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Abstract

Early EEG patterns and SSEP responses are associated with neurological recovery of comatose patients with postanoxic encephalopathy after cardiac

arrest. However, the nature and distribution of brain damage underlying the characteristic EEG and SSEP patterns are unknown. We relate EEG and

SSEP findings with results from histological analyses of the brains of eleven non-survivors. With restoration towards continuous rhythms within 24 h after

cardiac arrest, no signs of structural neuronal damage were observed. Absent SSEP responses were always accompanied by thalamic damage.

Pathological burst suppression patterns were associated with a variable degree of neuronal damage to cortex, cerebellum and hippocampus. In patients

with additional thalamic involvement, burst-suppression with identical bursts was observed, a characteristic EEG pattern presumably reflecting residual

activity from a relatively isolated and severely compromised cortex.
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Introduction

Electroencephalographic (EEG) and somatosensory evoked potential
(SSEP) recordings in patients with postanoxic encephalopathy
following cardiac arrest hold valuable information for prediction of
neurological outcome. An evolution towards continuous EEG rhythms
within 12 h after cardiac arrest is strongly related to a full neurological
recovery.7,15,31,42,35 In contrast, persistent iso-electricity or low

voltage EEG, burst-suppression with identical bursts, or absent
evoked cortical responses, are strongly associated with a poor
neurological outcome.17,15,7,31,42,35 EEG rhythms primarily reflect the
summation of postsynaptic currents of pyramidal cells, but it is largely
unknown which patterns of brain damage correlate with particular
pathological EEG rhythms in postanoxic coma. Since EEG and SSEP
are complementary for detection of patients with a poor outcome,15

pathological EEG and SSEP recordings probably reflect different
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patterns of irreversible brain damage.32,39 However, the relation
between these EEG patterns and the nature and extent of neuronal
damage is largely unknown.

Synaptic arrest is an early consequence of ischaemia and occurs
within seconds of moderately reduced perfusion levels (10–35 ml/
100 g/min).40 Early synaptic failure results from presynaptic damage
with impaired transmitter release.18,10,2 While short-term synaptic
depression probably affects both excitatory and inhibitory synapses,24

excitatory neurotransmission can be increased in severe
cases,27,38,23 which may result in electrographic seizures.32 Without
timely recovery of cerebral perfusion, disturbances of synaptic
transmission may become permanent, even with preserved mem-
brane potentials.2,16 Synaptic damage goes along with pathological
EEG patterns or somatosensory evoked potentials,15 but cannot be
visualized with conventional imaging techniques.2,25

Lower perfusion levels, around 5–10 ml/100 g/min, lead to malfunc-
tioning of energy dependent ion pumps, especially the ATP dependent
sodium–potassium pumps in the neuronal and glial plasma membranes.1

This causes loss of ion gradients across the cell membrane (depolariza-
tion) and inability to generate action potentials. With failure of
transmembrane sodium–potassium pumps, the net inflow of osmotically
active particles (sodium, chloride) is larger than the outflow (potassium),
causing an increased intracellular osmolality, with an inflow of water, and
swelling of neuronal and glial cells.33,9 Only then, damage can be
visualized with for example diffusion weighted imaging.25

Neurons have a differential sensitivity to ischemia. For instance,
while pyramidal neurons of the cortex can quickly depolarize after
ischemia, magnocellular neuroendocrine cells under identical stress
resist complete depolarization.3 Selective neuronal damage has also
been denoted with regard to spatial variations, gray matter being more
vulnerable than white matter, and hippocampus, cerebellar Purkinje
cells, pyramidal cells in the neocortex, and parts of thalamus and
striatum more than other cortical areas.28,5,29 In an experimental focal
ischemic stroke in mice, cortical layers II/III and deep V were most
susceptible to the effects of ischemia, with more pronounced
reductions of neurons, astrocytes and microglia than in other cortical
layers, and cellular changes were most prominent in layer V.8

In this study, for the first time, we associate EEG and SSEP
patterns with the spatial distribution of hypoxic–ischemic brain
damage by postmortem histological analyses of brains from non-
surviving patients with a postanoxic encephalopathy after cardiac
arrest.

Materials and methods

This study is embedded in a prospective cohort study in two Hospitals
(MST and Rijnstate) on EEG monitoring in coma after cardiac arrest
between 2011 and 2016. Details are described elsewhere.15 Of all
patients that died in the hospital, permission to perform autopsy had
been requested. The Medical Ethical Committee Twente approved the
protocol and waived the need for informed consent for EEG
monitoring. Permission for autopsy was obtained from legal
representatives.

Patients and treatment

Consecutive, adult, comatose patients after cardiac arrest (Glasgow
Coma Scale score �8), admitted to the ICU, were included in our
cohort study. Patients were treated according to standard protocols for

comatose patients after cardiac arrest. Targeted temperature
management included mild therapeutic hypothermia (33–36 �C)
induced as soon as possible after arrival at the emergency room or
ICU and maintained for 24 h. After 24 h, passive rewarming was
controlled to a speed of 0.25–0.5 �C per hour. Propofol or midazolam
and fentanyl were used for sedation. Analgosedation was usually
discontinued at a body temperature of 36.5 �C. Decisions on
withdrawal of treatment were based on international guidelines
including evaluation of brainstem reflexes, non-responding myoclo-
nus to treatment, and bilateral absence of evoked somatosensory
evoked potentials (SSEPs). EEG patterns within the first three days
were not taken into account.

EEG and SSEP recordings

Continuous EEG started as soon as possible after arrival at the ICU
and continued for at least 3 days, or until time of death. EEGs were
recorded using twenty-one silver/silver chloride cup electrodes were
placed on the scalp according to the international 10–20 system.
Somatosensory evoked potentials (SSEPs) were recorded after
electrical stimulation of the right and left median nerve using a bipolar
surface electrode at the wrist. Stimulus duration was 0.3 ms, and
stimulus amplitude was adjusted until a visible twitch was produced.
Two sets of >200 responses were averaged, band pass filtered
between 0.1 Hz and 2.5 kHz, and notch filtered around 50 Hz. Stimulus
frequency was set at 1.7 Hz. Silver–silver-chloride cup electrodes
were placed at the elbow, Erb's point, cervical spine (C5), and 2 cm
posterior to C3 and C4 (C30 and C40). Fz was used as a reference
electrode. SSEP recordings were made using a Nicolet Bravo system
(Viasys, Houten, The Netherlands).

EEG classification

EEG analyses were performed off-line, after the registrations. The
EEG was classified as iso-electric, low-voltage (<20 mV), epileptiform
(including evolving electrographic seizures and generalized periodic
discharges (GPDs)), burst-suppression with or without identical
bursts, or continuous patterns >20 mV with frequencies <4 Hz, 4–8 Hz
or �8 Hz.7,15

Postmortem analysis

Brains were removed at autopsy and fixed in 10% phosphate-buffered
formalin for at least six weeks, prior to sectioning. After macroscopic
evaluation, histopathological examination was performed on 5 mm-
thick sections of formalin-fixed and paraffin-embedded brain tissue
blocks. Sections were taken from the following areas: frontal (superior
and middle frontal gyri), parietal (superior and middle parietal gyri),
temporal (middle temporal gyrus) and occipital (calcarine cortex)
cortices, hippocampus (Ammon's horn) with trans(entorhinal) cortex,
striatum (caudate nucleus, putamen and globus pallidus), thalamus,
amygdala, cingulate gyrus, brainstem (midbrain including periaque-
ductal gray, pons including locus coeruleus, and medulla oblongata
including inferior olive nucleus) and cerebellum. Haematoxylin–eosin
stains were performed according to standard procedures.

Acute and sub-acute lesions were characterized by the presence
of neurons with shrunken pyknotic nuclei and brightly eosinophilic
cytoplasm. In addition, vacuolization of the neuropil may be seen.

Ischemic damage was scored semi-quantitatively by counting the
number of red neurons per high power field in a brain region of interest.
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Scores were defined as mild (+, <5% of neurons affected), moderate
(++, 5–50% of neurons affected) and severe (+++, >50% of neurons
affected).

Association of EEG and histopathology

Associations between EEG patterns and postmortem findings are
presented in a descriptive way, and analyzed qualitatively.

Results

Eleven patients were included. EEG recordings started within 15 h
after cardiac arrest. Baseline characteristics are summarized in
Table 1. Two patients had early (<24 h) myoclonic status (cases 1, 9).
In all patients, brain stem reflexes were preserved. Nine patients died
after withdrawal of life sustaining treatment based on a predicted poor
neurological outcome. Two patients (cases 3 and 10) initially had good
neurological recovery, but died immediately after a second cardiac
arrest in the intensive care unit. These patients had continuous EEG
patterns within 24 h after the first cardiac arrest. In all other patients,
EEG patterns within 24 h after cardiac arrest were pathological with
burst-suppression patterns with flat (<10 mV) interburst intervals. Five
patients showed burst suppression with identical bursts (cases 2, 5, 7,
8, 11); in one patient bursts evolved to generalized periodic
discharges (case 9), or bursts with spikes and spike waves (case
1). Bursts in cases 4 and 6 were heterogeneous, with very long
interburst intervals of 10–15 min (case 4) or low voltage bursts (10–
25 mV; case 6). Examples of characteristic EEGs patterns are shown
in Fig. 1.

Ten autopsies were performed within 24 h after death, one after
60 h. Average brain weight was 1438 g and correlated with age (R
= 0.86, p = 0.0006). Macroscopic evaluation of the brain showed no
cortical abnormalities in any of the patients. In several patients, the
basal ganglia showed ischaemic hemorrhagic transformation, most
prominent in case 2. Microscopic evaluation showed no areas of
hypoxic–ischemic damage in the two patients (cases 3 and 10) with
intrinsic good neurological recovery. In all other patients, morphologi-
cal changes of hypoxic brain injury was present, characterized by
cellular degeneration with shrinkage, the presence of neurons with
shrunken nuclei, brightly eosinophilic cytoplasm (‘red neurons’), and
loss of Nissl substance in variable brain regions. Four patients had
hypoxic–ischemic damage of the deep layers of the cerebral cortex,
cerebellar Purkinje cells and/or hippocampus. Three patients had

additional histological signs of hypoxic–ischemic damage in the deep
subcortical brain structures, including the basal ganglia. The
mesencephalon was affected in a single patient (case 2) and the
pons in three patients (cases 2, 5, 8). In both patients with a myoclonic
status, Purkinje cells in the cerebellum were affected with mild cortical
and absent (case 9) or mild (case 1) thalamic involvement. Examples
of histological findings are presented in Fig. 2.

EEG and SSEP in relation to histopathology

Identical bursts were only present in all five patients (2, 5, 7, 8, 11) with
both severe (>50%) thalamic, cerebellar and moderate (5–50%,
patient 5) to severe (>50%, patients 2, 7, 8, 11) cortical involvement. In
patients with other burst suppression patterns, mainly the cortex and
cerebellum were affected, while deeper brain structures were
relatively preserved, in particular the thalamus showed no or only
limited hypoxic damage. A continuous EEG within 24 h after arrest
was associated with absence of structural hypoxic–ischemic brain
damage. The two patients with mild to moderate hypoxic ischemic
damage to the cortex, but without thalamic involvement, had a
preserved SSEP (cases 4 and 9). In the two patients with minor
thalamic damage (cases 3, 6), in one the SSEP was absent (case 3). In
all patients with moderate to severe damage to the thalamus, the
cortical evoked potential was absent. Results of histological
examination in relation to EEG and SSEP are summarized in Table 2.

Discussion

For the first time, we relate early EEG and SSEP patterns in comatose
patients with postanoxic encephalopathy after cardiac arrest to the
distribution of hypoxic–ischemic brain damage derived from postmor-
tem histological analyses. We chose to correlate postmortem findings
with EEG patterns observed in the first 24 h after arrest as these
patterns are most distinct and correlate best with neurological
outcome.15,35 We show that burst suppression with identical bursts, a
prognostically invariably poor EEG pattern,15 is associated with the
most severe widespread damage, including cerebral cortex, cerebel-
lum, hippocampus and thalamus. This EEG pattern presumably
reflects residual activity of a relatively isolated and severely
compromised cortex. All patients with such burst-suppression
patterns have a poor prognosis, most die, and those who survive
have severe neurological deficits.35 In patients with other burst
suppression patterns, brain damage was limited to the cortex and

Table 1 – Baseline characteristics. t.o.d.: time of death after arrest. t.o.a.: time of autopsy after death.

Case Age Sex Setting Cause Initial rhythm t.o.d. t.o.a. (h)

1 77 m OHCA Unknown Unknown 1 d 20 h 13
2 72 m OHCA Cardiac Unknown 1 d 22 h 16
3 51 m OHCA Cardiac Unknown 2 d 12 h 12
4 59 m OHCA Cardiac Asystole 5 d 4 h 12
5 55 m OHCA Unknown Asystole 1 d 18 h 62
6 61 m IHCA Asphyxia VF 4 d 8 h 17
7 67 m IHCA Cardiac PEA 3 d 16 h 18
8 78 m OHCA Cardiac VF 3 d 5 h 12
9 63 m OHCA Cardiac VF 6 d 18 h <24
10 72 f OHCA Cardiac VF 2 d 12 h <24
11 61 m OHCA Unknown Asystole 3 d 18 h 7
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deeper brain structures were less affected, in particular the thalamus
showed no or only limited hypoxic damage. While in three of these
patients, SSEP responses were preserved, prognosis was poor, in
agreement with the limited sensitivity of the SSEP for poor
outcome.44,39 The pathophysiology of burst-suppression in patients
with a postanoxic encephalopathy is complex, and probably includes
persistent anoxic long-term potentiation of excitatory synapses.36,6

Using these mechanisms in computational models indeed generates
burst-suppression patterns similar to clinical observations.32 Our
histopathological analysis, however, did not differentiate between
excitatory or inhibitory neurons to substantiate these findings.

In the two patients with a myoclonic status, postmortem histopa-
thology showed a variable degree of Purkinje cell loss in the cerebellum
and mild cortical damage with no or only mild thalamic neuronal
damage. Only a few histopathological studies have been performed in
patients with post-hypoxic myoclonus, showing variable degrees of
neuronal loss in different structures, including cortical laminae,
cerebellum, hippocampus, thalamus, and brainstem.43,12 In an animal
study of posthypoxic myoclonus, postmortem histology revealed a
variable degree of neuronal injury in these brain areas, as well.37 These
observations are similar to our findings. We can only speculate how this
may explain the myoclonic status, as presumably different pathophysi-
ological mechanisms can be involved, including selective neuronal
failure of inhibitory cortical neurons and involvement of the reticular
thalamic nucleus.12,41 In patients with a continuous EEG within 24 h

after arrest no structural hypoxic–ischemic brain damage was present,
in agreement with an intrinsic good neurological outcome.15

While pathological EEG patterns represent severe damage of
cortical layers, it appears that hypoxic–ischemic changes limited to the
cortical layers are compatible with a preserved SSEP response, if the
thalamus is not, or only marginally, affected. As thalamocortical input
is processed by both the deep and superficial pyramidal cells,21,39

functional preservation of part of the cortical layers appears sufficient
to record a SSEP, given a sufficiently intact thalamic relay station. In
patients with bilateral absent SSEP responses, both the thalamus and
the cortex were affected. These findings, although limited to a small
number of patients, suggest that significant neuronal damage to the
thalamo-cortical circuit is critically involved in the poor neurological
outcome in patients with a bilateral absent N20 response.

Early microscopic signs of hypoxic–ischemic damage (red neurons)
are first discernible histologically after survival for at least 2–6 h.19,13,14

In tissue samples from cerebellar cortex in patients with acute or
prolonged cerebral hypoxia, reduced numbers of Purkinje cells, often
showing shrunken somata, were found if patients were resuscitated at
least 2 h before death, using sudden death as controls.13 In 71 patients
with in hospital cardiac arrest, prolonged survival time after arrest was
the only predictor of hypoxic ischemic brain injury on autopsy.14 In rats,
ischemic changes correlate with progression of survival time after
arrest. For example, damaged Purkinje cells are visible approximately
5 h after the ictus, but up to 90% of the final damage becomes apparent

Fig. 1 – Examples of characteristic EEG patterns from four patients. Left upper panel: patient with initial good
neurological recovery, showing continuous EEG 20 h after arrest. This patient died immediately after a second cardiac
arrest on day 2 (case 3). Upper right: burst suppression pattern, where the bursts mainly consist of spikes (case 1).
Lower left and right: burst suppression with identical bursts (cases 2 and 11, respectively.). Note the near identical
waveforms of subsequent bursts for each channel comparing subpanels A and B. Time between subsequent bursts is
approximately 2 s (left) and more than 50 min (right). Horizontal scale bar 1 s; vertical scale bar 50 mV.
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only after more than 30 h.5,30 In all but two of our patients, survival times
variedbetweennearly 2–5 days, which issufficient for microscopicsigns
of hypoxic damage to appear. These observations also explain why in
the two patients with a second arrest (cases 3 and 10) no hypoxic–
ischemic damage was observed: while neurological outcome was
good, based on a continuous EEG <24 h after arrest, these patients
died immediately after the second arrest, leaving no time for hypoxic–

ischemic damage to develop.11,19Chronic lesions, characterized by the
presence of laminar necrosis, usually accentuated in watershed zones,
and loss of neurons with reactive gliosis, were not observed. This is not
surprising as these typically develop 7–10 days after the ictus.11

Histological evaluation was qualitatively, focusing on the extent
and distribution of neuronal damage. While morphological changes
are correlated to the extent and duration of hypoxia,29 no additional

Fig. 2 – Microscopy of the frontal cortex (a), cerebellum (b) and thalamus (c) in three patients. The first row shows
normal findings (case 3) in all three regions. Rows 2 and 3 show severe neuronal damage in frontal cortex, cerebellum
and thalamus. Cortical neurons, Purkinje cells and thalamic neurons are shrunken, with loss of nuclear staining and
the cytoplasm is more eosinophilic. In addition, vacuolization of the neuropil can be seen in the molecular layer of the
cerebellum (cases 2 and 11). Scale bar = 50 mm.

Table 2 – Brain weight and distribution of hypoxic–ischemic damage, EEG pattern, SSEP and histology. n.a.: not
available. Patients 3 and 10 initially recovered and died after a second arrest in the ICU. BW: brain weight; mcph:
mesencephalon; hcp: hippocampus; BS: burst suppression; BSI-IB: burst suppression with identical bursts; C:
continuous EEG. Grading of histology: - none, +: mild: <5%, ++: moderate: 5–50%, +++: severe: >50%. The medulla
was never or only mildly (cases 2 and 5, <5%) affected.

Case BW (g) Cortex hcp Cerebellum Thalamus Striatum mcph Pons EEG SSEP

1 1240 + - +a + - - - BSc -
2 1325 +++ +++ +++ +++ +++ + +++ BS-IB -
3 1690 - - - - - - - C n.a.
4 1560 ++ +++ +++ - + - - BS +
5 1490 ++ + +++ +++ + - + BS-IB -
6 1545 + - +a + - - - BS +
7 1485 +++ +++ +++ +++ ++ - - BS-IB -b

8 1355 +++ +++ +++ ++ + - + BS-IB -
9 1435 + +++ +++ - - - - BSc-GPDs +
10 1185 - - - - - - – C n.a.
11 1510 +++ +++ +++ +++ +++ - - BS-IB -

a Bergmann gliosis.
b SSEP unilateral present.
c With myoclonic status.
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categorization based on detailed cytological characteristics was
performed. Selective vulnerability of neuronal populations is well
known, hippocampus and cerebellum being most vulnerable to
hypoxic ischemic incidents.29 In our patient cohort we did not
observe significant differences between cerebellum, hippocampus,
cortex or deeper brain structures. This most likely results from the
presence of severe brain damage in all our patients who survived
longer than 2 h after arrest. The limited involvement of structural
damage to the brainstem is compatible with clinical findings,
showing preserved brainstem functions in most patients.15,4 The
mechanisms responsible for selective vulnerability are incompletely
understood, but most likely differential failure of the sodium
potassium pump4 and the size of the extracellular space are
important determinants.3,20

We did not perform MRI studies in our patients. The first process
that fails during hypoxia is synaptic transmission that may progress to
neuronal death if not restored sufficiently fast.18,24,32,26 As this is not
necessarily accompanied by cytotoxic edema, we expect that
postmortem histopathology is more sensitive to detect neuronal
damage than diffusion weighted MRI, as this depends on the
development of cytotoxic edema.2,26,22

Limitations of our study include the small number of patients and
the qualitative assessment of histopathological changes. Despite
these shortcomings, we show that the severity of EEG abnormalities
correlates with the extent and distribution of hypoxic–ischemic brain
damage, in agreement with previous reported associations between
early EEG and neurological outcome.15,34 In particular, in patients with
burst-suppression with identical bursts, extensive hypoxic–ischemic
damage is present in the cerebellum, cortical layers and thalamus. All
patients with absent SSEP responses had thalamic damage.
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