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Abstract
Background: Several biochemical markers in blood correlate with the magnitude of brain injury and may be used to predict neurological outcome

after cardiac arrest. We present a protocol for the evaluation of prognostic accuracy of brain injury markers after cardiac arrest. The aim is to define

the best predictive marker and to establish clinically useful cut-off levels for routine implementation.

Methods: Prospective international multicenter trial within the Targeted Hypothermia versus Targeted Normothermia after Out-of-Hospital Cardiac

Arrest (TTM2) trial in collaboration with Roche Diagnostics International AG. Samples were collected 0, 24, 48, and 72 hours after randomisation

(serum) and 0 and 48 hours after randomisation (plasma), and pre-analytically processed at each site before storage in a central biobank. Routine

markers neuron-specific enolase (NSE) and S100B, and neurofilament light, total-tau and glial fibrillary acidic protein will be batch analysed using

novel Elecsys� electrochemiluminescence immunoassays on a Cobas e601 instrument.

Results: Statistical analysis will be reported according to the Standards for Reporting Diagnostic accuracy studies (STARD) and will include com-

parisons for prediction of good versus poor functional outcome at six months post-arrest, by modified Rankin Scale (0–3 vs. 4–6), using logistic

regression models and receiver operating characteristics curves, evaluation of mortality at six months according to biomarker levels and establish-

ment of cut-off values for prediction of poor neurological outcome at 95–100% specificities.

Conclusions: This prospective trial may establish a standard methodology and clinically appropriate cut-off levels for the optimal biomarker of brain

injury which predicts poor neurological outcome after cardiac arrest.

Keywords: Cardiac arrest, Brain injury markers, Neurofilament light, NFL, Total-tau, glial fibrially acidic protein, GFAP, S100, Neuron

specific enolase, NSE, Prognostication, outcome, biomarkers, Protocol
Background

Biochemical markers from damaged neurons and glial cells can be

measured quantitively in cerebrospinal fluid or blood and used as

predictors of long-term neurological outcome in patients who remain
comatose after out-of-hospital cardiac arrest (OHCA). Currently, only

neuron-specific enolase (NSE) is recommended for this purpose by

the European Resuscitation Council and the European Society of

Intensive Care Medicine.1 Unfortunately, NSE may be falsely ele-

vated in haemolytic samples or in the presence of tumours producing

the protein.2,3 S100B is a routinely available glial marker often used
es/
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in patients with traumatic injury, but it is not ideal as a predictor of

neurological outcome after OHCA.4,5

The novel brain injury markers total-tau, neurofilament light chain

protein (NFL) and glial fibrillary acidic protein (GFAP) are more

specific to the central nervous system than NSE and S100B.6 GFAP

is an early marker of astrocytic injury and cell activation and is often

used in combination with another neuronal marker after traumatic

brain injury.7,8 The neuroaxonal markers total-tau and NFL have

demonstrated excellent prognostic performance after OHCA when

analysed with a highly sensitive methodology and could even differ-

entiate between degrees of brain injury.9–11 Their predictive abilities

seem higher than those of NSE, S100B and GFAP, but they have

never been analysed head-to-head or in combinations.2,4,7,9,10,12

Currently, total-tau and NFL are only available on specific equipment

using research grade assays. Several challenges remain to make

these markers readily available on standard analytical

instruments.6,13

Roche Diagnostics International AG has developed Elecsys�, an

electrochemiluminescence immunoassay (ECLIA) for quantitative

and standardised in-vitro detection of biomarkers utilising analytical

platforms already commercially available.14 Below we describe the

statistical analysis plan for our study on brain injury markers from

the prospective international Targeted Hypothermia versus Targeted

Normothermia after Out-of-Hospital Cardiac Arrest (TTM2) trial in

collaboration with Roche Diagnostics International AG.15 Our study

will include analysis of both clinically available and novel biochemical

markers of neuronal and glial cells analysed on the same analytical

platform.

The objectives of the TTM2 biobank brain injury markers are to 1)

use a standardised analytical methodology to assess which routine

and novel neuronal and glial brain injury marker is the best predictor

of functional outcome after OHCA, and 2) establish clinically useful

cut-off levels for neurological prognostication.

Material and methods

Patients

Between November 2017 and January 2020, the TTM2 trial prospec-

tively randomised 1900 patients � 18 years with OHCA of a pre-

sumed cardiac or with an unknown cause of arrest to hypothermia

(target temperature 33 �C) or to normothermia (target temperature

� 37.8 �C) (clinicaltrials.gov NCT02908308).15,16 No significant dif-

ferences between the groups were found in neurological outcome

or survival at six-month follow-up.15 Criteria for neurological prognos-

tication and withdrawal of life-sustaining therapy have been previ-

ously published.16 Co-enrolment in the Targeted Therapeutic Mild

Hypercapnia after Resuscitated Cardiac Arrest (TAME) trial was

encouraged.17

Ethics

The trial protocol was approved by the ethics committees in each

participating country.15 Blood samples were pseudonymised before

shipment and storage in the biobank. Analyses of the samples will

be performed without any personal identifiers and published
research results will only be on a group-level and not be traceable

back to any individual participant.

Outcomes

The prognostic accuracy of biomarkers will be evaluated as the abil-

ity to predict neurological disability as functional outcome at six

months post-arrest by a binary modified Rankin Scale (mRS), dichot-

omised into “good” (mRS) 0–3) or “poor” (mRS 4–6) outcome as

previously described.15,18

Biochemical analysis of brain injury markers

This protocol describes the analyses of brain injury markers from the

twenty-five TTM2 sites participating in the biobank by Roche Diag-

nostics International AG.15,16 7/25 sites co-enrolled patients to the

TAME trial.15 Blood was sampled prospectively and processed at

each participating site, aliquoted, and frozen to � 80 �C before ship-

ment to the Integrated BioBank of Luxembourg. Serum was stored

from the timepoint of randomisation (0 hours) and from 24, 48, and

72 hours after randomisation, whilst plasma was stored from 0 and

48 hours after randomisation. The biobank instructions for collection

of samples are detailed in supplement 1. Samples will be analysed

with research prototype [NSE, S100] and novel prototype [NFL,

total-tau, GFAP] Elecsys� electrochemiluminescence immunoas-

says (ECLIA) for quantitative in-vitro detection of biomarkers on a

Cobas e601 System at the Roche Research Lab Facilities in Penz-

berg (Germany). Table 1 displays the limits of quantification. The

presence of haemolysis will be determined in the serum and plasma

aliquots used to measure biomarker concentrations with a Roche

haemolysis index at 600 and 570 nm.19 NSE levels may be routinely

available for neuroprognostication at some sites and results of the

local analysis will be collected separately.

� The primary analysis of brain injury markers will utilize serum

samples at 0, 24, 48, and 72 h post-randomisation for measure-

ment of NSE, S100B, NFL and GFAP.

� In a second phase, plasma samples available at 0 and 48 h will

be utilized for analyses of total-tau, GFAP and NFL.

Statistical analysis of brain injury markers

Results from the biochemical analyses will first become available to

the TTM2 biobank working group after this statistical analysis plan

has been submitted for publication. The statistical analysis will be

performed parallel and independently by the TTM2 biobank working

group and by the medical statisticians from Roche Diagnostics Inter-

national AG. Results of the statistical analyses will be compared and

added as supplements to any publication. All analyses will be pub-

lished regardless of the results. Reporting will follow the Standards

for Reporting Diagnostic accuracy studies (STARD) and Transparent

Reporting of a multivariable prediction model for Individual Prognosis

Or Diagnosis (TRIPOD).20,21

We plan to perform our analyses as follows; I) description of the

population, haemolysis, and effect of interventions on the prognostic

performance of biomarkers; II) main aims; prediction of functional

outcome, determination of cut-off values, and mortality and III)

http://clinicaltrials.gov


Table 1 – Limits of quantification for brain injury markers for Elecsys�.

Brain injury marker Lower limit of quantification Range

NSE 0.05 ng/mL 0.05–370 ng/mL

S100B 0.005 mg/L 0.005–39 mg/L
NFL 0.21 pg/mL 0.21–1959 pg/mL

GFAP 0.004 ng/mL 0.004–200 ng/mL

Total tau 0.18 pg/mL 0.18–3895 pg/mL

The lower limit of quantification and range. Samples with high concentrations will be diluted to determine exact concentrations.

Fig. 1 – Example of patient flow-chart. The flow-chart will be reported in accordance with the Standards for

Reporting of Diagnostic Accuracy Studies (STARD) and the Transparent Reporting of a multivariable prediction

model for Individual Prognosis Or Diagnosis (TRIPOD).20,21
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exploratory analyses. Biomarker levels may be analysed trans-

formed into a logarithmic scale if appropriate.

I) Description of the population, haemolysis,
and effect of interventions on the prognostic
performance of biomarkers

Population

Patients were consecutively included at participating sites. We will

describe reasons for exclusion in a flowchart (Fig. 1) and the number

of available samples at each time point (eTable 1). We will present

baseline characteristics of included and excluded patients, since

any differences might influence the interpretation of the results

(eTable 2). The main analysis will include all patients with data avail-

able at each timepoint.

Correlation with clinical characteristics

Biomarkers will be examined for their association with the TTM2 trial

design variables; age (continuous), sex (female/male), time to ROSC

(continuous), shockable initial rhythm (shockable versus non-

shockable) and circulatory shock on admission (present versus not

present). The association between the design variables and biomar-

ker levels will be described using Spearman’s rho for continuous

variables, and by comparing the biomarker levels between binary

variables using the Mann-Whitney-Wilcoxon-Test (eTable 3).

Haemolysis

If biomarker levels on a group level are significantly higher in

samples � 500 mg/l haemolysis than in samples < 500 mg/l haemol-

ysis, we will consider such samples pre-analytically confounded and

exclude them from further analysis of that specific marker (eFig. 1).

Only NSE is present in erythrocytes and has previously demon-

strated elevated blood levels in haemolytic samples.2

Effect of interventions on the prognostic performance of

biomarkers

We will describe and graphically inspect distributions of biomarker

levels between the temperature groups for good and poor functional

outcome (eFig. 2). In an interaction model we will examine if the

effect of the biomarker is similar in the temperature groups

(eTable 4A). If the interaction effect is not statistically significant,

we will pool data when analysing prognostic accuracies as described
Fig. 2 – Example biomarker levels according to functional o

separately for each biomarker and timepoint and will inclu

TTM allocation at each level of the modified Rankin Scale (

based on data from the TTM trial.2,9,24
in II). If required, we will present prognostic accuracies separately for

each intervention group. Due to the co-enrolment with the TAME

trial, we will also present interaction models for patients randomised

to mild hypercapnia (PaCO2, 50–55 mmHg) or standard care

(PaCO2, 35–45 mmHg) (eTable 4B).

II) Prediction of functional outcome,
determination of cut-off values, and mortality

Prediction of functional outcome

Firstly, we will display concentrations of biomarkers in relation to

functional outcome according to separate levels of the mRS at six

months (Fig. 2).

Secondly, we will examine the prognostic accuracy for binary

functional outcome (good versus poor). Using logistic regression

models, we aim to analyse whether biomarkers are useful additions

to the TTM2 design variables for prediction of functional outcome

(Table 2). The overall precision of the biomarkers for prediction of

functional outcome will also be presented as area under the receiver

operating characteristics curve (AUROC) with 95% confidence inter-

vals (Fig. 3). P-values will be calculated based on a test of difference

in AUROC using the method of DeLong. For the main logistic regres-

sion models on overall AUROC for prediction of functional outcome,

we aim to compare the prognostic accuracies of the two brain injury

markers with the highest AUROC at each timepoint to each other. P-

values will then be adjusted for multiplicity based on the number of

timepoints of sample collection (n = 4 for serum and n = 2 for

plasma), where p < 0.0125 and p < 0.025 will be considered statisti-

cally significant, respectively. We will also report partial AUROC at

high (95–100%) specificities in all patients (eTable 5). In a subgroup

analysis, we will examine overall prognostic accuracies in uncon-

scious patients alive but not awake who would be eligible for neuro-

logical prognostication (eFig. 3). We will examine whether the

AUROC of the D change in biomarker levels between timepoints

can be used for prediction of functional outcome (eTable 6).

The conclusion on which brain injury marker is the optimal predic-

tor of functional outcome marker will be based on the comparison of

AUROC (overall and partial) for single biomarkers.

Cut-off values at high specificities

We will present cut-offs and sensitivities at high specificities (95–

100%) and as the Youden-index for each timepoint for good versus
utcome (mRS). The boxplots with scatter will be made

de serum concentrations of all patients, irrespective of

mRS) at six months post cardiac arrest. Figure example



Table 2 – Example of logistic regression models adding biomarkers to clinical information for prediction of
functional neurological outcome.

Timepoint Model predictors b biomarker

(95% CI)

AIC AUC

Randomisation Clinical variables NA

Biomarker only

Clinical and biomarker

24 h Clinical variables NA

Biomarker only

Clinical and biomarker

48 h Clinical variables NA

Biomarker only

Clinical and biomarker

72 h Clinical variables NA

Biomarker only

Clinical and biomarker

Examples of graphical presentation of results

Logistic regression models will be reported separately for each biomarker for prediction of good versus poor functional outcome at 6 months’ follow-up. “Clinical

information” included age, sex, time to ROSC, TTM allocation, shock on admission and whether initial rhythm on ECG was shockable. For each model, we

determine coefficients for the biomarkers (b = increase in log odds for poor functional outcome for each log10 unit increase in serum concentration with 95%

confidence intervals), Akaike Information criterion (AIC, measure of model fit; smallest is preferable) and Area Under the Receiver Operating Characteristics curve

(AUC). For biomarkers where a logarithmic-transformation of serum levels is not appropriate, other transformations or categorisation will be considered. We will

calculate p-values for comparing if difference in AUC between the clinical information and the model including biomarker plus clinical information is statistically

significant.

Fig. 3 – Example figure for ROC analysis for overall prognostic accuracies. This ROC analysis is the main analysis

and will include all available data from patients with biomarker data and functional outcome (good versus poor) at

six months. Using paired ROC curves (DeLong) we will examine whether the difference in AUROC between the two

best markers at each time-point is statistically significant. We will correct for multiplicity of the time-points (n=4

comparisons for serum samples and n= 2 for plasma), where p< 0.125 and p<0.025 will be considered statistically

significant. Figure example based on data from the TTM trial.2,4,7,10,12,24
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poor functional outcome at six months (eTable 7). Sensitivities and

specificities at all cut-offs will be determined by an out-of-sample

cross-validation procedure. In each iteration (suggested

n = 10.000), 70% of participants will be chosen, as a training set

and the remaining 30% of participants as a test set. Cut-offs will

be determined in the training set and these cut-offs will then be eval-

uated for sensitivity and specificity in the test set as recommended

for external validation studies.21 None of the sites and patients used

to train the models will be used when testing the models. The

reported sensitivities and specificities will be the mean results among
the 10,000 test sets. The 95% confidence intervals will be calculated

with Wilson’s method.22

Survival analysis

We will examine levels of brain injury markers according to the all-

cause mortality and according to the presumed cause of death (neu-

rological versus non-neurological according to treating physician)

until 180 days post-arrest. Kaplan-Meier curves will be created for

each time-point by splitting the biomarkers into three equally large

groups (tertiles with low, intermediate, and high levels of biomarkers)



Fig. 4 – Example figure survival analysis. Kaplan-Meier curves for all-cause mortality up till 180 days post-arrest will

be created by splitting the biomarkers into three equally large groups (tertiles with low, intermediate, and high

levels of biomarkers) and using these factorial variables as a predictor for age-adjusted survival with 95%

confidence intervals. Biomarker levels may be analysed transformed into a logarithmic scale if appropriate. P-

values will be calculated with a log-rank test. Figure example based on data from the TTM trial.2,9,12,24
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and using these factorial variables as a predictor for age adjusted

survival with 95% confidence intervals (Fig. 4). P-values will be cal-

culated with a log-rank test.

III) Exploratory analyses

� Validation of the currently recommended NSE cut-off for predic-

tion of poor functional outcome � 60 ng/mL at 48 and/or 72 hours

post-arrest using both results from local analysis and from the

Elecsys�1

� Examination of whether combinations of brain injury markers

improve prediction of functional outcome

� Correlation of awakening at any time-point to brain injury marker

levels

� Correlation of biomarker levels with other neuroprognostic meth-

ods (neurophysiology, neuroimaging and clinical neurological

findings)

� Validation of prognostic accuracies for “normal concentrations”

and twice normal concentrations in patients with “indeterminate

outcome”1,23

� Correlation of brain injury markers with cognitive function by the

MoCA (Montreal Cognitive Assessment) and SDMT (Symbol

Digit Modalities Test)

Publication

A first manuscript will include analyses of NSE, S100B, NFL and

GFAP in serum. A second manuscript will include analyses of

NFL, GFAP and total-tau in plasma. Additional exploratory analyses

will be performed subsequently and may be presented in separate

manuscripts.
Example figures and tables intended to be produced in the pri-

mary analysis are shown in Table 2, Figs. 1-4, eTables 1–7 and

eFig. 1–3. The choice of figures and tables included in the final

manuscripts rather than the supplement will be based on the results

(i.e., depending on which biomarker shows superior results).

Discussion

In a prospective international multicentre trial, we will use the Elec-

sys� methodology to compare the neuroprognostic ability of routine

and novel brain injury markers after cardiac arrest. We aim to exam-

ine which neuronal and glial markers best predict brain injury and

functional outcome and to establish clinically useful cut-off levels

for neurological prognostication. The clinical use of novel brain injury

markers are currently limited by a lack of validation, research grade

assays and prolonged time for obtaining results from external labora-

tories.6 Biochemical analysis on platforms in clinical use could make

novel markers more easily available.

Within the first TTM trial, both NFL and total-tau were examined

using ultrasensitive novel assays, whilst NSE, S100B and GFAP

were analysed with standard methods.2,4,10,11 Another novel neu-

ronal marker, ubiquitin-carboxy hydrolase L1, was not as predictive

of neurological outcome as the neuroaxonal markers and is therefore

not included in the present study.7 It is unclear to which extent the

analytical platform affects the prognostic accuracy. The current trial

may help clarify this by using a standardised approach to analysis

for all markers, both in serum and plasma.

We previously found that prognostic accuracies of biomarkers

were not significantly influenced by target temperature and will there-

fore perform analyses on pooled data where we find no significant

interaction effect between intervention groups.2,7,9,10 We do not
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expect mild hypercapnia to influence biomarker levels, but will

assess if there is a significant interaction effect for the generalisability

of our results.17 If we do identify differences between the intervention

groups, we plan to present results separately. Clinically it would be

preferable to have identical cut-offs for outcome prediction regard-

less of the approach to intensive care management. Nonetheless,

the astroglial markers S100B and GFAP previously demonstrated

higher concentrations in hypothermia despite similar prognostic

accuracies, which may require that prognostic accuracies for these

markers are reported separately for each intervention group.4,7

Our statistical analyses will also include studies of biomarker

dynamics for prediction of outcome. This gives us the opportunity

to examine whether the increase or decrease of biomarker levels

between timepoints is more relevant for outcome prediction than

the quantitative levels of biomarkers themselves. Evaluation of

dynamics could help distinguish patients with elevated biomarker

levels due to pre-existing neurological comorbidities or haemolysis

from patients with post-arrest brain injury. Within the TTM2 trial we

prospectively collected samples from the time-point of randomisa-

tion, which is earlier than the first collected samples within the

TTM trial biobank at 24 hours post-arrest.2 Combining information

gained from both neuronal and glial markers over time could help

us gain further understanding of the pathophysiology of hypoxic-

ischaemic brain injury.

Strengths and limitations

Strengths of the TTM2 trial include the prospective international mul-

ticenter design, randomisation to TTM stratified by site, a standard-

ised level of sedation, conservative criteria for neurological

prognostication and withdrawal of life-sustaining therapy following

a detailed protocol, and a structured long-term follow up of survivors
15,16 Analyses will be performed in batch using a standardised

approach on the same analytical platform for all biomarkers. Since

analysis will be performed after trial completion, results were not

available upon clinical decision-making. Statistical analyses will be

performed both by the TTM2 biobank working group and by medical

statisticians by Roche Diagnostics International AG. Results will be

published regardless of the results.

Limitations include that NSE analyses (performed locally at a par-

ticipating site) were part of the recommended neuroprognostication

procedure of the TTM2 trial and thus available for treating physi-

cians. To our knowledge, NFL levels may have been available as

research grade assays in one participating center. Also, information

obtained from other methods used (neurophysiology, imaging) when

predicting neurological outcome may bias final outcome and indi-

rectly this study. This is, however, a commonly reported limitation

for neuroprognostic studies and the protocol was conservative com-

pared to current guidelines.1 The participation in the TTM2 biobank

was limited to specific sites, yet we do not consider this to be a selec-

tion bias as all patients at the participating sites were eligible for

inclusion. The TTM2 trial included adult patients with a presumed

cardiac or unknown cause of out-of-hospital cardiac arrest. Our

results may therefore require further validation in other patient

populations.
Conclusions

We present the design of a large prospective trial examining the

prognostic accuracy of the most promising brain injury markers fol-

lowing cardiac arrest. Our results may help establish a standard

methodology and appropriate cut-off levels for prognostication of

neurological outcome after cardiac arrest.
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Universitätsmedizin Berlin, Berlin, Germany xAnaesthesiology and

Intensive Care, Department of Surgical Sciences, Uppsala Univer-

sity, Uppsala, Sweden ySecond Department of Medicine, First

Faculty of Medicine, Charles University and General University

Hospital, Prague, Czech Republic zDepartment of Anaesthesiology

and Intensive Care Medicine, Aarhus University Hospital, Aarhus,

Denmark aaDepartment of Clinical Medicine, Aarhus University,

Aarhus, Denmark abDepartment of Clinical Sciences Lund, Anaes-

thesia and Intensive Care, Lund University, Department of Cardi-
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