPR could account for this structure. While we did observe CPR artifact as described by time domain studies
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Median Spectrogram Across All Surviving Patients & Channels
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Figure 4: Narrowband structure is stronger and more persistent in nonsurviving patients. Me-
dian spectrogram and SEF90, calculated across all channels in a) surviving patients, b) nonsurviving patients.

a) Median Spectrogram Across All Child Patients & Channels
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b)Median Spectrogram Across All Patients & Channels
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Figure 5: Narrowband structure is stronger in older patients. Median spectrogram and SEF90,
calculated across all channels in a) infant patients under 2 years old, b) child & adolescent patients 7 years
old and older.
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Figure 6: Median change in SEF90 reflects qualitative changes in spectrograms. Median spectral
edge frequencies at pre-arrest, peri-arrest, & post-arrest time points for each cohort.

(Schäuble et al, 2002; Sethi et al, 2008) in the patients, the CPR interventions overall did not correspond well with
the narrowband activity we observed. In some patients (e.g., Fig. 7a), the CPR lasts longer than the narrowband
activity. In other channels, the reverse is true (e.g., Fig. 7b). Some patients who did not receive CPR compressions
did exhibit the narrowband activity (Fig. 7c), and some patients who received CPR compressions did not exhibit
this activity (Fig. 7d). As a result, we can conclude that this narrowband activity spectral pattern is likely a true
physiological effect proximal to the time of arrest and not merely a result of CPR.

4.3 Age Difference in Observed EEG Activity Confounded By Survival Rate

We notes differences in the spectrogram patterns and SEF90 in children compared to infants, as well as surviving
patients compared to nonsurviving patients. These results indicate that there could be an age difference and an
outcome difference, but they are confounded by the survival rates of the two age cohorts. Four of the seven children
in the cohort did not survive their arrest, but only two of the nine infants in the cohort did not survive their arrest.
Since the effect is strongest between the surviving and nonsurviving populations, it seems more likely that this is an
effect related to outcome rather than related to age.

4.4 Observed EEG Activity Corresponds to Negative Outcomes

The changes that we see in the spectrogram at time of arrest clearly indicate that the brain electrophysiology is
changing in response to a dramatic change in hemodynamics caused by the arrest. This is consistent with previous
work which has noted changes in electrophysiology in the time domain. Reagan et al noted several patterns which
occur during cardiac arrest, including delta background activity and rhythmic delta activity (Reagan et al, 2018). In
this study, the authors used NIRS to provide a measurement of regional cerebral oxygen saturation (rSO2), and were
able to relate the observed electrophysiology to level of rSO2. They noted that delta background activity was only
present at rSO2 levels higher than 40%, which corresponded to a more positive overall outcome. Our observations
in the spectral domain support this - we observed a decrease in the background delta activity seen in the minutes
prior to arrest, which was more pronounced in nonsurviving patients (Fig. 4). This loss of low frequency power is
reflected in the sharp increase in SEF90 between pre-arrest timepoints and peri-arrest timepoints (Fig. 3). This loss
of low-delta power follows a decrease in the ADR, which indicates a loss of alpha power relative to delta power in the
EEG. This indicates increasing neurological dysfunction, which is further increased with the loss of low delta power
during the arrest.

In addition to a loss of low-delta power, we also see a broadband loss of power during and after arrest, especially
at timepoints 20-35 minutes after time of arrest in the nonsurviving patients (Fig. 4b). A broadband loss of power
such as this is an indication of an attenuation in EEG amplitude, known as suppression. In general, suppression
is associated with poor outcomes post cardiac arrest (Sadaka et al, 2015; Søholm et al, 2014). This can indicate a
general lack of cortical activity (Benghanem et al, 2022; Sandroni et al, 2020; Monteiro et al, 2016), and potentially
a lack of rSO2 (Reagan et al, 2018).
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Figure 7: Narrowband frequency structure cannot be explained by CPR artifact. Median spec-
trogram plots with CPR times indicated by the thick black line for 4 patients. a) Patient 1, who received 20
minutes of CPR. b) Patient 7, who did not receive CPR compressions due to being in ECMO cannulation
surgery at time of arrest. c) Patient 12, who received 1 minute of CPR. d) Patient 15, who received 4 minutes
of CPR.

10



In addition to the broadband and low-delta losses of power, the main activity we observed is highly synchronous,
characterized by a narrowband activity with a strong 2Hz rhythm. Often, rhythmic or periodic patterns such as this
are an indication of pathology. They can be an indication of epileptic activity (Maciel and Hirsch, 2018), and have
been specifically noted to correlate to negative outcomes post cardiac arrest (Benghanem et al, 2022; Sandroni et al,
2023; Rossetti et al, 2016). The rhythmic structures we observed during arrest are stronger in the nonsurviving group
than the surviving group, whose spectral activity was more diffuse throughout the arrest. This indicates that the
spectral pattern could be an indicator of worse outcomes, or of a more severe effect of the arrest on brain physiology,
and further confirms that these rhythmic patterns can be a useful indication of outcome for cardiac arrest patients.

In particular, Reagan et al noted rhythmic delta activity in their patients (Reagan et al, 2018), which is charac-
terized by a strong rhythm in the delta range. This could be similar to the narrowband activity we observed, with
its 2Hz rhythm firmly in the delta frequency band. However, they only observed it in 12.5% (n = 2/16) of their
patients, whereas we observed the 2Hz narrowband activity in 62.5% (n = 10/16) of our patients. This discrepancy
could be due to the differences in observing frequency activity in the time domain (as in (Reagan et al, 2018)),
and in the frequency domain as we have. The rhythmic delta activity observed by Reagan et al did not correspond
significantly to rSO2 as delta background activity did. By identifying this narrowband activity characterized by a
strong 2Hz rhythm associated with poorer outcomes, we set the stage for asking more specific questions about how
highly synchronized delta activity relates to outcome in cardiac arrest patients.

4.5 Practicality of EEG as a Prognostic Tool

CEEG captures information relating to the clinical status of the brain, and, therefore, can provide important infor-
mation related to survival of cardiopulmonary arrest and subsequent brain injury. Most researchers agree that using
EEG as a prognostic tool in cases of cardiac arrest is feasible (Roberti et al, 2023; Feng et al, 2016; Reagan et al,
2018; Benghanem et al, 2022), though there are still challenges to be addressed.

Artifact is a significant barrier to the interpretation of CEEG given the amount of interference from both patient
care and other machines used in the ICU (Chollet-Xémard et al, 2009; Dumans-Nizard et al, 2010; Nitzschke and
Schmidt, 2012), particularly in the time domain. As we addressed in section 4.2, however, the artifact from CPR did
not interfere significantly with the large scale frequency features we observed. Even in the time domain, researchers
have found that CPR artifact is often limited to a few channels and has a stereotyped form (Schäuble et al, 2002;
Sethi et al, 2008). When CPR artifact can be identified, it can be ignored or removed for the prognostic analysis of
the data.

Another challenge in using EEG as a prognostic tool is the difficulty of connecting EEG leads while the patient
is undergoing CPR, particularly in out of hospital cardiac arrests. This is an ongoing challenge, though Reagan et al
conducted promising work using a 4-lead EEG system which was applied to the patients’ foreheads at time of CPR.
To test the potential for using a smaller montage, we calculated the median spectrogram and SEF90 for the surviving
and nonsurviving patients using only the 4 frontal and anterior temporal leads, montaged to the first 3 channels of the
standard transverse bipolar montage TB-18.1 (Acharya et al, 2016). As shown in Fig. 8, the structures we observed
with the full montage data are also present in the frontal lead only data, indicating that these results are robust to
a reduction to frontal leads only. In hospital cardiac arrests may also benefit from this simplified EEG system as a
useful tool for prognosis in cardiac arrest cases.

Studies have found that vital sign changes trended over time can signal an impending in-hospital cardiopulmonary
arrest even 20 minutes prior to clinical decompensation (Kennedy et al, 2015). Cerebral near-infrared spectroscopy
(NIRS) has become a standard monitoring modality in the PICU to allow for neurologic monitoring in critically
ill children. NIRS measures regional oxyhemoglobin saturation which has been correlated with SVC oxygenation
(Loomba et al, 2022), increased lactate levels (Chakravarti et al, 2009) and, therefore, global tissue perfusion. How-
ever, population limitations have been noted with this modality, particularly children with congenital heart disease
and profound cyanosis (Finucane et al, 2020). This poses a significant limitation in utility as these population repre-
sent an important part of infants and children in the ICU. Given the variable sensitivity and the specificity of NIRS
as well as the complexity of neurologic response to critical illness, successful neurologic monitoring in the ICU likely
lies within a robust multimodality monitoring system (Finucane et al, 2020; Massey et al, 2024). We believe that
the prognostic information given by EEG monitoring prior to, during, and in the wake of cardiopulmonary arrest
demonstrates the value of including CEEG in such a multimodal monitoring system.

4.6 Limitations

This was a retrospective analysis of children who experienced cardiopulmonary arrest while undergoing EEG mon-
itoring, and thus is limited in several aspects. First, this is a low-n study and should be extended to analysis in
a larger population. Second, due to the low number of patients, there is a confound present in the age difference
analysis since many of the older children did not survive their arrests, and many of the infants did. Finally, all the
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Figure 8: Results remain consistent when limited to frontal leads only. Median spectrogram and
SEF90, calculated across the four frontal channels in a) surviving patients, b) nonsurviving patients.

patients had existing medical conditions prior to arrest indicating a need for EEG monitoring. Given the limited
size and heterogeneous nature of the current cohort, further studies are needed for replication and generalizability of
these findings.

4.7 Future Directions

This work can be extended in a few different ways. Larger studies with more subjects should examine the frequency-
domain characteristics of EEG prior to and during cardiopulmonary arrest in order to understand the utility of CEEG
in neurologic monitoring of patients at risk for cardiopulmonary decompensations, to understand the significance of
rhythmic patterns in patients who experience an arrest event, and to investigate a potential age difference without
the confound of survival rate. Additionally, this work sets the stage for more general questions about the brain’s
relationship to hemodynamics. Understanding how patterns in electrophysiology during cardiac arrest relate to
patterns in electrophysiology during less extreme events can help us gain a better understanding of the relationship
between the heart and brain more generally.

4.8 Conclusion

In conclusion, we have characterized frequency structures observed surrounding cardiopulmonary arrest in infants
and children. By noting these changes in electrophysiology, we can conclude that brain activity is indeed linked
to hemodynamics, and is significantly disrupted in cases of extreme reduction in cerebral blood flow. Further in-
vestigation of these responses, in both cardiac arrest and less severe clinical decompensations, can lead to greater
understanding of how the brain responds to systemic changes. Additionally, we associated the strength of certain
frequency structures with worse outcomes post-arrest. Understanding the prognostic significance of these trends can
be useful in understanding the ways in which the brain recovers from hemodynamic instability, subsequent neurologic
injury, and in identifying patients who require more aggressive care than others.
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