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IMPORTANCE Neuroprognostication studies are potentially susceptible to a self-fulfilling
prophecy as investigated prognostic parameters may affect withdrawal of life-sustaining
therapy.

OBJECTIVE To compare the results of prognostic parameters after cardiac arrest (CA) with the
histopathologically determined severity of hypoxic-ischemic encephalopathy (HIE) obtained
from autopsy results.

DESIGN, SETTING, AND PARTICIPANTS In a retrospective, 3-center cohort study of all patients
who died following cardiac arrest during their intensive care unit stay and underwent autopsy
between 2003 and 2015, postmortem brain histopathologic findings were compared with
post-CA brain computed tomographic imaging, electroencephalographic (EEG) findings,
somatosensory-evoked potentials, and serum neuron-specific enolase levels obtained during
the intensive care unit stay. Data analysis was conducted from 2015 to 2020.

MAIN OUTCOMES AND MEASURES The severity of HIE was evaluated according to the selective
eosinophilic neuronal death (SEND) classification and patients were dichotomized into
categories of histopathologically severe and no/mild HIE.

RESULTS Of 187 included patients, 117 were men (63%) and median age was 65 (interquartile
range, 58-74) years. Severe HIE was found in 114 patients (61%) and no/mild HIE was
identified in 73 patients (39%). Severe HIE was found in all 21 patients with bilaterally absent
somatosensory-evoked potentials, all 15 patients with gray-white matter ratio less than
1.10 on brain computed tomographic imaging, all 9 patients with suppressed EEG, 15 of
16 patients with burst-suppression EEG, and all 29 patients with neuron-specific enolase
levels greater than 67 μg/L more than 48 hours after CA without confounders. Three of
7 patients with generalized periodic discharges on suppressed background and 1 patient
with burst-suppression EEG had a SEND 1 score (<30% dead neurons) in the cerebral cortex,
but higher SEND scores (>30% dead neurons) in other oxygen-sensitive brain regions.

CONCLUSIONS AND RELEVANCE In this study, histopathologic findings suggested severe
HIE after cardiac arrest in patients with bilaterally absent cortical somatosensory-evoked
potentials, gray-white matter ratio less than 1.10, highly malignant EEG, and serum
neuron-specific enolase concentration greater than 67 μg/L.
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F ollowing cardiac arrest (CA), the severity of hypoxic-
ischemic encephalopathy (HIE) determines neurologic
outcome. In patients with suspected HIE, current guide-

lines recommend multimodal neuroprognostication.1,2 Bilat-
erally absent cortical somatosensory-evoked potentials
(SSEPs),3-7 serum neuron-specific enolase (NSE) concentra-
tion above a critical threshold,8,9 highly malignant electroen-
cephalographic (EEG) patterns,10-13 and a gray-white matter
ratio (GWR) based on brain computed tomographic (CT)
imaging findings below a critical threshold14-18 reliably esti-
mate poor outcome. Neuroprognostication studies are sus-
ceptible to a self-fulfilling prophecy, as the findings shown with
investigated prognostic parameters frequently influence
decisions regarding withdrawal of life-sustaining therapy.19

Neuroprognostication studies with prolonged intensive care
and limited withdrawal of life-sustaining therapy could elimi-
nate this bias but may raise ethical concerns owing to the likely
high proportion of survivors with severe disability.20 If a self-
fulfilling prophecy exists following current prognostication
guidelines, brain autopsies could identify patients with prog-
nostic parameters suggesting poor outcome but without se-
vere HIE. Hence, we studied brain autopsies of patients who
experienced CA and investigated the association between the
severity of histopathologic findings showing brain damage and
premortem neuroprognostication.

Methods
We retrospectively identified patients who died following CA
and had undergone premortem prognostic investigations and
brain autopsy in 3 academic hospitals (Charité Universitäts-
medizin Berlin, Berlin, Germany, 2005-2015; Skåne Univer-
sity Hospital, Lund, Sweden, 2003-2012; and Aarhus Univer-
sity Hospital, Aarhus, Denmark, 2005-2015). Data analysis was
conducted from 2015 to 2020. Patients were treated accord-
ing to local postresuscitation care algorithms including tar-
geted temperature management for 24 hours in 113 patients
(60%). The ethical committees at the 3 sites approved this study
and waived the need for patient consent. Data were analyzed
in protected clinical data systems and deidentified for final stor-
age. This study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guideline for cohort studies.

Neuroprognostication was performed according to inter-
national algorithms,2 and withdrawal of life-sustaining therapy
decisions relied on repeated neurological examinations and
multimodal neuroprognostication. Prognostic parameters
included neurologic examination, serum NSE concentra-
tions, SSEP, brain CT, and EEG. Details on investigations and
reanalyses for this study are provided in the eMethods in
the Supplement.

Blinded from results of prognostic investigations, 2 of us
(C.E. and E.E.) reevaluated hematoxylin-eosin staining of for-
maldehyde-fixed brain sections using the selective eosino-
philic neuronal death (SEND) classification21 of the following
regions: neocortex (frontal and frequently parietal, occipital,
temporal, insular, and cingulate), hippocampus (subiculum;

subfields cornu ammonis CA1, CA2, CA3, CA4, and dentate gy-
rus), basal ganglia (caudate, putamen, and globus pallidus),
mesencephalon (including substantia nigra pars compacta and
reticulata), pons, medulla oblongata, and cerebellum. The
SEND classification relies on the finding that, after successful
resuscitation with cerebral reperfusion, red, pycnotic neu-
rons with indiscernible cytoplasmic-nuclear borders indicate
neuronal death in a surrounding, spared neuropil without re-
active gliosis.21-23 Using a ×10 objective lens, we analyzed all
high-power fields of each slice to quantify SEND scores indi-
cating the level of neuronal death (SEND 0: 0% neuronal death,
SEND 1: <30%, SEND 2: 30%-60%, SEND 3: 60%-90%, and
SEND 4: >90%).21 We used the maximal SEND score of all
high-power fields of a particular brain region to quantify the
HIE level of the entire region. SEND 4 was also assigned in the
case of frank ischemic laminar necrosis without viable neu-
rons. We dichotomized patients into no/mild HIE if the maxi-
mal SEND score in any cortical or brain stem region was 0 or
1, and severe HIE if there was neuronal death greater than 30%
(SEND 2-4) in the cortex and/or brainstem. The no/mild HIE
group thus comprised not only patients without any neuro-
nal death (SEND 0), but also patients with HIE in the cerebral
cortex (SEND 1, up to 30% neuronal death) in whom neuro-
logic recovery might have been possible if they had survived.

Statistical Analysis
Baseline parameters are given as medians with interquartile
range or percentages as appropriate. We illustrated the asso-
ciation between severity of HIE and results of prognostic
parameters with scatter and box plots. Using heatmaps, we de-
picted the distribution of SEND scores in different regions ac-
cording to findings of neuroprognostication. Data analysis was
performed using MATLAB, release 2019b (MathWorks Inc).

Results
Study Population
The Table presents demographic details of 187 included pa-
tients (117 men [63%]; median [IQR] age, 65 [58-74] years).

Key Points
Question Is there evidence of a self-fulfilling prophecy following
current international guidelines of neuroprognostication after
cardiac arrest?

Findings In this 3-center cohort study of 187 patients who
underwent brain autopsy after cardiac arrest, histopathologically
determined severe hypoxic-ischemic encephalopathy was noted
in patients with bilaterally absent cortical somatosensory-evoked
potentials, gray-white matter ratio of brain computed tomographic
imaging less than 1.10, highly malignant electroencephalographic
patterns, and serum neuron-specific enolase concentration
greater than 67 μg/L.

Meaning The findings of this study appear to support the practice
of neuroprognostication according to current international
guidelines.
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Death occurred within 1 day after CA in 19 patients, 1 to 2 days
after CA in 22 patients, and 2 to 3 days after CA in 25 patients.
Median duration of intensive care unit (ICU) stay was 6 days.
Thirty-seven patients (20%) temporarily regained conscious-
ness during the ICU stay. Age, sex, time to return of sponta-
neous circulation, cause of CA, proportion of shockable
rhythms, and duration of ICU stay did not relevantly differ from
those of a recent Berlin study population of patients who died
of CA and did not undergo brain autopsy.24

Figure 1 provides examples of SEND classification and
illustrates the distribution of SEND scores for various brain
regions in patients with and without temporary recovery of
consciousness. The distribution of SEND scores in subgroups
stratified by results of neuroprognostication is presented in
Figure 2 and eResults in the Supplement. Across all patients,
HIE severity was greatest in the hippocampus and cerebel-
lum, followed by the cerebral cortex; the severity was least pro-
nounced in the brainstem. Of all patients, 26% had near-
complete neuronal death (SEND 4) in the cerebral cortex, 42%
and 45% had near-complete neuronal death in the hippocam-
pus and cerebellum, respectively, and 12% exhibited no neu-
ronal death in the cerebral cortex. Severe HIE was found in 114
patients (61%) and no/mild HIE was noted in 73 patients (39%).
Of 25 patients with cortical samples and temporary recovery
of consciousness without a second successful resuscitation af-
ter initial neuroprognostication, 8 had a cortical SEND score
of 0 and 14 had a score of 1. The remaining 3 patients had an
ICU stay of up to 1 month with pneumonia, sepsis, and inter-
mittent severe hypotension, suggesting the possibility of sec-
ondary brain injury after initial neuroprognostication.

The severity of HIE increased with serum NSE concentra-
tion (Figure 2B). Figure 3 shows that the highest serum NSE
concentration obtained more than 48 hours after CA in pa-
tients with no/mild HIE was 67.0 μg/L, except for 2 patients
with no/mild HIE who had plausible confounders for NSE
elevation (eResults in the Supplement provides details). All

other 29 patients with higher NSE concentrations more than
48 hours showed severe HIE. Of 114 patients with severe HIE,
only 8 patients (7%) had NSE concentrations less than 17 μg/L
48 to 96 hours after CA. Of these 8 patients, 4 initially
regained consciousness and 3 developed a second CA with re-
suscitation indicating possible secondary brain damage after
initial NSE measurement.

Median time to SSEP was 84 hours (interquartile range
[IQR], 49-123). The severity of HIE increased with decreasing
SSEP amplitudes (Figure 2C). Median amplitudes were 0 μV
(ie, absent: IQR, 0-0.4) in patients with severe HIE (n = 34), and
2.5 μV (IQR, 1.7-4.0) in patients with no/mild HIE (n = 24). In
patients with no/mild HIE, the lowest cortical SSEP ampli-
tude was 0.5 μV; all 26 patients with lower amplitudes showed
severe HIE (Figure 4A). Accordingly, all 21 patients with bilat-
erally absent SSEPs had severe HIE. The highest amplitudes
noted in 2 patients with severe HIE were 2.7 and 3.5 μV. The
latter patient regained consciousness 6 days after CA and was
discharged from the ICU with cerebral performance category
2, indicating regained consciousness with moderate cerebral
disabilities, on day 11, but died due to a second CA in the car-
diology ward on day 14.

Brain CT imaging findings were available for 122 patients.
Of these, 73 had severe HIE and 49 had no/mild HIE. The se-
verity of HIE increased with decreasing GWR (Figure 2D). The
lowest GWR in a patient with no/mild HIE was 1.13 (Figure 4B).
All 15 patients with a GWR less than 1.10 had histopathologi-
cally determined severe HIE. A total of 73% to 79% of pa-
tients with GWR less than 1.10 had near-complete neuronal
death in the cerebral cortex and hippocampus. The majority
of patients with GWR greater than 1.3 (n = 15) had no/mild HIE.

Electroencephalographic tracings were available for 81 pa-
tients, with 56 showing severe and 25 showing no/mild HIE.
For standard EEGs, median time from CA to EEG was 4 days
(IQR, 2-7 days). The severity of HIE varied with EEG pattern
(Figure 2E and F, and Figure 4C). HIE was most severe in

Table. Patient Characteristics

Characteristic

No. (%)a

All

TTM HIE

RoC+ RoC−No Yes No/mild Severe
Patients 187 (100) 74 (40) 113 (60) 73 (39) 114 (61) 37 (20) 150 (80)

Age, median (IQR), y 65 (58-74) 68 (59-77) 65 (58-73) 65 (58-74) 66 (58-73) 67 (60-76) 65 (58-73)

Male, No. (%) 117 (63) 44 (59) 73 (65) 46 (63) 71 (62) 23 (62) 94 (63)

OHCA, % 42 14 59 25 53 15 48

Cardiac cause, % 49 37 56 44 52 34 52

Shockable rhythm, % 38 37 39 41 36 40 38

tROSC, median (IQR), min 20 (10-30) 10 (5-20) 25 (15-40) 15 (7-25) 25 (15-40) 5 (5-10) 25 (15-40)

Second CA with resuscitation, % 23 27 21 26 21 30 21

RoC, No. (%) 37 (20) 27 (36) 10 (9) 29 (40) 8 (7) 37 (100) 0 (0)

WLST, % 49 40 61 46 57 43 55

Length of ICU stay, median (IQR), d 6 (3-14) 9 (3-25) 5 (3-9) 9 (3-26) 5 (3-9) 25 (14-40) 4 (2-8)

Abbreviations: CA, cardiac arrest; HIE, hypoxic-ischemic encephalopathy;
ICU, intensive care unit; IQR, interquartile range; OHCA, out-of-hospital cardiac
arrest; RoC, recovery of consciousness; RoC+, temporary recovery of
consciousness; RoC−, no recovery of consciousness; tROSC, time from cardiac
arrest to spontaneous circulation; TTM, targeted temperature management;

WLST, withdrawal of life-sustaining therapy.
a Data were missing for OHCA (n = 4), cardiac cause (n = 30), shockable rhythm

(n = 47), second CA with resuscitation (n = 1), and WLST (n = 3).
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patients with suppressed EEG, followed by patients with burst
suppression and generalized periodic discharges superim-
posed on a suppressed background. All 9 patients with sup-
pressed EEG and 15 of 16 patients with burst suppression
showed severe HIE. Among 7 patients with generalized peri-
odic discharges, 3 individuals had SEND 1 in the cortex. How-
ever, all 4 patients with burst suppression or generalized
periodic discharges and SEND 1 in the cortex had more severe

damage in the hippocampus and/or cerebellum. Further de-
tails for the single patient with no/mild HIE with burst sup-
pression and 3 patients with no/mild HIE with generalized
periodic discharges on suppressed background are provided
in the eResults in the Supplement. Among patients with a con-
tinuous background, 14% had SEND 4 in the cerebral cortex
and 45% had SEND 4 in the hippocampus. This finding indi-
cates that near-complete neuronal death in at least 1 part of

Figure 1. Association Between Microscopic Brain Damage and Best Cerebral Performance Category (CPC) After Cardiac Arrest
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Semiquantitative selective eosinophilic neuronal death (SEND) scores (SEND 0:
0% neuronal death, SEND 1: <30%, SEND 2: 30%-60%, SEND 3: 60%-90%,
and SEND 4: >90%) of brain areas (A-C) are displayed for different best cerebral
performance category (CPC) scores after CA. Patients temporarily regaining
consciousness (CPC 1-3) are depicted in white box plots and patients without
recovery of consciousness (CPC 1-3) in gray box plots (median, interquartile

range, 5th and 95th percentile whisker bars). Typical hematoxylin-eosin–stained
sections from cortical areas (D), hippocampus (E), and pons (F) are illustrated,
upper row SEND 0, lower row SEND 4. BG indicates basal ganglia; CA, cornu
ammonis; Cereb, cerebellum; DG, dentate gyrus; Fron, frontal; GC, gyrus cinguli;
Ins, insula; Med, medulla oblongata; Mes, mesencephalon; Occ, occipital;
Par, parietal; and Tem, temporal.
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Figure 2. Association Between Histopathologic Severity of Hypoxic-Ischemic Encephalopathy (HIE), Prognostic Parameters,
and Regaining of Consciousness
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Heatmaps displaying the histopathologic severity of HIE for cortical (cor), hippocam-
pal (hip), cerebellar (cer), and brainstem (BRS) regions using the selective eosinophilic
neuronal death (SEND) classification (SEND 0: 0% neuronal death, SEND 1: <30%,
SEND 2: 30%-60%, SEND 3: 60%-90%, and SEND 4: >90%). In each heatmap,
columns indicate brain region, rows indicate severity of HIE, numbers in the field and

fieldcolorsindicatethepercentageofpatients,andtheheadingindicatesthesubgroup
according to HIE severity dichotomization, clinical course (A) and prognostic findings
(B-F). BG indicates background; CA, cardiac arrest; EEG, electroencephalography;
GPD,generalizedperioddischarges;GWR,gray-whitematterratio;NSE,neuron-specific
enolase concentration; and SSEP, somatosensory-evoked potentials.
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the cortex can be observed in a minority of patients who have
a continuous EEG pattern. Only 11% of patients with absent EEG
reactivity had no cortical neuronal damage (SEND 0).

eResults in the Supplement discuss the histopathologi-
cally determined severity of HIE in patients with 2 poor prog-
nostic findings and compare histopathologic severity of HIE
in patients with no, 1, 2, or 3 poor prognostic findings. Histo-
pathologic severity increased with the number of poor prog-
nostic findings. Most patients with 2 or more poor prognostic

findings had extensive neuronal damage (SEND 3 or 4, >60%
neuronal death) in the cerebral cortex and hippocampus.

Discussion
Several pertinent findings were noted in this study. In pa-
tients with CA who were treated with modern post-CA care,
histopathologic severity of HIE was most severe in the hippo-

Figure 3. Neuron-Specific Enolase (NSE) Serum Concentration and Severity of Microscopic Brain Damage
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Figure 4. Association Between Microscopic Brain Damage and Cortical Somatosensory-Evoked Potential (SSEP) Amplitudes,
Gray-White Matter Ratio (GWR) of Brain Computed Tomographic (CT) Imaging, and Electroencephalographic (EEG) Patterns
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campus and cerebellum, second most severe in the cerebral
cortex, and least severe in the brainstem. A cortical SEND score
of 0 to 1 was compatible with awakening after CA. All patients
with bilaterally absent SSEP, a GWR less than 1.10 shown on
brain CT, and suppressed EEG, as well as 15 of 16 patients with
a burst-suppression EEG, had histopathologically deter-
mined severe HIE. On a group level, the histopathologic se-
verity of brain damage was similar in patients with these prog-
nostic findings. Histopathologic severity of HIE increased with
the number of poor prognostic findings, supporting a multi-
modal approach to neuroprognostication. Three of 7 patients
with generalized periodic discharges on a suppressed back-
ground had a maximal cortical SEND score of 1, indicating
less-severe HIE than suppressed or burst-suppression EEG.
Except for 2 patients with confounders, all 29 patients with a
serum NSE concentration greater than 67 μg/L 48 to 96 hours
after CA showed severe HIE. Most patients with high cortical
SSEP amplitudes, an NSE within the reference range 48 to
96 hours after CA, or a GWR greater than 1.3 had no/mild
HIE. The absolute numbers of patients with individual poor
prognostic findings were limited and the functional long-
term effect of histopathologic changes cannot be assessed
with certainty.

Few studies with small cohorts have examined histopatho-
logic brain damage in patients after CA. Björklund et al21

established the SEND classification system for histopatho-
logic evaluation of HIE. Our study of 187 patients who under-
went autopsy, which, to our knowledge, represents the larg-
est autopsy cohort of such patients with modern post-CA
treatment, appears to corroborate and extend the previous
findings. Histopathologic brain damage was most pro-
nounced in the hippocampus and cerebellum, followed by the
cortex, and least in the brainstem. Overall, 26% of our cohort
had near-complete neuronal death (SEND 4) in the cerebral cor-
tex, and 42% to 45% had near-complete neuronal death in the
hippocampus and cerebellum. However, 12% of patients had
no cortical neuronal death. We related histopathologic dam-
age to clinical examination and results of neuroprognostica-
tion. A cortical SEND score of 0 to 1 (0%-30% neuronal death)
was compatible with reawakening after CA, indicating that cor-
tical neuronal death per se does not exclude a good neuro-
logic outcome. Only 3 patients with a cortical SEND score
greater than 1 awakened after CA, and all 3 had plausible causes
for neuronal damage at a later time point. Hence, it is likely
that a cortical SEND score of 2 or higher (>30% neuronal death)
is incompatible with awakening in most patients. It therefore
seems appropriate to categorize patients with cortical SEND
2 or higher as having severe HIE. While patients with no vis-
ible neuronal death using the SEND classification have no
histopathologic proof of HIE, patients with SEND 1 (up to 30%
neuronal death) in the cerebral cortex most likely comprise a
heterogeneous group, of which some might have achieved good
neurological long-term outcome in case of survival.

As prognostic parameters have frequently been used in
withdrawal of life-sustaining therapy decisions, a self-
fulfilling prophecy may confound neuroprognostication.19 Our
study provides evidence against a self-fulfilling prophecy for
several prognostic parameters. All patients with bilaterally ab-

sent SSEPs, suppressed EEG, NSE concentration greater than
67 μg/L 48 to 96 hours after CA considering confounders, and
GWR less than 1.10 in brain CT images showed severe HIE. The
distribution of severity of HIE in patients with these prognos-
tic findings was similar (Figure 2), demonstrating extensive to
near-complete cortical neuronal death in most patients.

Except for 1 patient with early high serum NSE concentra-
tion and a confounder for that elevation, none of the patients
without cortical neuronal death (SEND 0) had any of the poor
prognostic findings mentioned above. We found 1 patient with
burst-suppression EEG and 3 patients with generalized peri-
odic discharges on suppressed EEG that did not fulfill our strict
histopathologic definition of severe HIE. All 4 patients had cor-
tical neuronal death, but less than 30% of neurons were af-
fected; however, there was greater than 30% neuronal death
in other oxygen-sensitive regions. We cannot determine with
certainty the outcome these patients would have achieved if
they had survived.

Our analysis of multimodal neuroprognostication
(eResults in the Supplement) indicates that histopathologi-
cally determined severity of HIE increases with the number
of poor prognostic findings. Most patients with at least 2 strong
predictors of poor outcome had greater than 60% neuronal
death in the cerebral cortex and hippocampus. Thus, our data
suggest that a multimodal approach to neuroprognostication
as recommended by current guidelines1,2 may reduce the
risk of falsely assigning a poor prognosis to patients with
the potential for recovery.

All 21 patients with bilaterally absent SSEPs showed se-
vere HIE, with 79% of those showing near-complete neuro-
nal death in the hippocampus, supporting findings from clini-
cal studies.3-7,25 The lowest cortical SSEP amplitude in a patient
with no/mild HIE was 0.5 μV, in line with studies on CA
survivors.5,26-28 Amorim et al29 stated that the false-positive
rate of SSEP for predicting poor outcome may be as high as 7%.
Our autopsy results do not provide evidence of false-
positive, bilaterally absent SSEP, but the absolute number of
21 patients is too small to exclude this possibility.

Previous studies have found different thresholds for pre-
dicting poor outcome using NSE concentrations (eg, 50 μg/L
72 hours after CA in a large, prospective multicenter study8 and
90 μg/L in a large, retrospective multicenter study9). The val-
ues may differ between laboratories or test kits.30 In line with
previous studies, we found only 2 patients with no/mild HIE
but high NSE concentrations more than 48 hours after CA
(maximum, 260 and 452 μg/L), both with plausible confound-
ers for NSE level elevation. All other patients with NSE con-
centrations higher than 67 μg/L more than 48 hours after CA
had severe HIE. The 2 exceptions underscore the importance
of considering potential confounders for NSE level elevation,
such as hemolysis and malignant tumors, and the need for a
multimodal approach to neuroprognostication because exist-
ing confounders may not be known in an individual patient.

Gray-white matter ratio thresholds to predict poor out-
come have varied in previous studies.15-17 A GWR threshold of
1.10, manually determined with 16 regions of interest, pre-
dicted poor outcome with a very low false-positive rate and
moderate sensitivity if CT imaging is performed more than 24

Hypoxic-Ischemic Encephalopathy Evaluated by Brain Autopsy and Neuroprognostication Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology Published online July 20, 2020 E7

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Piergiorgio Gigliotti on 07/27/2020

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2020.2340?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.2340
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.2340


hours after CA.18 Supporting the findings of previous studies,
the lowest GWR in patients with no/mild HIE was 1.13 in our
autopsy study. A total of 73% to 79% of patients with a GWR
less than 1.10 had near-complete cortical and hippocampal neu-
ronal death. A considerable proportion of patients with GWR
within the reference range had severe HIE. This finding points
to the fact that relevant cortical neuronal death may occur with-
out relevant changes in GWR. However, few patients with a
GWR greater than 1.3 had severe HIE, potentially indicating a
role of CT imaging in prediction of good outcome. This possi-
bility should be further assessed in future CT imaging studies.

Varying definitions of EEG patterns and moderate inter-
rater agreement have impeded comparability of EEG findings
in neuroprognostication studies.31 Using standardized
terminology,32 studies have established the EEG as an impor-
tant prognostic test.12,33 Supporting highly malignant EEG pat-
terns as reliable predictors of poor outcome, we found severe
HIE in all 9 patients with suppressed background and in 15 of
16 patients with burst-suppression EEG. Among the highly ma-
lignant patterns, the severity of HIE was most pronounced for
suppressed EEG with near-complete hippocampal neuronal
death in all patients, followed by burst suppression, and least
for generalized periodic discharges. Three of 7 patients with
generalized periodic discharges on suppressed background
showed no/mild HIE (<30% neuronal death in the cortex) ac-
cording to our definition. However, all 3 patients had higher
SEND scores in the hippocampus or cerebellum. It remains un-
clear whether the degree of HIE would have been compatible
with a good outcome in these patients if they had survived.

Based on the selective ischemic susceptibility of pyrami-
dal excitatory synapses to inhibitory interneurons, Tjepkema-
Cloostermans et al34 developed a model in which even a 5%
reduction of this cell type caused cortical disinhibition lead-
ing to generalized periodic discharges. van Putten et al35 re-
ported that 20% to 25% of patients with generalized periodic
discharges have normal magnetic resonance imaging find-
ings and cortical networks generating generalized periodic
discharges can be restored to normal EEG patterns if synaptic
damage is limited. Pathophysiologic mechanisms causing
burst-suppression EEG are described in the eDiscussion in the
Supplement. Our SEND classification does not differentiate be-
tween damage of pyramidal cells and interneurons and syn-
aptic damage cannot be analyzed with hematoxylin-eosin
staining. However, despite limited patient numbers, our find-
ings suggest that generalized periodic discharges on sup-
pressed background reflects less-severe HIE than the other
highly malignant EEG patterns. In line with a recent clinical
study,36 our data on EEG findings underline the need for mul-
timodal prognostication and prolonged intensive treatment
should be considered for individual patients with burst-
suppression pattern or generalized periodic discharges.

In accordance with previous studies,12,37 absent EEG re-
activity was not highly specific for severe histopathologic HIE
in our study, a finding likely explained by sedation effects at
the time of EEG. Studies on early, continuous EEG suggest the
absence of severe HIE in patients with early recovery of a con-
tinuous EEG background.33 A continuous EEG background was
not predictive of absence of severe histopathologic brain dam-

age in our study, most likely owing to the late timing of EEG
(median of 4 days after CA).

In 3 studies, cortical SSEP amplitudes greater than 2.5 to
3.0 μV were rarely found in patients with unresponsive wake-
fulness syndrome and hence indicated absence of severe
HIE.5,26,28 Our autopsy findings are also in line with this ob-
servation: only 2 of 21 patients with a cortical SEP amplitude
greater than 2.7 μV showed more than 30% cortical neuronal
death. Thirteen patients had a serum NSE concentration within
the reference range, most of whom had no/mild HIE. These
findings support those of a study showing that NSE concen-
trations less than 17 μg/L on day 3 following CA indicated the
absence of severe HIE.9 Continuous background activity with
EEG reactivity is associated with a good outcome depending
on EEG timing.12,33 In our cohort, a continuous background
rhythm per se did not permit prediction of the severity of
HIE. The number of patients with a continuous reactive EEG
tracing was too low to permit conclusions.

Limitations
The study had limitations. Few of the patients who died fol-
lowing CA underwent autopsy. It remains unclear whether our
results extend to all patients who have CA. Furthermore, we
cannot exclude that patients with falsely pessimistic prognos-
tication were less likely to receive autopsy. Because brain his-
topathologic samples were obtained postmortem, our cohort
may be biased toward severely affected patients. Thus, in sub-
group analysis of individual prognostic investigations, the
number of patients with low SEND scores was limited. Not all
prognostic investigations were obtained in all patients for vari-
ous reasons, including availability of investigations, death be-
fore completion of prognostication, or recovery of conscious-
ness before death. Thus, the comparisons between the different
prognostic investigations must be interpreted with caution. Our
dichotomization of HIE using the SEND score cannot deter-
mine with certainty the functional long-term outcome that pa-
tients would have achieved if they had survived. In addition,
patients in our severe HIE group might have had a chance for
recovery if they had survived. Conversely, it seems likely that
individual patients classified as no/mild HIE with up to 30%
neuronal death in the cortex may not have regained conscious-
ness if they had survived. Although CA leads to global brain
hypoxia-ischemia and thus more homogeneous damage than
other brain diseases, we cannot exclude that the samples ob-
tained from the cortex in an individual patient are not repre-
sentative of the entire cortex. Our dichotomization is sup-
ported by findings from patients who temporarily regained
consciousness, but a conclusion regarding the functional out-
come of the histopathologic changes cannot be drawn. We con-
sider a second CA with return of spontaneous circulation as a
confounder in the interpretation of our results. It seems pos-
sible, however, that transient episodes of severe hypotension/
hypoxia or other unknown factors might have led to second-
ary neuronal damage after prognostication in some patients,
confounding evaluation of HIE severity. To improve postmor-
tem histopathologic examination, future studies could use au-
tomated quantification of neuronal death and additional his-
tologic stains to study different cell types, synaptic damage, and
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impaired neuronal circuits. We investigated a mixed cohort of
patients who received or did not receive targeted temperature
management. Prior evidence and pathophysiologic reasoning
argue against a large effect of targeted temperature manage-
ment on the association between results of prognostic investi-
gations evaluated in our study and severity of HIE.5,8 In addi-
tion, we reevaluated all prognostic tests according to definitions
provided by current literature. Expertise in performing and
interpreting investigations is key in reliable prognostication
after CA, and our results are applicable in this context.

Conclusions

In a histopathologic, postmortem analysis of 187 patients who
died following CA, we found severe HIE in patients with poor
prognostic findings obtained from SSEP, brain CT imaging,
EEG, and serum NSE levels, supporting the current practice to
predict poor outcome after CA. However, for individual tests,
our sample size was limited; thus, our results need corrobo-
ration in future studies.
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