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a b s t r a c t

Aim: We tested the hypothesis that early recovery of cortical SEP would be associated with milder

hypoxic–ischemic injury and better outcome after resuscitation from CA.

Methods: Sixteen adult male Wistar rats were subjected to asphyxial cardiac arrest. Half underwent 7 min

of asphyxia (Group CA7) and half underwent 9 min (Group CA9). Continuous SEPs from median nerve

stimulation were recorded from these rats for 4 h immediately following CA, and at 24, 48, and 72 h.

Clinical recovery was evaluated using the Neurologic Deficit Scale.

Results: All rats in group CA7 survived to 72 h, while only 50% of rats in group CA9 survived to that time.

Mean NDS values in the CA7 group at 24, 48, and 72 h after CA were significantly higher than those

of CA9. The N10 (first negative potential at 10 ms) amplitude was significantly lower within 1 h after

CA in rats that suffered longer CA durations. SEPs were also analyzed by separating the rats into good

(NDS ≥ 50) vs. bad (NDS < 50) outcomes at 72 h, again showing significant difference in N10 and peak-to-

peak amplitudes between the two groups. In addition, a smaller N7 potential was consistently observed

to recover earlier in all rats.

Conclusions: The diminished recovery of N10 is associated with longer CA times in rats. Higher N10

and peak-to-peak amplitudes during early recovery are associated with better neurologic outcomes. N7,

which may represent thalamic activity, recovers much earlier than cortical responses (N10), suggesting

failure of thalamocortical conduction during early recovery.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Approximately 450,000 Americans suffer cardiac arrests (CA)

annually, with 80% of them occurring out-of-hospital.1 The survival

rate of out-of-hospital CA is less than 10%.2 Brain injury remains a

leading cause of morbidity, with only 3–7% of survivors returning

to their previous levels of function.2

Currently, neuroprotective therapies such as hypothermia are

applied without objective measures of neuronal function or thera-

peutic response. Though electroencephalography (EEG) remains a

mainstay of neurologic monitoring, it is susceptible to external fac-

tors such as anesthesia, medications, or temperature. There exists

a strong need to develop robust, noninvasive neurophysiologic

markers that can be used to optimize neuroprotective treatments

� A Spanish translated version of the abstract of this article appears as Appendix

in the final online version at doi:10.1016/j.resuscitation.2010.03.030.
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in real-time. To achieve this goal, the evolution of neurophysiologic

signals must first be defined.

Previous experiments indicate that synchronous activity

between the thalamus and cortex is necessary to maintain

consciousness.3 Neuronal injury from global hypoxia may con-

tribute to coma by disrupting these thalamocortical circuits.4

Prolonged thalamocortical dissociation (for up to 90 min) has been

reported in rats that experienced severe asphyxial CA of 7 min

duration.5 We believe that faster resolution of this thalamocorti-

cal dissociation is pivotal to neurological recovery. Somatosensory

evoked potentials (SEP) analyze integrity and function of thala-

mocortical circuits because these signals are conducted through

the thalamic ventral posterolateral (VPL) nucleus to the primary

sensory cortex. Previous work has demonstrated the existence

of a matrix of specialized neurons in the thalamus which are

implicated in thalamocortico–thalamic interactions necessary for

consciousness.6 These neurons are abundant in the VPL nucleus,

making it a good target for functional studies.6

SEPs have been extensively studied for evaluation of neurologic

function after resuscitation and are the most accurate neurophysi-
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ologic predictor of poor outcome after CA. The bilateral absence of

the N20 response (the primary somatosensory cortical response to

median nerve electrical stimulation with a latency of 20 ms) reliably

predicts poor neurologic outcome.7–9 While the current application

of SEP is as a static measure of prognosis (i.e. presence or absence

of N20 at 24–72 h), the evolution of the SEP signal during the early

stages of recovery from CA has not been characterized nor stud-

ied in relation to outcomes.10 Previous studies have indicated that

early measurement of SEP (less than 3 h after CA) may be predictive

of neurologic outcome in humans.11

Using a well-studied and validated model of graded asphyx-

ial CA in rats, we tested the hypothesis that SEP signal would

recover at measurably different rates depending on the extent of

hypoxic–ischemic injury.12,13 Furthermore, we tested the hypoth-

esis that neurologic outcomes could be predicted by examining the

extent of SEP recovery during the early stages of post-CA recovery.

2. Materials and methods

2.1. Asphyxia rat model of CA and resuscitation protocol

All use of rodents was approved by the Johns Hopkins School

of Medicine Animal Care and Use Committee. Sixteen male Wis-

tar rats (350 ± 25 g) underwent experimentation using an asphyxia

model of CA, as previously described. Eight rats underwent 7 min

of asphyxia, and 8 rats underwent 9 min of asphyxia. All rats were

allowed free access to food and water, and were housed in a tem-

perature controlled environment with regular day–night cycles.

Rats were intubated and mechanically ventilated using a

pressure controlled ventilator (Kent Scientific). Anesthesia was

achieved using 1.5% isoflurane in a 50% N2/50% O2 carrier gas.

Throughout the entire CA protocol, rats were kept normother-

mic (37 ± 1 ◦C) using a thermo-regulated heating pad (Physitemp

Instruments) based on rectal probe temperatures. The femoral

artery and vein just distal to the inguinal ligament were canu-

lated in order to obtain arterial blood gases (ABG), monitor blood

pressure, and provide drugs. An initial ABG was checked to ensure

appropriate ventilation and oxygenation. Ventilator adjustments

were made to normalize the ABG before proceeding with the pro-

tocol. Following 15 min of baseline SEP recording, isoflurane was

turned off for 5 min prior to cessation of mechanical ventilation and

clamping of the breathing circuit. During the last 2 min of isoflu-

rane washout, 2 mg/kg of vecuronium was administered and the

gas mixture was switched to room air. Time to CA (from start of

asphyxia to mean arterial pressure <10 mmHg) was recorded. Total

asphyxia time for each rat was either 7 or 9 min. Cardiopulmonary

resuscitation (CPR) was performed with external chest compres-

sions, mechanical ventilation, and intravenous epinephrine and

sodium bicarbonate boluses. Isoflurane was restarted at 0.5% after

45 min to maintain animal comfort during ongoing SEP measure-

ments, and was titrated up to 1.5% as needed.

2.2. Data recording and SEP stimulation

One week prior to CA, each rat was implanted with 5 epidural

screw electrodes placed over the primary somatosensory cortices

of the fore and hind limbs, and a ground electrode over the right

frontal lobe. Electrodes were implanted to a depth such that light

contact with the dura matter was made without penetration into

the brain. Electrodes, wires, and the exposed skull were covered

by dental cement. SEP signals were recorded using Tucker Davis

Technologies (TDT) data acquisition systems and software. Stimu-

lation of the median nerves was achieved through insertion of two

pairs of 1 cm stainless steel needle electrodes in the distal fore-

limbs. Direct current stimulation was applied with pulse duration

Table 1
Animal characteristics by experimental group (mean ± SD). Time to CA defined from

start of asphyxia to mean arterial pressure <10 mmHg. Time to return of spontaneous

circulation (ROSC) measured from start of CPR.

7 min (CA7) 9 min (CA9) p-Value

Weight (g) 363 ± 12 358 ± 12 0.23

Mean time to CA (s) 182 ± 33 188 ± 35 0.37

Mean time to ROSC (s) 27.9 ± 2.7 30.7 ± 1.9 0.02

Baseline ABG

pH 7.44 ± 0.02 7.46 ± 0.04 0.18

pCO2 41.1 ± 5.4 37.7 ± 8.7 0.40

pO2 204.8 ± 36.4 178.6 ± 49.9 0.30

HCO3 27.6 ± 3.4 26.4 ± 4.5 0.60

of 200 �s, 0.6 mA, and frequency of 0.5 Hz. Signals were sampled

at a frequency of 6.1 kHz. Along with SEP data, ECG and continuous

arterial blood pressure waveforms were also recorded. Baseline SEP

signals were recorded for 15 min prior to CA. Continuous SEP signals

were then recorded from 5 min prior to asphyxia to 1 h after ini-

tiating CPR. Subsequently, SEP was recorded in alternating 15 min

blocks for the remainder of the first 4 h after CPR. After the initial 4 h

period, the rats were returned to their cages and were allowed free

access to food and water. Subsequent recordings of 15 min duration

were made at 24, 48, and 72 h after CPR.

2.3. Clinical evaluation

Rats were clinically evaluated by serial Neurologic Deficit Scale

(NDS) assessments at 24, 48, and 72 h after CPR. The NDS has

been previously validated as an outcome measure in rats after

global hypoxic–ischemic injury. It is fashioned after a standard

human neurologic exam and incorporates elements of outcome

scales for rats, dogs, and piglets.12 The NDS score ranges from 0

to 80, where 80 represents a neurologically normal rat (Table 1). As

with previous studies, the primary outcome measure was defined

as NDS score at 72 h, and rats that died prior to the evaluation were

assigned a score of 0.

2.4. Signal analysis methods

Traditional signal analysis methods were used to analyze the

acquired SEPs. Recorded SEPs were averages of 20 single sweeps.

During final analysis, SEPs were averaged over a 6-min period (180

sweeps) at regular time intervals for peak detection. Signals were

analyzed using MATLAB to determine the amplitudes and laten-

cies of the initial significant negative (upward deflection) potential.

Automatic peak-detection algorithms were used to aid in this pro-

cess. This potential is referred to as the N10, given its approximate

latency of 10 ms. This N10 potential likely represents signal from

the primary somatosensory cortex triggered by afferent stimula-

tion relayed through the thalamic VPL nucleus, equivalent to the

human N20. Previous studies have demonstrated an initial cortical

response between 7 and 13 ms latency in rats.5,14–16 The amplitude

of N10 is normalized to the baseline signal recorded just prior to the

initiation of the CA protocol. The latencies were measured from the

time of the stimulus artifact seen on the recorded signals, and were

normalized before analysis. When a N10 peak was not detected,

the latency was excluded from statistical analysis. Other important

peaks, the N7 (negative potential at 7 ms latency) and P15 (positive

potential at 15 ms latency), were detected and analyzed using sim-

ilar methods as the N10. Peak-to-peak amplitudes were calculated

as the difference between N10 and P15.

2.5. Statistical analysis

Based on preliminary experiments, we estimated that a total

sample size of 16 rats would be needed to generate significant
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Fig. 1. Serial individual and mean (line) NDS scores at 24, 48, and 72 h after cardiac

arrest of 7 and 9 min CA rats.

results. Comparison of NDS scores between the two experimental

groups was performed using the Mann–Whitney test. This test is

equivalent to the Student’s t-test for parametric distributions but

does not assume normality of population samples. Comparisons

of SEP amplitudes and latencies were performed using Student’s

t-test, one-tailed, assuming unequal variances. Repeated measures

analysis of variance (ANOVA) was also performed on the SEP ampli-

tudes. A p-value of less than 0.05 was considered statistically

significant for the above tests.

SEP amplitudes and latencies of rats that underwent 7 min vs.

9 min of asphyxia were compared. In order to correlate NDS and

SEPs, we also compared rats dichotomized to good (NDS ≥ 50)

vs. bad (NDS < 50) outcomes at 72 h. Since this cohort of rats

all experienced severe asphyxial CA without induced hypother-

mia, outcomes were skewed toward lower NDS scores than prior

cohorts. We, therefore, chose a NDS cutoff of 50 in order to pro-

duce balanced sample sizes in the 2 groups. The NDS cutoff of 50

also dichotomizes rats into 2 functionally distinct groups. Rats with

NDS < 50 were immobile and reacted minimally to environmental

stimuli. Rats with NDS > 50 generally retained some mobility and

reacted briskly to stimuli.

3. Results

Sixteen rats were included in the experiment; 8 rats were ran-

domly selected for 7 min asphyxia duration (Group CA7) and the

other 8 rats were selected for 9 min asphyxia (Group CA9). Charac-

teristics of the rats in each group are summarized in Table 1.

All rats in group CA7 survived to 72 h, while only 4 rats in group

CA9 survived to that time. NDS scores were assessed at 24, 48, and

72 h after CA, which are shown by group and time in Fig. 1. As a

group, CA7 neurologic outcomes were better than CA9 on all days.

Mean ± SD NDS values in the CA7 group at 24, 48, and 72 h after CA

were 58.6 ± 10.4, 61.6 ± 11.5, and 63.5 ± 12.4; while in group CA9,

they were 41.3 ± 6.9 (p-value 0.002), 51.0 ± 2.8 (p-value 0.040), and

54.5 ± 5.0 (p-value 0.019), respectively.

The primary measures of SEP signal recovery were N10 ampli-

tude and latency. Peak-to-peak amplitudes were also analyzed for

correlation with neurologic outcomes as measured by the NDS at

72 h. One rat’s SEP data from the CA9 group was excluded from

statistical analysis because it did not exhibit normal baseline SEP

signals (i.e. distorted N10 and P15 bilaterally).

When comparing groups CA7 and CA9, the N10 amplitudes

were similar, with the CA7 group showing slightly higher ampli-

tudes during the early period after ROSC. The differences in means

achieved significance at 25 and 40 min after onset of asphyxia, with

Fig. 2. Means of N10 (a) amplitudes and (b) latencies between rats that underwent

7 min vs. 9 min of asphyxial CA. *p = 0.02, **p = 0.01, and ***p = .005.

Student’s t-test p-values of 0.016 and 0.023, respectively (Fig. 2a).

The normalized N10 latencies, as measured from the onset of the

median nerve stimulus, were not significantly different between

groups CA7 and CA9 (Fig. 2b).

Next, we tested for correlations between SEP and neurologic

outcomes using the NDS score. Rats were divided into 2 groups

based on NDS scores at 72 h. Group 1 (G1) contained all rats with

NDS of 50 or greater at 72 h and Group 2 (G2) contained the

remaining rats, including the ones that died prior to the final NDS

assessment at 72 h. This division produced a G1 size of 9 rats,

and a G2 size of 7 rats. As described above, 1 G2 rat’s SEP was

excluded from statistical analysis due to aberrant baseline signals.

N10 amplitudes of the G1 rats were significantly higher at most

time points during the initial 4 h period after CA (Fig. 3a). Peak-to-

peak amplitude measurements were also analyzed, which showed

similarly significant differences between groups G1 and G2 (data

not shown). The N10 latencies did not show any significant dif-

ference between G1 and G2 (Fig. 3b). Using repeated measures

ANOVA, there was a significant difference between N10 amplitudes

in G1 and G2 during the initial 4 h period (p = 0.05). Repeated mea-

sures ANOVA also detected a significant difference in peak-to-peak

amplitudes between the two groups between 2 and 4 h (p = 0.02).

Finally, an additional negative potential at approximately 7 ms

latency (N7) was consistently detected. During baseline record-

ings, this signal was often obscured by the rising slope of the much

larger N10 potential. However, after the N10 was suppressed by

hypoxic–ischemic brain injury, the N7 became more apparent dur-

ing the early stages of recovery (0–60 min after CA). It is notable

that, though the N10 recovered after a mean interval of 67 min

post-CA, the N7 recovered much earlier. The mean interval prior

to return of any measurable N7 signal was 15.1 ± 2.7 min for group

CA7, and 19.6 ± 6.1 min for group CA9 (p-value = 0.007). Comparing

the return of N7 based on outcomes (G1 vs. G2), the mean interval

prior to N7 recovery was 16.3 ± 3.4 min for G1 and 18.7 ± 6.8 min for
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Fig. 3. Post-CA N10 (a) amplitudes and (b) latencies between G1 and G2. Statistically

significant differences denoted by asterisks. *p = 0.02, **p = 0.01, and ***p = 0.005.

G2 (p-value = 0.12). The evolution of the two potentials is demon-

strated in Fig. 4. N7 amplitude could not be reliably measured

because the potential becomes obscured by recovery of N10.

Based on continuous measurement of SEPs after CA, the recovery

of potentials can be summarized in the following way: (1) electrical

silence during and immediately after CA; (2) reappearance of the

N7 signal without other distinguishable short-latency potentials

at 10–25 min after start of CA; (3) slow recovery of major short-

latency potentials (N10, P15) at 25 min to 4 h; (4) gradual recovery

of potentials approaching baseline morphology and amplitude by

24–72 h. This pattern of SEP evolution was seen in virtually all rats

(Fig. 5).

4. Discussion

The present study supports the hypothesis that SEP sig-

nals evolve at different rates depending on the extent of

hypoxic–ischemic injury after CA. The experiment demonstrated

earlier and more robust recovery of cortical N10 amplitudes

after resuscitation from moderate (7 min) compared to severe

(9 min) hypoxic–ischemic injury. This finding suggests that N10

amplitude may be an early indicator of the extent of primary

hypoxic–ischemic injury.

The results also support the hypothesis that SEPs early after

CA may be used as an indicator of future neurologic outcome.

There was a significant difference between rats with good out-

comes (NDS > 50) and bad outcomes (NDS < 50) in terms of mean

N10 and peak-to-peak amplitudes during the initial recovery phase

(0–4 h). Previous studies have tested for an association between

early SEP and neurologic outcomes, but have only analyzed pres-

ence or absence of cortical potentials.11 The present study is unique

in using quantitative methods to distinguish between good vs. bad

outcomes even when cortical potentials were consistently present.

However, significant overlap exists in the distribution of individual

Fig. 4. SEP recordings from single rat showing (a) baseline signal with N7 obscured

by N10, (b) early post-CA signal with only N7 visible, (c) beginning recovery of N10,

and (d) eventual recovery of both potentials.

Fig. 5. Evolution pattern of SEPs during and after cardiac arrest with example poten-

tials.
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amplitude values, which could reduce sensitivity and specificity as

a predictor of neurologic outcome.

An important observation was the earlier reappearance of the

N7 potential compared to N10. We believe this potential is analo-

gous to the N18 potential in humans, which may be generated from

the thalamus or thalamocortical projections.17,18 In the Macaque
monkey, a similar potential at 7 ms latency is also recorded from a

widespread cortical distribution after median nerve stimulation.

The source of this potential is theorized to be from a thalamic

generator.19 We believe that the reappearance of the N7 signal well

before recovery of the N10 signal is an important observation. It

provides insights into the period of disrupted thalamocortical con-

duction that precedes emergence from coma.5 In this experiment,

the N7 potential uniformly recovered before the N10 potential,

by as much as several hours. This finding suggests much earlier

recovery of thalamic function compared to cortical activity. There

exists a significant difference in the time to recovery of N7 between

groups CA7 and CA9, with the former group recovering an average

of 4.5 min earlier. However, there was only a trend for earlier N7

recovery in group G1 compared to G2 (p-value = 0.12). Thus, the

time to recovery of N7 is indicative of extent of initial injury, but is

not strongly predictive of neurologic outcome.

Even though CA9 rats had significantly worse outcomes, the

early N10 amplitudes and peak-to-peak amplitudes had only a

modest correlation with 72-h NDS scores. This finding implies that

recovery was heterogeneous despite similar initial graded injuries.

This heterogeneity is likely multi-factorial and may be accounted

for by ongoing neuronal damage occurring during recovery. This

phenomenon of delayed cell death after hypoxic–ischemic brain

injury is seen in many animals, including humans.20

The anesthesia used, isoflurane, may have introduced some

suppression effects on the SEP signal.21 However, our baseline

recordings demonstrated significant suppression only at isoflurane

concentrations of greater than 1%. There was minimal inter-animal

variability in the amount of anesthesia needed to prevent awaken-

ing during electrical stimulation; most rats required a constant low

concentration of 0.5% isoflurane post-CA, minimizing its effects as

a confounder. Also, though each animal’s body temperature was

closely regulated during the initial 4 h after CA, it was not logis-

tically possible to do so for the subsequent 72 h. Animals were

allowed to auto-regulate their body temperatures, which might

have affected the extent of injury.22,23

SEP signals provide additional information beyond amplitudes

and latencies. Advanced measures such as signal shape, slope, and

frequency content may also relate to neurological outcome. These

measures will be tested in future experiments. Though previous

observations support the theory that the N7 potential is generated

from the thalamus, we cannot confirm this hypothesis based on

the current results alone. Further experiments using depth micro-

electrodes and cortical multiunit recordings to measure local field

potentials after CA are required. Finally, our data will allow for the

better design of experiments examining SEP in relation to thera-

peutic hypothermia.

5. Conclusion

The present study has demonstrated a significant and measur-

able difference in SEP signals based on neurologic injury in rats

after CA. Following hypoxic–ischemic brain injury, SEP evolves in a

predictable manner and is associated with outcome. These findings

suggest the disruption of thalamocortical conduction early after CA.

We are hopeful that this work will lay the foundation for using SEP

as a neurophysiologic monitor during the process of coma recovery

after CA.
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