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Abstract

Objective Bilaterally absent cortical somatosensory evoked potentials (SSEPs) reliably predict poor outcome in comatose
cardiac arrest (CA) patients. Cortical SSEP amplitudes are a recent prognostic extension; however, amplitude thresholds,
inter-recording, and inter-rater agreement remain uncertain.

Methods In a retrospective multicenter cohort study, we determined cortical SSEP amplitudes of comatose CA patients using
a standardized evaluation pathway. We studied inter-recording agreement in repeated SSEPs and inter-rater agreement by four
raters independently determining 100 cortical SSEP amplitudes. Primary outcome was assessed using the cerebral perfor-
mance category (CPC) upon intensive care unit discharge dichotomized into good (CPC 1-3) and poor outcome (CPC 4-5).
Results Of 706 patients with SSEPs with median 3 days after CA, 277 (39.2%) had good and 429 (60.8%) poor outcome.
Of patients with bilaterally absent cortical SSEPs, one (0.8%) survived with CPC 3 and 130 (99.2%) had poor outcome.
Otherwise, the lowest cortical SSEP amplitude in good outcome patients was 0.5 uV. 184 (42.9%) of 429 poor outcome
patients had lower cortical SSEP amplitudes. In 106 repeated SSEPs, there were 6 (5.7%) with prognostication-relevant
changes in SSEP categories. Following a standardized evaluation pathway, inter-rater agreement was almost perfect with a
Fleiss’ kappa of 0.88.

Interpretation Bilaterally absent and cortical SSEP amplitudes below 0.5 uV predicted poor outcome with high specificity.
A standardized evaluation pathway provided high inter-rater and inter-recording agreement. Regain of consciousness in
patients with bilaterally absent cortical SSEPs rarely occurs. High-amplitude cortical SSEP amplitudes likely indicate the
absence of severe brain injury.
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Abbreviations

SSEP  Somatosensory evoked potentials
CA Cardiac arrest

CPC Cerebral performance category

IQR Inter-quartile range
HIE Hypoxic-ischemic encephalopathy

WLST Withdrawal of life-sustaining therapy
ICU Intensive care unit
Introduction

In multimodal neuroprognostication after cardiac arrest
(CA), cortical somatosensory evoked potentials (SSEP) are
recommended to predict the severity of hypoxic-ischemic
encephalopathy (HIE) [1, 2]. Bilaterally absent cortical
SSEPs reliably predict poor outcome in comatose patients
[3, 4]. Cortical SSEP amplitudes are a recent prognostic
extension beyond the dichotomy of classifying SSEPs as
bilaterally present or absent [5—8].

In few studies, low-amplitude cortical SSEP amplitudes
predicted poor outcome, whereas high-amplitude cortical
SSEP amplitudes indicated absence of severe HIE [5-12].
The prognostic thresholds of cortical SSEP amplitudes var-
ied among these single-center studies. Potential explana-
tions were different methods of amplitude determination,
noise levels [3, 13, 14], inter-rater disagreement [15, 16],
and cohort differences. Importantly, insufficient recording
quality can cause false classification of SSEPs as bilaterally
absent in comatose patients without HIE [17] with risk of a
self-fulfilling prophecy and decreasing the high specificity
of SSEPs in predicting poor outcome [3, 13].

To further investigate the validity of cortical SSEP ampli-
tude as a prognostic test in comatose CA patients, we con-
ducted a large, retrospective, multicenter study with focus on
a standardized SSEP evaluation, inter-recording agreement,
and inter-rater agreement.

Methods

Standard protocol approvals, registrations,
and patient consents

Local ethics committees fully approved this study and
waived the need for patient consent (EA4/004/14). The study
was conducted according to the Declaration of Helsinki.
Participants

We retrospectively enrolled adult comatose CA patient

investigated with median nerve SSEP in four academic cent-
ers (Center 1: Charité University Hospital, Berlin, Germany,
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Campus Virchow-Klinikum, January 2015-December 2019;
Center 2: Charité University Hospital, Berlin, Germany,
Campus Mitte, December 201 1-November 2015; Center 3:
Skane University Hospital, Lund, Sweden, April 2007—April
2016; and Center 4: Aarhus University Hospital, Aarhus,
Denmark, September 2010—-May 2016). Local postresus-
citation care protocols adhered to international guidelines
[18, 19]. This included withdrawal of life-sustaining therapy
(WLST) based on multimodal neuroprognostication. Bilater-
ally absent cortical SSEP were used as one parameter within
a multimodal approach to predict poor outcome in all cent-
ers, whereas only center 1 used cortical SSEP amplitudes
above 2.5 uV as a parameter for absence of severe HIE [6].
In center 3, SSEPs were used more selectively [20]. Demo-
graphics reporting followed the revised Utstein-style [21].

SSEP recordings

We placed electrodes at CP3/CP4, C7 (cervical, N13) and
over the supraclavicular fossa (NErb) following the inter-
national 10-20 system and used a midfrontal (Fz) corti-
cal reference electrode [22, 23]. To reduce noise, we kept
skin—electrode impedance below 5 kOhm, and used muscle
relaxants and/or sedative bolus if necessary. We recorded
50 ms post-stimulus and averaged at least two 500 repeti-
tions per side. Supplementary Table 1 provides more techni-
cal details. Blinded for clinical data, digitalized SSEPs were
analyzed using custom-written MATLAB scripts (release
2019b, MathWorks Inc) following a standardized evalua-
tion pathway [6] (Supplementary Fig. 1 and Supplementary
Fig. 2). SSEPs were excluded when cervical SSEPs were not
bilaterally reproducible (with the exception of reproducible
cortical SSEP amplitudes larger than 1.0 uV despite non-
reproducible cervical SSEPs) or when noise levels impeded
interpretation of cortical SSEPs. Noise level was defined
as difference between N,,,, and P, within 5-10 ms after
stimulus. Only when noise level was below 0.25 pV in all
cortical recordings and cortical potentials were not reproduc-
ible, SSEPs were classified as bilaterally absent. For repro-
ducible cortical potentials (at least 4.5 ms after the N13),
we determined cortical amplitudes of baseline-N1, N1-P1,
baseline-P1, and N_,,—P i, in atypical SSEP morphology.
The cortical SSEP amplitude was defined as the highest
amplitude of all recordings. Amplitudes were rounded to
two decimal places.

In patients with repeated SSEPs, we evaluated the second
cortical SSEP amplitude blinded for the results of the first
SSEP. Based on previous own studies [6, 24, 25], we catego-
rized SSEPs into excluded, bilaterally absent, up to 0.5 uV,
larger than 0.5-2.5 pV, and above 2.5 uV. We analyzed the
inter-recording agreement between first and second SSEP,
and thoroughly reviewed cases with prognostication-relevant
amplitude changes.
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Furthermore, we studied inter-rater agreement on deter-
mination of cortical SSEP amplitudes. Three raters with dif-
ferent neurophysiological expertise (C.L. with more than
10 years; M.K. and N.A. with less than 3 years) underwent
a training session with supervisor C.E. (rated all SSEPs,
10 years expertise) on 20 patients with typical SSEP mor-
phologies (Supplementary Fig. 6) following the standardized
evaluation pathway (Supplementary Fig. 1 and Supplemen-
tary Fig. 2). Subsequently, each rater independently evalu-
ated the last 100 SSEPs not included in the training session,
blinded to clinical data and the results of the other raters.

Outcome

We assessed clinical outcome as primary outcome using the
Cerebral Performance Category (CPC) scale upon intensive
care unit (ICU) discharge, and classified CPC 1-3 as good
and CPC 4-5 as poor outcome. To investigate potential con-
founders of coma, center specifics in order of prognostic
testing, and ICU duration, we reviewed patients with CPC 4
and cortical SSEP amplitudes above 2.5 uV [6, 24, 25]. Fur-
thermore, we assessed from clinical records whether patients
regained consciousness, i.e., were awake and communicating
during the ICU stay.

Statistical analysis

Baseline demographics are presented as medians with inter-
quartile range (IQR) or absolute numbers with percentage
as appropriate. To illustrate the association between corti-
cal SSEP amplitude and investigated parameters, we used
scatter plots, and calculated median and IQRs. We used the
Kolmogorov—Smirnov test to check for normal distribu-
tion and a two-sided Wilcoxon rank-sum test to compare
groups as appropriate. Sensitivity and specificity were cal-
culated for outcome prediction. A heatmap illustrates the
inter-recording agreement. To analyze inter-rater agreement,
SSEPs were categorized into excluded, bilaterally absent,
up to 0.5 nV, larger than 0.5-2.5 uV, and above 2.5 uV; and
agreement between the four raters was described numeri-
cally. Fleiss’s kappa was calculated according to previous
conventions [26] as follows: 0—0.20, slight; 0.21-0.40, fair;
0.41-0.60, moderate; 0.61-0.80, substantial; and 0.81-1.00,
almost perfect inter-rater agreement. A two-sided p-value
below 0.05 was considered statistically significant. All anal-
yses were performed with MATLAB.

Data availability

Anonymized data are available on reasonable request to the
corresponding author.

Results
Patient characteristics

We enrolled 816 patients of whom 9 (1.1%) had incomplete
recordings, 48 (5.9%) bilaterally non-reproducible cervical
potentials with low-amplitude cortical SSEP amplitudes,
and 53 (6.5%) patients had too high noise levels. Supple-
mentary Table 2 and Supplementary Table 3 shows the
patient flow for the standardized evaluation pathway strati-
fied by each center. Table 1 provides the baseline demo-
graphics. Of 706 (85.5%) included patients, 277 (39.2%)
had good and 429 (60.8%) poor outcome. Median ICU
duration was 10 days (6-21) and 104 (15%) had CPC 4.
Median timing of the first SSEP was 3 days (IQR 2-4)
after CA. While age (median 62—66 years) and gender dis-
tribution (67-81% male) were similar in all centers, other
demographic variables relevantly differed. In center 3, 85
patients had the longest median resuscitations (27 min,
15-40), lowest rate of regain of consciousness (4 of 85
patients), and highest WLST rate (74 of 85 patients). 144
patients of center 4 had the highest rate of CPC 4 (38%)
with a median ICU duration of 6 days (4—10).

Cortical SSEP amplitudes and clinical outcome

Figure 1 shows the association between cortical SSEP
amplitude and clinical outcome. Median cortical SSEP
amplitude was 2.8 uV (1.9-5.0) in CPC 1, 2.7 pV (1.7-5.0)
in CPC 2, 2.9 uVv (1.6-6.6) in CPC 3, 2.0 pV (0.9-3.7) in
CPC 4, and 0.5 pV (0-2.3) in CPC 5 patients.

Of 277 patients with good outcome, one patient with
CPC 3 had bilaterally absent cortical SSEP in a first SSEP
and 0.51 pV in a repeated SSEP. This was an 18-year-
old male who regained consciousness, but suffered from
a severe spastic tetraparesis, dysphagia, anarthria, gen-
eralized dystonia, and severe cognitive deficits. He did
not improve in a 13 months follow-up. Except for this
one patient, all other 130 (99.2%) patients with bilater-
ally absent cortical SSEP had CPC 4 (n=16) or CPC 5
(n=114) yielding a sensitivity of 30.3% to predict poor
outcome. Presence of cortical SSEPs yielded a posi-
tive predictive value of 48.0% (276/575) to predict good
outcome. The lowest cortical SSEP amplitude of CPC 1
patients was 0.50 uV and 0.63 uV in CPC 2 patients. Of
429 patients with CPC 4-5, 184 (42.9%) had cortical SSEP
amplitudes below 0.50 pV.

Across centers (Supplementary Fig. 3), range of median
cortical SSEP amplitude were 2.38-5.59 puV in CPC 1-3,
0.87-3.11 pV in CPC 4, and 0.25-1.05 pV in CPC 5
patients, respectively. Among CPC 1-3 patients, the lowest
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Table 1 Baseline characteristics

: . All Center 1 Center 2 Center 3 Center 4
of included patients
Patients, n (%) 706 (100) 420 (60) 57 (8) 85 (12) 144 (20)
Age, median (IQR), years 64 (52-72) 62 (51-73) 65(55-73) 66 (53-71) 65 (56-72)
Gender, n (%), male 532 (75) 317 (75) 41 (72) 57 (67) 117 (81)
OHCA, % 71 65 51 80 90
Cardiac cause, % 56 50 60 57 77
Shockable rhythm, % 46 40 35 51 67
tROSC, median (IQR), min 18 (10-30) 15(10-30) 15(10-30) 27 (15-40) 20 (12-30)
Regain of consciousness, n (%) 306 (43) 219 (52) 25 (44) 4(5) 58 (40)
WLST, n (%) 281 (40) 157 (37) 18 (32) 74 (87) 32 (22)
Length of ICU stay, median IQR),d 10 (6-21) 13 (7-23) 26 (17-35) 6 (4-10) 6 (4-10)
Time until 1. SSEP, median IQR),d 3 (2-4) 3(3-4) 5@3-7) 4 (3-5) 2 (1-4)
Time until 2. SSEP, median IQR),d 6 (4-7) 7 (6-8) 7 (6-12) 7 (6-11) 2(2-3)
Outcome upon ICU discharge
CPC 1, n (%) 114 (16) 89 (21) 4(7) 0(0) 21 (15)
CPC 2, n (%) 108 (15) 72 (17) 11 (19) 2(2) 23 (16)
CPC 3, n (%) 55 (8) 34 (8) 7(12) 2(2) 12 (8)
CPC 4, n (%) 104 (15) 30 (7) 15 (26) 4(5) 55 (38)
CPC 5, n (%) 325 (46) 195 (46) 20 (35) 77 (91) 33 (23)

Center 1: Charité University Hospital, Berlin, Germany, Campus Virchow-Klinikum; Center 2: Charité
University Hospital, Berlin, Germany, Campus Mitte; Center 3: Skéne University Hospital, Lund, Sweden;
and Center 4: Aarhus University Hospital, Aarhus, Denmark

IQR inter-quartile range, OHCA out-of-hospital cardiac arrest, tROSC time from cardiac arrest to spontane-
ous circulation, WLST withdrawal of life-sustaining treatment, /CU intensive care unit, SSEP somatosen-
sory evoked potential, CPC Cerebral performance category
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Fig. 1 Cortical SSEP amplitudes and clinical outcome. A This figure
shows the association between cortical SSEP amplitudes and clini-
cal outcome assessed by CPC. We present the results as scatterplots
(black dots) and box plots (gray) with inter-quartile range, median

cortical SSEP amplitudes was 1.02 uV in center 2, 1.25 uV
in center 3, 0.78 uV in center 4, and bilaterally absent and
0.50 uV, respectively, in center 1.
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and whisker bars representing the 5th and 95th percentile. B The
y-axis is restricted to the lower cortical SSEP amplitudes to show the
lower threshold of CPC 1-3 patients. SSEP somatosensory evoked
potential, CPC Cerebral performance category

In 306 (43.3%) patients who regained consciousness,
median cortical SSEP amplitude was 2.8 uV (1.8-5.4)
compared to 0.7 pV (0-2.5, p<0.001) in 400 (56.7%)
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patients without regain of consciousness. In center 4, 86
patients without regain of consciousness had higher corti-
cal SSEP amplitudes compared to other centers (median
2.3 uV, 0.4-4.5). 58 patients, who regained consciousness in
center 4, had significantly higher cortical SSEP amplitudes
(median 5.5 pV, 3.7-7.6) compared to 219 patients of center
1 (median 2.5 pV, 1.6-3.7, p<0.001).

20 of 131 patients (6.5%) with regain of consciousness
had cortical SSEP amplitudes below 1 pV, 176 (57.5%)
above 2.5 pV, and 85 (27.8%) above 5 pV. The positive pre-
dictive value for a threshold of 2.5 and 5 puV to predict regain
of consciousness was 64.0% (176/275) and 68.6% (85/124),
respectively.

Figure 2 shows the association between clinical outcome
and increasing cortical SSEP amplitudes. In 131 patients
with bilaterally absent cortical SSEPs, 1 (0.8%) patient had
a CPC 1-3, 16 (12.2%) CPC 4, and 114 (87.0%) CPC 5. In
54 patients with cortical SSEP amplitude below 0.5 pV, 1
(1.9%) had a CPC 1 - 3, 3 (5.6%) CPC 4, and 50 (92.6%)
CPC 5. In patients with cortical SSEP amplitude above
2.5 pV, the outcome distribution remained largely stable
with increasing amplitudes (CPC 1-3: 54.6 — 60.4%, CPC
4:10.8-18.4%, and CPC 5: 22.7-29.7%).

The positive predictive value to predict good outcome
using cortical SSEP amplitudes above 2.5 uV was 57.8%
(159/275). 42 (40.4%) of 104 CPC 4 patients had corti-
cal SSEP amplitudes above 2.5 uV of whom 21 patients
improved neurologically or died early after ICU discharge
with potential death causes other than HIE. Considering
improvement after discharge and death causes from other

Fig.2 Proportion of clinical
outcome stratified by thresholds
of cortical SSEP amplitudes.
This figure shows the asso-
ciation between proportion of
clinical outcome and increase
of cortical SSEP amplitude.
Clinical outcome is separated
into CPC 5 (black bar), CPC 4
(gray bar), and CPC 1-3 (white
bar). Absolute patient numbers
are provided below the figure.
SSEP somatosensory evoked
potential, CPC Cerebral perfor-
mance category

Proportion of patients (%)

No. Patients

All 131 54 51
CPC1-3 1 1 15
CPC4 16 3 11
CPC5 114 50 25

59
28
7
24

than HIE, the proportion of CPC 4 patients with cortical
SSEP above 2.5 uV without identifiable confounders ranged
between 0 and 23.6% in the four centers. 22.8% (74/325) of
CPC 5 patients had cortical SSEP amplitudes above 2.5 pV.

The lower cortical SSEP amplitude threshold to predict
poor outcome did not relevantly change during the first days
after CA (Supplementary Fig. 5). Except for one patient
with CPC 3 and bilaterally absent SSEPs, the lowest corti-
cal SSEP amplitude of good outcome patients was 0.76 uV,
0.50 pV, 0.63 uVv, 0.59 uV, and 0.73 pV, on days 1, 2, 3, 4,
and 5, respectively.

Inter-recording agreement in repeated SSEPs

106 patients had a repeated SSEP at a median of 6 days
(4-7) after CA. Figure 3 illustrates changes in cortical SSEP
amplitude categories from first to repeated SSEP. 22 (20.8%)
were excluded due to high noise levels or bilaterally non-
reproducible cervical potentials, 27 (25.5%) had bilaterally
absent cortical SSEPs, and 57 (53.8%) had cortical SSEP
amplitudes (Supplementary Table 3). 59 (55.7%) patients
had no change in SSEP categories. Of 22 excluded patients
in the first SSEP, 12 (54.6%) had bilaterally absent cortical
SSEPs in the repeated SSEP.

6 (5.7%) patients had prognostication-relevant changes in
SSEP categories. In 3 patients with SSEP amplitude decrease,
a second CA, refractory cardiogenic shock, and progressive
global brain edema were likely reasons. In 3 patients with
SSEP amplitude increase, noise levels might have contrib-
uted to different cortical SSEP amplitudes between recordings

] cpc1-3
[ cpcsa
Il cpPcs

SSEP amplitude (uV)

71 65 48 38 22 43 37 87
35 38 29 22 12 24 22 50
15 10 6 7 5 6 4 14
21 17 13 9 5 13 11 23

@ Springer



6004

Journal of Neurology (2023) 270:5999-6009

Fig.3 Inter-recording agree-
ment in patients with a repeated
SSEP. This heatmap shows the
inter-recording agreement on >2.5
determination of cortical SSEP
amplitudes in 106 patients with
a repeated SSEP. SSEPs were
categorized into excluded due to
noise, bilaterally absent, up to
0.5 uV, larger than 0.5-2.5 pV,
and above 2.5 uV. The column
shows the results from the first
SSEP and the row from the
repeated SSEP. Numbers in the
field represent absolute patient
numbers. The inter-recording
agreement between first and
repeated SSEP is indicated by
the field colors in percentages.
SSEP somatosensory evoked
potential

>0.5-2.5

>0-0.5

absent

1.SSEP amplitude (V)

excluded

in one patient, apart from the CPC 3 patient with bilaterally
absent cortical SSEPs and cortical amplitudes of 0.51 pV in
the repeated SSEP.

Inter-rater agreement on cortical SSEP amplitudes

Supplementary Table 4 shows the patient flow of the cortical
SSEP amplitude stratification by the four raters. Fleiss’ kappa
was 0.88 indicating almost perfect inter-rater agreement. In
85 of 100 SSEPs, all four raters agreed on the cortical SSEP
category, and at least three of four raters agreed in 96 of 100
SSEPs (Fig. 4A). In 15 patients with inter-rater disagreement
(Supplementary Fig. 7), reasons were uncertainty regard-
ing distinction between bilaterally absent and low-amplitude
(@i.e., 0.1-0.3 uV) cortical SSEPs, interpretation of SSEP with
high noise levels, and measuring inaccuracy of cortical SSEP
amplitudes ranging from 0.1 to 0.2 uV. Of these 15 patients, 14
had CPC 4-5, and there was no case in which inter-rater disa-
greement would have led to a different prognostic conclusion
(Fig. 4B). Among 400 SSEP ratings, no good outcome patient
was erroneously interpreted as to have bilaterally absent or
low-amplitude SSEP amplitude.

@ Springer

Patients with repeated SSEP (n=106)

100
1 0 0 6
80
1 1 2 9 4 _
&
T
g
3 1 0 60 g
o
i ©
o
£
e
4 2 0 2
4140 8
(4
1 8
[=
6 2 2 -
4120
15 34 14 20 23 i
—0
excluded absent >0-0.5 >0.5-2.5 >2.5
2.SSEP amplitude (uV)
Discussion

Our main findings are: (1) bilaterally absent and cortical
SSEP amplitudes below 0.5 uV predicted poor outcome
with high specificity. (2) We found one patient among
131 patients with bilaterally absent cortical SSEPs, who
regained consciousness, but had severe long-term neuro-
logical deficits. (3) High-amplitude cortical SSEP ampli-
tudes argued against, but did not exclude severe HIE.
(4) Repeated SSEP recordings yielded mostly identical
cortical SSEP amplitude categories within the first days
after CA. (5) Following a standardized evaluation path-
way, inter-rater agreement on cortical SSEP amplitudes
was high.

Cortical SSEP amplitude are generated by the summa-
tion of postsynaptic potentials in the somatosensory cortex
[23, 27-29]; hence, it is plausible that HIE decreases the
number of intact neurons generating lower cortical SSEP
amplitudes. The histopathological association of decreased
cortical SSEP amplitudes and increased neuronal death
has been previously studied [25].
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>

Interrater Agreement (%)

SSEP amplitude (uV)

No. Patients 12 9 5 44 30

Fig.4 Inter-rater agreement on determination of cortical SSEP ampli-
tudes. This figure illustrates the inter-rater agreement on determina-
tion of cortical SSEP amplitudes by four independent raters in 100
patients. A SSEPs were categorized into excluded due to noise, bilat-
erally absent, up to 0.5 uV, larger than 0.5-2.5 uV, and above 2.5 pV.
Percentage of agreement between all four raters (black bar), three

In our study, bilaterally absent cortical SSEP predicted
poor outcome with high specificity of 99.2% corroborating
previous studies [5-7, 17, 30-32]. Importantly, neuroprog-
nostication studies are prone to a self-fulfilling prophecy if
prognostic tests influence WLST decisions. The prognos-
tic reliability of bilaterally absent cortical SSEP has been
previously questioned [13]. However, reevaluation of cases
with good outcome despite SSEPs interpreted as bilater-
ally absent [3], studies from countries with limited WLST
[31, 33, 34], postmortem histological analyses [25, 35], and
follow-ups on CPC 4 patients [24] confirmed the prognostic
reliability of bilaterally absent cortical SSEP.

In our current study, one 18-year-old patient with initially
bilaterally absent cortical SSEPs regained consciousness,
but suffered from severe long-term neurological deficits.
This illustrates that bilaterally absent SSEPs do not preclude
recovery of consciousness with absolute certainty [36-38].
Rare cases of recovery of consciousness despite bilaterally
absent SSEP and the observation of erroneous interpretation
of SSEP recordings in clinical routine underscore the impor-
tance of multimodal neuroprognostication and considering
confounders as recommended in the recent international
guidelines [1, 2].

Except for this case, the lowest cortical SSEP amplitude
in good outcome was 0.5 uV, and patients without regain
of consciousness had a median of 0.7 uV. This is in line
with several studies [5—11], which found a lower cortical
SSEP amplitude threshold ranging from 0.45 to 1.0 uV

No.

|:| <2/4 Raters
O 34Raters

B #4Raters

CPC

Patients 23 15 1 53

raters (gray bar), and less or equal two raters (white bar) for the SSEP
categories are shown. B Percentage of agreement between all four
raters (black bar), three raters (gray bar), and less or equal two raters
(white) are shown for the clinical outcome groups. SSEP somatosen-
sory evoked potential, excl. excluded, CPC cerebral performance cat-

egory

in good outcome. Using a threshold of 0.5 pV instead of
bilaterally absent cortical SSEP, the sensitivity to predict
poor outcome increased from 30.3 to 42.9% in our study,
compared to 47-86% in other studies [6-9, 11, 33, 39].
Sensitivities depend on cohort characteristics for SSEP as
shown by the differencing amplitude distributions across
the four centers.

We assessed clinical outcome upon ICU discharge.
Hence, we cannot exclude that CPC 4 patients with bilat-
erally absent or low-amplitude cortical SSEP amplitudes
improved neurologically in long-term. The median dura-
tion of the ICU stay of CPC 4 patients was 23 and 29 days
in center 1 and 2. We have previously shown that long-term
improvement in CPC 4 patients beyond this observation
period on the ICU is rare and was not observed among
patients with poor early prognostic testing such as bilater-
ally absent SSEP [24]. Other studies on late awakening after
CA also support this time threshold [40, 41].

Importantly, adherence to international guidelines [22,
23] and electrode positions [42] are mandatory as subtle
changes can lead to differences in cortical SSEP amplitudes.
Furthermore, interindividual differences of head configu-
rations may cause differences in cortical SSEP amplitudes
despite precise electrode placing. Hence, an amplitude safety
margin in low-amplitude cortical SSEPs is reasonable. Com-
pared to EEG, sedation has substantially less effects on cor-
tical SSEP amplitudes [6, 43, 44]. Early recording during
hypothermia did not decrease the specificity to predict poor
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outcome [34], and recording timing had no effect on corti-
cal SSEP amplitudes in our cohort and a previous study [6].

Finding prognostic tests to predict the absence of severe
HIE is difficult. We previously found that high cortical
SSEP amplitudes indicated absence of severe HIE [6, 25]
at a threshold of 2.5-2.7 uV, which was validated by the
amplitudes of CPC 4 patients in other cohorts [5, 7, 10,
24]. In our study, 42 of 104 CPC 4 patients had cortical
SSEP amplitudes above 2.5 uV. 21 patients neurologically
improved or died early after ICU discharge with potential
causes of death other than HIE. Importantly, 32 (76.2%) of
those CPC 4 patients were included from one center which
had the shortest ICU durations. These patients might have
regained consciousness upon longer follow-up. In contrast,
only nine patients with CPC 4 from center 1 and 2 had
amplitudes larger than 2.5 uV. While good outcome clini-
cally proves absence of severe HIE, deceased patients may
or may not have severe HIE, as extracerebral complications
frequently cause death despite no HIE [32, 45]. In our study,
regain of consciousness was associated with significantly
higher cortical SSEP amplitudes compared to patients never
regaining consciousness. Hence, cortical SSEP amplitudes
above 2.5 uV argue against, but do not exclude severe HIE,
and should prompt further prognostic testing if neuroprog-
nostication suggest otherwise.

Two previous studies found moderate to substantial inter-
rater agreement on classifying cortical SSEPs as bilaterally
present or absent with noise as main confounder of disagree-
ment [15, 16]. Insufficient noise levels, non-adherence to
guidelines, and failure to demonstrate intact peripheral and
spinal conduction can cause false interpretation of SSEPs [3,
13, 14] with particular risk to falsely classify low-amplitude
cortical SSEPs as bilaterally absent [17].

In our study, four raters with different expertise
achieved almost perfect inter-rater agreement following
a standardized SSEP evaluation pathway with a tolera-
ble noise level of 0.25 pV. Our Fleiss’ kappa of 0.88 was
higher compared to 0.34-0.75 in previous studies [15,
16], which only classified SSEPs as present or bilaterally
absent. Hence, we argue that determining amplitudes of
cortical SSEPs is safer and meets higher inter-rater agree-
ment than dichotomizing SSEP into present or bilaterally
absent. However, prerequisites are a definition of accept-
able cortical noise level, strict adherence to a standardized
evaluation pathway, and sufficient training by an experi-
enced supervisor. Insufficient noise levels should be rec-
ognized and improved during recordings, e.g., using short-
acting muscle relaxants [14] and/or by repeating SSEPs.
These prerequisites are even more important considering
that inter-rater disagreement nearly exclusively occurred
in CPC 4-5 patients in our study. However, in none of
these cases neuroprognostication would have changed if
we had only relied on cortical SSEP amplitudes as a single
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prognostic test. Our results should be replicated by future
studies; hence, we published our SSEP pathway with the
training set of SSEP examples including the 15 instructive
SSEP cases with inter-rater disagreement.

Prognostic results from repeated SSEPs were shown to be
stable between recordings within the first days after CA [34,
46]. Corroborating these results there were only 6 (5.7%)
patients with neuroprognostication-relevant changes of cor-
tical SSEP amplitudes with three days between recordings.
Secondary complications likely contributed to decrease and
noise level to increase of cortical SSEP amplitudes. Our
good inter-recording agreement validated the reliability of
cortical SSEP amplitude between recordings and argues
against routinely repeating SSEP in low-noise recordings.

Our study has strengths and limitations. Strengths include
the large sample size, four participating centers with differ-
ent recording devices, recording parameters, and cohorts,
blinded SSEP amplitude assessment using a standardized
SSEP evaluation pathway, blinded evaluation of inter-rater
agreement, and a large number of repeated SSEPs. Alto-
gether, these features support generalizability of our results.

Due to the retrospective and multicenter design, our
study cohort was heterogenous. However, the main results
remained unchanged in the subgroup analyses, and we
could study the effect of patient selection on cortical SSEP
amplitudes. We assessed clinical outcome upon ICU dis-
charge and, due to legal restrictions, could not routinely
obtain long-term follow-up. Importantly, CA patients
may substantially recovery during rehabilitation [47-49].
Therefore, we classified CPC 3 as good outcome. Com-
pared to previous studies, we included a higher proportion
of CPC 4 patients due to center characteristics. We cannot
exclude long-term improvement of CPC 4 patients, espe-
cially for patients recruited in center 4 with shorter ICU
stays. As most other neuroprognostication studies, we can-
not exclude a self-fulfilling prophecy for SSEPs. Prognos-
tication at the participating centers is performed with great
caution using a multimodal prognostic approach and with
a considerable clinical observation period in unclear cases.

In summary, in this retrospective multicenter study
of 706 comatose patients with SSEPs after CA, bilater-
ally absent and cortical SSEP amplitudes below 0.5 uV
predicted poor outcome with high specificity. One young
patient with bilaterally absent cortical SSEPs regained
consciousness with severe long-term neurological deficits.
High-amplitude cortical SSEP amplitudes likely indicate
absence of severe HIE. Using a standardized evaluation
pathway, inter-recording agreement and inter-rater agree-
ment were reliable to routinely use cortical SSEP ampli-
tudes in multimodal neuroprognostication.
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tary material available at https://doi.org/10.1007/s00415-023-11951-4.


https://doi.org/10.1007/s00415-023-11951-4

Journal of Neurology (2023) 270:5999-6009

6007

Acknowledgements We thank Hans Kirkegaard and Christoph Henri
Valemar Duez for their help of data collection at the Aarhus University
in Aarhus, Denmark. We also thank Malin Rundgren, Josef Dankiewicz
and Elisabet Englund for aiding data collection at the Lund University
in Lund, Sweden.

Author contributions NA: Conceptualization and design of the study,
acquisition of data, analysis and interpretation of data, and revising the
manuscript. EW: Conceptualization and design of the study, acquisition
of data, revising the manuscript. BJ: Conceptualization and design of
the study, acquisition of data, revising the manuscript. KH: Acquisition
of data, revising the manuscript. MK: Acquisition of data, revising the
manuscript. TC: Conceptualization and design of the study, acquisition
of data, revising the manuscript. HF: Conceptualization and design of
the study, acquisition of data, revising the manuscript. SP: Acquisition
of data, revising the manuscript. CJP: Conceptualization and design of
the study, revising the manuscript. CS: Acquisition of data, revising
the manuscript. JN: Acquisition of data, revising the manuscript. CL:
Conceptualization and design of the study, acquisition of data, analy-
sis and interpretation of data, drafting and revising the manuscript.
CE: Acquisition of funding, conceptualization and design of the study,
acquisition of data, analysis and interpretation of data, drafting and
revising the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. KH is a participant in the BIH Clinical Fellow Program funded
by the Charité—Universitidtsmedizin Berlin and the Berlin Institute of
Health at Charité (BIH), and received a research grant from Alnylam
Pharmaceuticals Inc., and Pfizer Pharmaceuticals. MK is a participant
in the BIH Charité Junior Digital Clinician Scientist Program funded
by the Charité—Universitdtsmedizin Berlin and the Berlin Institute of
Health at Charité (BIH). MK also received a grant from the Laerdal
Foundation (grant number 2021-0040). CL is a participant in the BIH
Clinical Fellow Program funded by the Charité—Universitdtsmedizin
Berlin and the Berlin Institute of Health at Charité (BIH). CE was
granted with research fellowship by the Laerdal Foundation (grant
number 2021-67) to conduct this study. The research grants had no
role in study concept, data collection and analysis, decision to publish,
or preparation of the manuscript.

Data availability Anonymized data are available on reasonable request
to the corresponding author.

Declarations

Conflicts of interest KH received financial reimbursement for consult-
ing, advisory board activities, speaker fees and contributions to con-
gresses and travel support to attend scientific meetings by Akcea Ther-
apeuticals Inc., Alnylam Pharmaceuticals Inc., Takeda Pharmaceutical
Inc., Pfizer Pharmaceuticals Inc. and Swedish Orphan Biovitrum Inc.
KH further received research funding by the foundation Charité (BIH
clinical fellow), Alnylam Pharmaceuticals Inc., and Pfizer Pharmaceu-
ticals. KH declared that none of this is related to the manuscript. JN
reported receiving personal fees for consultancy and speaker fees from
BD Bard. The other authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Ethical approval Local ethics committees fully approved this study
and waived the need for patient consent (EA4/004/14). The study was
conducted according to the Declaration of Helsinki.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Panchal AR, Bartos JA, Cabaiias JG et al (2020) Part 3: adult
basic and advanced life support: 2020 American heart associa-
tion guidelines for cardiopulmonary resuscitation and emergency
cardiovascular care. Circulation 142:S366-S468. https://doi.org/
10.1161/cir.0000000000000916

2. Nolan JP, Sandroni C, Béttiger BW et al (2021) European resus-
citation council and European society of intensive care medicine
guidelines 2021: post-resuscitation care. Resuscitation 161:220—
269. https://doi.org/10.1016/j.resuscitation.2021.02.012

3. Rothstein TL (2019) SSEP retains its value as predictor of
poor outcome following cardiac arrest in the era of therapeu-
tic hypothermia. Crit Care 23:327. https://doi.org/10.1186/
$13054-019-2576-5

4. Cronberg T, Greer DM, Lilja G, Moulaert V, Swindell P, Rossetti
AO (2020) Brain injury after cardiac arrest: from prognostication
of comatose patients to rehabilitation. Lancet Neurol 19:611-622.
https://doi.org/10.1016/S1474-4422(20)30117-4

5. Oh SH, Park KN, Choi SP et al (2019) Beyond dichotomy:
patterns and amplitudes of SSEPs and neurological outcomes
after cardiac arrest. Crit Care 23:224. https://doi.org/10.1186/
$13054-019-2510-x

6. Endisch C, Storm C, Ploner CJ, Leithner C (2015) Amplitudes
of SSEP and outcome in cardiac arrest survivors. Neurology
85:1752-1760. https://doi.org/10.1212/WNL.0000000000002123

7. CarraiR, Scarpino M, Lolli F et al (2019) Early-SEPs’ amplitude
reduction is reliable for poor-outcome prediction after cardiac
arrest? Acta Neurol Scand 139:158-165. https://doi.org/10.1111/
ane.13030

8. van Soest TM, van Rootselaar A-F, Admiraal MM, Potters WV,
Koelman JHMT, Horn J (2021) SSEP amplitudes add information
for prognostication in postanoxic coma. Resuscitation 163:172—
175. https://doi.org/10.1016/j.resuscitation.2021.03.033

9. Choi SP, Park KN, Wee JH et al (2017) Can somatosensory and
visual evoked potentials predict neurological outcome during tar-
geted temperature management in post cardiac arrest patients?
Resuscitation 119:70-75. https://doi.org/10.1016/j.resuscitation.
2017.06.022

10. Barbella G, Novy J, Marques-Vidal P, Oddo M, Rossetti AO
(2020) Added value of somato-sensory evoked potentials ampli-
tude for prognostication after cardiac arrest. Resuscitation
149:17-23. https://doi.org/10.1016/j.resuscitation.2020.01.025

11. Glimmerveen AB, Ruijter BJ, Keijzer HM, Tjepkema-Clooster-
mans MC, van Putten MJAM, Hofmeijer J (2019) Association
between somatosensory evoked potentials and EEG in comatose
patients after cardiac arrest. Clin Neurophysiol 130:2026-2031.
https://doi.org/10.1016/j.clinph.2019.08.022

12. Endisch C, Waterstraat G, Storm C, Ploner CJ, Curio G, Leithner
C (2016) Cortical somatosensory evoked high-frequency (600Hz)
oscillations predict absence of severe hypoxic encephalopathy
after resuscitation. Clin Neurophysiol 127:2561-2569. https://
doi.org/10.1016/j.clinph.2016.04.014

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/cir.0000000000000916
https://doi.org/10.1161/cir.0000000000000916
https://doi.org/10.1016/j.resuscitation.2021.02.012
https://doi.org/10.1186/s13054-019-2576-5
https://doi.org/10.1186/s13054-019-2576-5
https://doi.org/10.1016/S1474-4422(20)30117-4
https://doi.org/10.1186/s13054-019-2510-x
https://doi.org/10.1186/s13054-019-2510-x
https://doi.org/10.1212/WNL.0000000000002123
https://doi.org/10.1111/ane.13030
https://doi.org/10.1111/ane.13030
https://doi.org/10.1016/j.resuscitation.2021.03.033
https://doi.org/10.1016/j.resuscitation.2017.06.022
https://doi.org/10.1016/j.resuscitation.2017.06.022
https://doi.org/10.1016/j.resuscitation.2020.01.025
https://doi.org/10.1016/j.clinph.2019.08.022
https://doi.org/10.1016/j.clinph.2016.04.014
https://doi.org/10.1016/j.clinph.2016.04.014

6008

Journal of Neurology (2023) 270:5999-6009

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Amorim E, Ghassemi MM, Lee JW et al (2018) Estimating the
false positive rate of absent somatosensory evoked potentials in
cardiac arrest prognostication. Crit Care Med 46:¢1213—-e1221.
https://doi.org/10.1097/CCM.0000000000003436

Oishi T, Triplett JD, Laughlin RS, Hocker SE, Berini SE, Hoff-
man EM (2022) Short-acting neuromuscular blockade improves
inter-rater reliability of median somatosensory evoked potentials
in post-cardiac arrest prognostication. Neurocrit Care 38:600-611.
https://doi.org/10.1007/s12028-022-01601-4

Pfeifer R, Weitzel S, Giinther A et al (2013) Investigation of
the inter-observer variability effect on the prognostic value of
somatosensory evoked potentials of the median nerve (SSEP)
in cardiac arrest survivors using an SSEP classification. Resus-
citation 84:1375-1381. https://doi.org/10.1016/j.resuscitation.
2013.05.016

Zandbergen EGJ, Hijdra A, de Haan RJ et al (2006) Interob-
server variation in the interpretation of SSEPs in anoxic—ischae-
mic coma. Clin Neurophysiol 117:1529-1535. https://doi.org/
10.1016/j.clinph.2006.03.018

Bouwes A, Binnekade JM, Kuiper MA et al (2012) Prognosis of
coma after therapeutic hypothermia: a prospective cohort study.
Ann Neurol 71:206-212. https://doi.org/10.1002/ana.22632

. Callaway CW, Donnino MW, Fink EL et al (2015) Part 8: post-

cardiac arrest care 2015 American heart association guidelines
update for cardiopulmonary resuscitation and emergency cardi-
ovascular care. Circulation 132(18 Suppl 2):S465-S482. https://
doi.org/10.1161/CIR.0000000000000262

Sandroni C, Cariou A, Cavallaro F et al (2014) Prognostication
in comatose survivors of cardiac arrest: an advisory statement
from the European Resuscitation Council and the European
Society of Intensive Care Medicine. Intens Care Med 40:1816—
1831. https://doi.org/10.1007/s00134-014-3470-x

Fredland A, Backman S, Westhall E (2019) Stratifying coma-
tose postanoxic patients for somatosensory evoked potentials
using routine EEG. Resuscitation 143:17-21. https://doi.org/
10.1016/j.resuscitation.2019.07.027

Idris AH, Bierens JILM, Perkins GD et al (2018) 2015 revised
Utstein-style recommended guidelines for uniform reporting of
data from drowning-related resuscitation: an ILCOR advisory
statement. Circ Cardiovasc Qual Outcomes 10:¢000024. https://
doi.org/10.1161/HCQ.0000000000000024

American Clinical Neurophysiology Society (2006) Guideline
9D: guidelines on short-latency somatosensory evoked poten-
tials. J Clin Neurophysiol 23(2):168—179. https://doi.org/10.
1097/00004691-200604000-00013

Cruccu G, Aminoff MJ, Curio G et al (2008) Recommendations
for the clinical use of somatosensory-evoked potentials. Clin
Neurophysiol 119:1705-1719. https://doi.org/10.1016/j.clinph.
2008.03.016

Petzinka VN, Endisch C, Streitberger KJ et al (2018) Unre-
sponsive wakefulness or coma after cardiac arrest—a long-term
follow-up study. Resuscitation 131:121-127. https://doi.org/10.
1016/j.resuscitation.2018.07.007

Endisch C, Westhall E, Kenda M et al (2020) Hypoxic-ischemic
encephalopathy evaluated by brain autopsy and neuroprognos-
tication after cardiac arrest. JAMA Neurol 77(11):1430-1439.
https://doi.org/10.1001/jamaneurol.2020.2340

Landis JR, Koch GG (1977) The measurement of observer
agreement for categorical data. Biometrics 33:159-174. https://
doi.org/10.2307/2529310

Ozaki I, Hashimoto I (2011) Exploring the physiology and func-
tion of high-frequency oscillations (HFOs) from the somatosen-
sory cortex. Clin Neurophysiol 122:1908-1923. https://doi.org/
10.1016/j.clinph.2011.05.023

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

van Putten MJAM (2012) The N20 in post-anoxic coma: are you
listening? Clin Neurophysiol 123:1460-1464. https://doi.org/10.
1016/j.clinph.2011.10.049

Endisch C (2021) Cortical somatosensory evoked potential
amplitudes and severity of hypoxic-ischemic encephalopathy
after cardiac arrest. Doctoral thesis. Updated June 2, 2021
Accessed May 8, 2023. Epub 2021. https://doi.org/10.17169/
refubium-29898

Nobile L, Pognuz ER, Rossetti AO et al (2020) The characteris-
tics of patients with bilateral absent evoked potentials after post-
anoxic brain damage: a multicentric cohort study. Resuscitation
149:134-140. https://doi.org/10.1016/j.resuscitation.2020.02.017
Youn CS, Park KN, Kim SH et al (2022) External validation
of the 2020 ERC/ESICM prognostication strategy algorithm
after cardiac arrest. Crit Care 26:95. https://doi.org/10.1186/
$13054-022-03954-w

Dragancea I, Horn J, Kuiper M et al (2015) Neurological prognos-
tication after cardiac arrest and targeted temperature management
33°C versus 36°C: results from a randomised controlled clinical
trial. Resuscitation 93:164—170. https://doi.org/10.1016/j.resus
citation.2015.04.013

Oh SH, Park KN, Choi SP et al (2020) Prognostic value of soma-
tosensory evoked potential in cardiac arrest patients without
withdrawal of life-sustaining therapy. Resuscitation 150:154-161.
https://doi.org/10.1016/j.resuscitation.2020.02.029

Scarpino M, Carrai R, Lolli F et al (2020) Neurophysiology for
predicting good and poor neurological outcome at 12 and 72 h
after cardiac arrest: The ProNeCA multicentre prospective study.
Resuscitation 147:95-103. https://doi.org/10.1016/j.resuscitation.
2019.11.014

van Putten MJAM, Jansen C, Tjepkema-Cloostermans MC et al
(2018) Postmortem histopathology of electroencephalography and
evoked potentials in postanoxic coma. Resuscitation 134:26-32.
https://doi.org/10.1016/j.resuscitation.2018.12.007

Nawfal O, Halabi TE, Dib G, Dirani M, Beydoun A (2022) Bilat-
eral reappearance of the N20 potential in a normothermic young
woman post-anoxic brain injury. J Clin Neurophysiol 39:e21-e25.
https://doi.org/10.1097/WNP.0000000000000928

Bender A, Howell K, Frey M, Berlis A, Naumann M, Buheitel
G (2012) Bilateral loss of cortical SSEP responses is compatible
with good outcome after cardiac arrest. ] Neurol 259:2481-2483.
https://doi.org/10.1007/s00415-012-6573-8

Pfeiffer G, Pfeifer R, Isenmann S (2014) Cerebral hypoxia,
missing cortical somatosensory evoked potentials and recovery
of consciousness. BMC Neurol 14:82. https://doi.org/10.1186/
1471-2377-14-82

Oh SH, Oh JS, Jung HH et al (2020) Prognostic value of P25/30
cortical somatosensory evoked potential amplitude after cardiac
arrest. Crit Care Med 48(9):1304—-1311. https://doi.org/10.1097/
CCM.0000000000004460

Lee DH, Cho YS, Lee BK et al (2022) Late awakening is common
in settings without withdrawal of life-sustaining therapy in out-of-
hospital cardiac arrest survivors who undergo targeted tempera-
ture management. Crit Care Med 50:235-244. https://doi.org/10.
1097/CCM.0000000000005274

Paul M, Bougouin W, Geri G et al (2016) Delayed awakening
after cardiac arrest: prevalence and risk factors in the Parisian
registry. Intensive Care Med 42:1128-1136. https://doi.org/10.
1007/s00134-016-4349-9

Allison T, McCarthy G, Wood CC, Jones SJ (1991) Potentials
evoked in human and monkey cerebral cortex by stimulation of
the median nerve: a review of scalp and intracranial recordings.
Brain 114:2465-2503. https://doi.org/10.1093/brain/114.6.2465
Horn J, Tjepkema-Cloostermans M (2017) Somatosensory evoked
potentials in patients with hypoxic-ischemic brain injury. Semin
Neurol 37:060-065. https://doi.org/10.1055/s-0036-1594252


https://doi.org/10.1097/CCM.0000000000003436
https://doi.org/10.1007/s12028-022-01601-4
https://doi.org/10.1016/j.resuscitation.2013.05.016
https://doi.org/10.1016/j.resuscitation.2013.05.016
https://doi.org/10.1016/j.clinph.2006.03.018
https://doi.org/10.1016/j.clinph.2006.03.018
https://doi.org/10.1002/ana.22632
https://doi.org/10.1161/CIR.0000000000000262
https://doi.org/10.1161/CIR.0000000000000262
https://doi.org/10.1007/s00134-014-3470-x
https://doi.org/10.1016/j.resuscitation.2019.07.027
https://doi.org/10.1016/j.resuscitation.2019.07.027
https://doi.org/10.1161/HCQ.0000000000000024
https://doi.org/10.1161/HCQ.0000000000000024
https://doi.org/10.1097/00004691-200604000-00013
https://doi.org/10.1097/00004691-200604000-00013
https://doi.org/10.1016/j.clinph.2008.03.016
https://doi.org/10.1016/j.clinph.2008.03.016
https://doi.org/10.1016/j.resuscitation.2018.07.007
https://doi.org/10.1016/j.resuscitation.2018.07.007
https://doi.org/10.1001/jamaneurol.2020.2340
https://doi.org/10.2307/2529310
https://doi.org/10.2307/2529310
https://doi.org/10.1016/j.clinph.2011.05.023
https://doi.org/10.1016/j.clinph.2011.05.023
https://doi.org/10.1016/j.clinph.2011.10.049
https://doi.org/10.1016/j.clinph.2011.10.049
https://doi.org/10.17169/refubium-29898
https://doi.org/10.17169/refubium-29898
https://doi.org/10.1016/j.resuscitation.2020.02.017
https://doi.org/10.1186/s13054-022-03954-w
https://doi.org/10.1186/s13054-022-03954-w
https://doi.org/10.1016/j.resuscitation.2015.04.013
https://doi.org/10.1016/j.resuscitation.2015.04.013
https://doi.org/10.1016/j.resuscitation.2020.02.029
https://doi.org/10.1016/j.resuscitation.2019.11.014
https://doi.org/10.1016/j.resuscitation.2019.11.014
https://doi.org/10.1016/j.resuscitation.2018.12.007
https://doi.org/10.1097/WNP.0000000000000928
https://doi.org/10.1007/s00415-012-6573-8
https://doi.org/10.1186/1471-2377-14-82
https://doi.org/10.1186/1471-2377-14-82
https://doi.org/10.1097/CCM.0000000000004460
https://doi.org/10.1097/CCM.0000000000004460
https://doi.org/10.1097/CCM.0000000000005274
https://doi.org/10.1097/CCM.0000000000005274
https://doi.org/10.1007/s00134-016-4349-9
https://doi.org/10.1007/s00134-016-4349-9
https://doi.org/10.1093/brain/114.6.2465
https://doi.org/10.1055/s-0036-1594252

Journal of Neurology (2023) 270:5999-6009

6009

44,

45.

46.

Banoub M, Tetzlaff JE, Schubert A (2003) Pharmacologic and
physiologic influences affecting sensory evoked potentials. Anes-
thesiology 99:716-737. https://doi.org/10.1097/00000542-20030
9000-00029

Nobile L, Taccone FS, Szakmany T et al (2016) The impact of
extracerebral organ failure on outcome of patients after cardiac
arrest: an observational study from the ICON database. Crit Care
20:368. https://doi.org/10.1186/s13054-016-1528-6
Glimmerveen AB, Keijzer HM, Ruijter BJ, Tjepkema-Clooster-
mans MC, van Putten MJAM, Hofmeijer J (2020) Relevance of
somatosensory evoked potential amplitude after cardiac arrest.
Front Neurol 11:335. https://doi.org/10.3389/tneur.2020.00335

47.

48.

49.

Estraneo A, Moretta P, Loreto V et al (2013) Predictors of recov-
ery of responsiveness in prolonged anoxic vegetative state. Neu-
rology 80:464-470. https://doi.org/10.1212/WNL.0b013e3182
71031

Howell K, Grill E, Klein A-M, Straube A, Bender A (2013)
Rehabilitation outcome of anoxic-ischaemic encephalopathy
survivors with prolonged disorders of consciousness. Resuscita-
tion 84:1409-1415. https://doi.org/10.1016/j.resuscitation.2013.
05.015

The Multi-Society Task Force on PVS (1994) Medical aspects of
the persistent vegetative state. N Engl J Med 330(22):1572-1579.
https://doi.org/10.1056/NEJM199406023302206

@ Springer


https://doi.org/10.1097/00000542-200309000-00029
https://doi.org/10.1097/00000542-200309000-00029
https://doi.org/10.1186/s13054-016-1528-6
https://doi.org/10.3389/fneur.2020.00335
https://doi.org/10.1212/WNL.0b013e31827f0f31
https://doi.org/10.1212/WNL.0b013e31827f0f31
https://doi.org/10.1016/j.resuscitation.2013.05.015
https://doi.org/10.1016/j.resuscitation.2013.05.015
https://doi.org/10.1056/NEJM199406023302206

	Cortical somatosensory evoked potential amplitudes and clinical outcome after cardiac arrest: a retrospective multicenter study
	Abstract
	Objective 
	Methods 
	Results 
	Interpretation 

	Introduction
	Methods
	Standard protocol approvals, registrations, and patient consents
	Participants
	SSEP recordings
	Outcome
	Statistical analysis
	Data availability

	Results
	Patient characteristics
	Cortical SSEP amplitudes and clinical outcome
	Inter-recording agreement in repeated SSEPs
	Inter-rater agreement on cortical SSEP amplitudes

	Discussion
	Anchor 21
	Acknowledgements 
	References




