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Abstract

Aims—Cardiac arrest (CA) is a major cause of mortality and survivors often develop neurologic 

deficits. The objective of this study was to determine the effect of CA and cardiopulmonary 

resuscitation (CPR) in mice on the EEG and neurologic outcomes, and identify biomarkers that 

can prognosticate poor outcomes.

Main methods—Video-EEG records were obtained at various periods following CA-CPR and 

examined manually to determine the presence of spikes and sharp-waves, and seizures. EEG 

power was calculated using a fast Fourier transform (FFT) algorithm.

Key findings—Fifty percent mice died within 72 hours following CA and successful CPR. 

Universal suppression of the background EEG was observed in all mice following CA-CPR, 

however, a more severe and sustained reduction in EEG power occurred in the mice that did not 

survive beyond 72 hours than those that survived until sacrificed. Spikes and sharp wave activity 

appeared in the cortex and hippocampus of all mice, but only one out of eight mice developed a 

purely electrographic seizure in the acute period after CA-CPR. Interestingly, none of the mice 

that died experienced any acute seizures. At 10 days after the CA-CPR, 25% of the mice 

developed spontaneous convulsive and nonconvulsive seizures that remained restricted to the 

hippocampus. The frequency of nonconvulsive seizures was higher than that of convulsive 

seizures.
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Significance—A strong association between changes in EEG power and mortality following 

CA-CPR were observed in our study. Therefore, we suggest that the EEG power can be used to 

prognosticate mortality following CA-CPR induced global ischemia.
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Introduction

The occurrences of seizures, as well as the appearance of spikes/sharp waves and 

epileptiform discharges on electroencephalogram (EEG) are indicative of a hyperexcitable 

state of the brain; these aspects, along with other characteristic changes in the EEG, have 

been used to prognosticate outcomes in patients following cardiac arrest (CA). The 

incidence of nonconvulsive seizures (purely electrographic seizures) is reported to be 

between 9 and 30% in patients following CA, and has been associated with very high 

mortality [1,2]. Similarly, suppressed EEG background, burst suppression pattern and, status 

epilepticus predict poor outcome in the survivors of CA [2–5]. Short EEG records of CA 

patients are therefore increasingly being obtained across the clinics. However, studies 

suggest that to determine the correct frequency of seizures, the majority of which are 

nonconvulsive, longer duration continuous EEG monitoring is necessary [6]. Claassen and 

colleagues observed 37% more seizures by the end of 48 hours of EEG monitoring than in 

the 1st hour of EEG record [6].

The survival mouse model of CA and cardiopulmonary resuscitation (CPR) developed by 

Kofler and colleagues closely replicates the clinical situation that leads to global cerebral 

ischemia, and its outcome features, such as brain injury pattern and long-term behavioral 

deficits [7]. To further characterize this model, we continuously monitored mice by time-

locked video and EEG for 72 hours to determine whether the mice develop EEG 

abnormalities and seizures following CA-CPR procedure. In addition, video-EEG records 

were acquired at various time intervals 3 days after the CA-CPR to determine if these mice 

develop spontaneous seizures in later life.

Methods

Experimental animals

All experimental protocols in this study were approved by the Institutional Animal Care and 

Use Committee and conformed to the National Institutes of Health guidelines for the care 

and use of animals in research. Eight 6–12 week old male C57BL/6 mice weighing 20–25g 

(Charles River Laboratory, Hollister, CA) were utilized for this study. Mice were housed in 

temperature (18–21° C) and light-controlled rooms (12h light/dark cycle; light on at 07:00 

AM) with standard rodent food and water available ad libitum.

Electrode Implantation

To record EEG from mice (N=8, 6–12 weeks old), one stainless steel screw was placed over 

the motor cortex of each hemisphere, and an insulated stainless steel electrode was placed in 
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CA1 region of the right hippocampus. The following stereotaxic coordinates were used for 

electrode implantation in CA1 area: anterior posterior = −2.30mm, mediolateral=1.5mm, 

dorsoventral=1.3mm [8]. The electrode assembly was fixed to the skull with dental acrylic 

cement. The mice were anesthetized with ketamine (90mg/kg) and xylazine (10mg/kg). 

Isoflurane was utilized as required to maintain the mouse under proper anesthesia. Lidocaine 

(1%) was injected locally at the surgery site to minimize the incision pain. Animals were 

treated post-operatively with an analgesic (Banamine) once every 12h for 48h.

CA-CPR procedure

Two weeks after electrode implantation, mice were subjected to CA-CPR as previously 

described [7,9]. In brief, anesthesia was induced with 3% isoflurane and maintained with 1–

1.5% isoflurane in O2 enriched air via face mask. Head and body temperatures were 

monitored simultaneously via rectal and tympanic probes. Drug was administered through a 

catheter inserted into the right internal jugular vein and flushed with heparinized 0.9% 

saline. The mice were then endotracheally intubated and connected to a mouse ventilator 

(Minivent, Hugo Sachs Elektronik, March-Hugstetten, Germany) set to a respiratory rate of 

160/min. Cardiac arrest was induced by injection of 50 µl 0.5 M KCl via the jugular catheter, 

and confirmed by both the appearance of asystole on the EKG monitor and the lack of 

spontaneous breathing. The endotracheal tube was disconnected from the ventilator and 

anesthesia was stopped. Body temperature was maintained at 35°C during CA, and head 

temperature increased to 37.5 °C. Eight minutes after induction of CA, CPR was begun by 

injection of 0.5–1ml epinephrine solution (16 µg/ml, 0.9% saline), chest compressions at a 

rate of 300/min, and ventilation with 100% oxygen at a respiratory rate of 200/min. Cardiac 

massage was discontinued immediately upon restoration of spontaneous circulation. 

Confirmation of return of circulation was assessed by the reappearance of electrical activity 

on the ECG monitor, and observation of the chest for visible cardiac contractions, which was 

an indication that electrical activity of the heart was accompanied by appropriate mechanical 

activity. CPR was stopped and animal excluded from experiment if circulation was not 

restored within 2.5 minutes.

Video-EEG recording

EEG signals synchronized with digital video were recorded using the Stellate Harmonie 

system (Natus Medical, San Carlos, CA, USA). EEG data were collected with a sampling 

rate of 1,000 Hz and stored on hard disk for offline analysis. A 24 hour baseline video-EEG 

recording was obtained before the mouse was subjected to CA-CPR. Beginning 8–10 

minutes after completion of the CA-CPR procedure, the mice were continuously monitored 

by video-EEG for 72 hours, and for 24 hours continuously at 10, 20 and 28 days after the 

CA-CPR.

Seizure Characterization

Video-EEG records were analyzed manually by the first author (LW) of the current 

manuscript to determine the presence of spikes and sharp waves, and electroclinical and 

purely electrographic seizures in the mouse following CA-CPR procedure. All events 

identified by LW were checked for accuracy by the last author (YR), an epilepsy researcher 

who has considerable experience in animal EEG and seizure analysis. Spikes and sharp 
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waves were counted for the first 30 minutes after CA-CPR, but the increase in spikes/sharp 

waves during the first 48 hours is quite profound. Spikes or sharp waves were defined as 

brief high amplitude sharply contoured waveforms with duration of 20–200 msec [10]. For 

this study, electroclinical seizures were defined by an EEG pattern that differed from the 

background in either amplitude, frequency, or both; evolved over time; contained spikes or 

sharp waves lasting 10 seconds or more; and were associated with a change in the mouse’s 

behavior [10]. Seizures observed in the EEG that were not associated with a video behavior 

correlate were defined as electrographic seizures.

Power spectrum analysis

EEG powers were calculated using a fast Fourier transform (FFT) algorithm written using 

Visual Basic (Microsoft, Redmond, WA, U.S.A.) subroutines by an author (AW) who was 

blinded to the identity of animals. A rectangular window was used with epoch sizes of 

32768 points (sampling rate 1,000 Hz) or about 32 seconds. Epoch powers for a particular 

frequency band (delta = 1–4 Hz, theta = 4–8 Hz, alpha = 8–13 Hz and beta/gamma = 13–30 

Hz), within a particular hour, where then averaged. The average power for each hour and 

frequency was computed for the 15 h baseline, the immediate post-CA-CPR period, as well 

as for periods greater than 24 hours after CA-CPR. The relative EEG power in each 

frequency band was calculated by dividing the power in each one hour post-CA-CPR 

interval by the average baseline EEG power for that particular EEG band. Total relative 

power was expressed as the sum of each 30 h epoch for each frequency.

Statistical analyses

GraphPad Prism 5 statistical software (GraphPad Software Inc., San Diego, CA, U.S.A.) was 

used for statistical analysis. A paired t-test was used to compare pre- and post-CA-CPR 

spike/sharp wave counts for each channel, and total raw power in baseline and post-CA-CPR 

EEG. An unpaired t-test was used to identify statistical differences in relative EEG power 

values between mice that died and the mice that survived.

Results

Mortality, spikes and sharp waves, and seizures

Eight animals were implanted to obtain EEG recordings and underwent the CA-CPR 

procedure. Following CA-CPR, one mouse died by 48 hours, and three more died by 72 

hours. The remaining mice were analyzed long-term. See Table 1 for a summary of results. 

A visually obvious decrease in EEG voltage (background suppression), and presence of 

spikes and sharp waves was observed following CA-CPR procedure in all mice (Fig. 1). A 

statistically significant increase in spikes and sharp waves was observed in all three brain 

regions (left and right cortex, and right hippocampus) post-CA-CPR when compared to 

baseline (p<0.01). One mouse experienced a single electrographic seizure in the immediate 

period after CA-CPR. Seizures (nonconvulsive or electroclinical) were not observed in any 

of the mice that died within 48–72 hours after the CA-CPR procedure. One mouse (out of 

four mice that underwent long-term monitoring) experienced two electroclinical seizures 

(freezing behavior associated with epileptiform activity in the EEG; Fig. 2) and five purely 

electrographic/nonconvulsive seizures 10 days after CA-CPR. Interestingly, epileptiform 
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activity was observed in the hippocampal lead, but not in cortical channels during all 

nonconvulsive and clinical seizures. None of the mice were observed to experience any type 

of seizure activity 20 and 28 days after the CA-CPR.

EEG power

Voltage suppression of the background EEG was evident in both cortices and hippocampus 

of all eight mice in the acute period following CA-CPR. Quantitative analyses showed a 

significant reduction in the total EEG power in both groups of mice, the ones that died 

within 72 hours after CA-CPR and those that survived until the end of the experiment (Fig. 

3A–C). Further analysis of EEG power revealed that the mice that did not survive had more 

reduction in EEG power across all three channels in theta, alpha and beta frequency band 

than the mice that did not die (Fig. 3D–F). Interestingly, both groups of mice had a similar 

reduction in EEG voltage during the first few hours after the CA-CPR procedure, however, 

in the mice that died the EEG power further decreased and remained low for the remaining 

period of life (Fig. 3 G–I).

Discussion

The strength of our study is the use of continuous video-EEG monitoring to identify EEG 

abnormalities and seizures in a mouse model of CA-CPR. Video-EEG is now considered the 

“gold standard” technique to accurately evaluate seizure frequency. In the absence of EEG 

monitoring, nonconvulsive seizures, which occur frequently following hypoxic/ischemic 

brain injury, will be missed. Further, because a short duration video-EEG record is likely to 

underestimate the actual seizure frequency, a continuous video-EEG monitoring for 24–72 

hours is recommended for patients with acute brain injury [11]. Thus, using continuous 

video-EEG monitoring here, we demonstrate that our method of CA-CPR in mice results in 

suppressed EEG background, spike and sharp wave activity, and seizures, the majority of 

which were nonconvulsive.

A good animal model that replicates the age of onset, etiology, pathophysiology and 

outcome of the disease is necessary to identify the precise mechanism of the disease and 

design an effective treatment paradigm. The animal model used in the current study closely 

replicates etiology of the CA-CPR induced global ischemia. The mortality rate observed in 

the present study is very similar to what has been observed in clinics in CA patients who 

survive the initial resuscitation [12]. The current study shows that our model also reproduces 

EEG and seizure characteristics of the disease. For example, in addition to EEG voltage 

suppression, spikes and sharp activity, more subclinical seizures than convulsive seizures 

were observed in our model. Interestingly, suppression of background EEG and increase in 

spike activity occurred in both the cortices and in the hippocampus, however, the seizure 

activity was restricted only to the hippocampus. It has been shown that these mice have 

hippocampal cell loss and impaired synaptic plasticity that may have been the result of 

ischemia-induced excessive excitation [7,13,14]. Earlier studies have also shown that the 

mouse model used in the current study replicates brain injury patterns and neurological 

deficits of human disease condition [7,15].
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Approximately 80% of the CA patients remain in coma for varying period after CPR, and 

about half of them do not awake from the coma [16]. Physicians are in need of tools that can 

help them accurately prognosticate the outcome so that they can determine when to 

withdraw life support of comatose patients with no hope of recovery. A number of methods, 

such as neurologic examination, somatosensory evoked potential, biochemical markers, 

brain imaging, and characteristic changes in EEG have been suggested to predict the 

outcome with varying degree of accuracy [17]. For example, a consistently low amplitude 

EEG in CA-CPR patients have been found to be positively associated with adverse outcome 

[5]. In a more recent prospective study, low-voltage or isoelectric EEG patterns predicted 

poor neurologic outcome with 40% sensitivity and 100% specificity [18]. In the current 

study, suppression of the EEG background following CA-CPR occurred in all mice; but, the 

post-CA-CPR EEG voltage remained consistently low in the mice that did not survive. 

However, unlike human studies wherein CA patients with nonconvulsive seizures have a 

very poor survival rate [2], in our study, none of the mice that died within 72 hours after CA-

CPR had subclinical seizures, and one mouse with a subclinical seizure survived until the 

end of the study. Thus, our results suggest that EEG power may more accurately predict the 

outcome than non-convulsive seizures.

There are some limitations to the current study, which may result in an underestimate of the 

number of seizures. Most of this is a result of our inability to monitor continuously for 

months at a time due to the cost of monitoring and analysis. In our study, at chronic time 

points after CA-CPR, mice were monitored by video-EEG for only 24 hours. Moreover, 

seizures tend to occur in clusters, followed by a period with no seizures, resulting in a hit or 

miss results. Further, recordings were only carried out up to 28 days; hence, seizures also 

would have been missed if the latency was longer than 28 days.

Conclusions

In this article, we show that CA-CPR in mice results in suppression of the background EEG, 

spike and sharp wave activity, and seizures. In addition, our results suggest that changes in 

EEG power can be used as a biomarker to predict mortality after CA-CPR. However, with 

the advent of therapeutic hypothermia as a standard of care in patients with hypoxia-

ischemia, it will be critical to evaluate whether hypothermia affects the association between 

low EEG power and mortality.
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Figure 1. 
Representative EEG tracings from a mouse that had undergone CA-CPR procedure. (A) The 

tracings show EEG from left frontal cortex (L-Cx), right frontal cortex (R-Cx), and right 

CA1 region of the hippocampus (R-Hp) obtained before the CA-CPR procedure. 

Behaviorally, the mouse was awake, but not moving. (B) A representative EEG epoch from 

the same mouse 27 minutes after CA-CPR show train of spikes/sharp waves in all the three 

brain regions, but more prominently in the hippocampus, superimposed on the suppressed 

EEG background. During the spike/sharp wave activity the mouse was lying motionless. Lt 

= left, Rt = right, Cx = cortex, Hp = Hippocampus, S = seconds, V = volts.
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Figure 2. 
Representative EEG tracings during a spontaneous clinical seizure in a mouse following 

CA-CPR procedure. During the seizure, ictal activity was observed in the hippocampal EEG, 

but not in cortical leads. The ictal activity was associated with freezing behavior. A 

magnified excerpt of a part of hippocampal ictal activity marked by a bar (1) is provided 

below the compressed R-Hp EEG seizure activity. Lt = left, Rt = right, Cx = cortex, Hp = 

Hippocampus, S = seconds, V = volts.
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Figure 3. 
The mice that died within 72 hours following CA and successful CPR had lower power in 

post-CA-CPR EEG than the mice that survived until sacrificed after completion of the 

experiment. (A, B, C) A significant reduction in total EEG power was observed following 

CA-CPR in both groups of mice, the mice that died during the acute post-CA-CPR period 

and the mice that survived. The mice that did not survive had significantly lower relative 

EEG power in 1–50 Hz frequency band in (D) left and (E) right cortex, and (F) right 

hippocampus than the mice that survived beyond the acute period. (G, H, I) Both groups of 

mice had initially similar reduction in power after the CA-CPR procedure, however, unlike 

in the mice that died within 72 h after CA-CPR, the relative EEG power increased over time 

across all three channels in mice that survived until the end of the experiment. n for mice 

survived group: left cortex = 4, right cortex = 4, right hippocampus = 3; n for mice died 

group: left cortex = 4, right cortex = 3, right hippocampus = 4. Due to suboptimal quality of 

EEG record, the data from right hippocampus of one of the surviving mice, and right cortex 

of a mouse that died, was not included in the final power analysis. *p<0.05; **p<0.005, 

***p<0.0005. Data shown is mean ± s.e.m.
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