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Introduction

Reliable prognostication of neurological recovery is particularly challenging in unresponsive ICU patients. Somatosensory evoked potentials (SSEP) have long been used to assist in prognostication of patients with diffuse brain injuries such as cardiac arrest [START_REF] Wijdicks | Practice Parameter: Prediction of outcome in comatose survivors after cardiopulmonary resuscitation (an evidence-based review): Report of the Quality Standards Subcommittee of the American Academy of Neurology[END_REF][START_REF] Zandbergen | Systematic review of early prediction of poor outcome in anoxicischaemic coma[END_REF] and traumatic brain injury [START_REF] Houlden | Median nerve somatosensory evoked potentials and the Glasgow Coma Scale as predictors of outcome in comatose patients with head injuries[END_REF][START_REF] Houlden | Early somatosensory evoked potential grades in comatose traumatic brain injury patients predict cognitive and functional outcome[END_REF]. Several meta-analyses revealed that bilaterally absent N20 components have a predictive value close to 100% in predicting poor neurologic outcome or death in post-anoxic coma [START_REF] Wijdicks | Practice Parameter: Prediction of outcome in comatose survivors after cardiopulmonary resuscitation (an evidence-based review): Report of the Quality Standards Subcommittee of the American Academy of Neurology[END_REF][START_REF] Zandbergen | Systematic review of early prediction of poor outcome in anoxicischaemic coma[END_REF]. As a result, SSEPs have emerged as a widely recommended approach for prognostication after post anoxic brain injuries [START_REF] Comanducci | Clinical and advanced neurophysiology in the prognostic and diagnostic evaluation of disorders of consciousness: review of an IFCN-endorsed expert group[END_REF][START_REF] Nolan | European Resuscitation Council and European Society of Intensive Care Medicine guidelines 2021: post-resuscitation care[END_REF][START_REF] Sandroni | Prediction of poor neurological outcome in comatose survivors of cardiac arrest: a systematic review[END_REF][START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF][START_REF] Provencio | Neurocritical Care Society Curing Coma Campaign, The Curing Coma Campaign: Framing Initial Scientific Challenges-Proceedings of the First Curing Coma Campaign Scientific Advisory Council Meeting[END_REF].

In the ICU, SSEPs are non-invasive, typically acquired at the patient's bedside, and generated following electrical stimulation of a peripheral nerve, such as the median nerve, from electrodes placed along the somatosensory pathway [START_REF] Cruccu | Recommendations for the clinical use of somatosensory-evoked potentials[END_REF]. The stimulation generates a series of positive and negative potentials by time-synching to the electrical stimulus and averaging to visualize the smaller electrically evoked signals from the higher amplitude electrical background noise, such as the brain's spontaneous electrical activity. Significant operator expertise is required for acquisition and interpretation, as well as significant financial investments to obtain specialized SSEP technology. This limits broader use of this diagnostic tool [START_REF] Tong | Underutilization of a Post-Cardiac Arrest Consult Service for Standardization of a Guideline-Based Multimodal Neuroprognostication Algorithm in Comatose Cardiac Arrest Survivors[END_REF], particularly in settings with limited resources. Two international surveys on current practices for neurological prognostication after cardiac arrest conducted in majority in Europe [START_REF] Friberg | Survey on current practices for neurological prognostication after cardiac arrest[END_REF] and in USA [START_REF] Maciel | Neuroprognostication Practices in Postcardiac Arrest Patients: An International Survey of Critical Care Providers[END_REF] suggested that traditional SSEP were only available respectively in 36 and 50 % of the patient. Even expert visual analysis may be challenging at times given the low signal-to-noise ratio often encountered in an electrically noisy ICU environment [START_REF] Zandbergen | Interobserver variation in the interpretation of SSEPs in anoxic-ischaemic coma[END_REF][START_REF] Jaeger | Knowledge about post-anoxic somatosensory evoked potentials -present or not?[END_REF]. However, since its introduction into the ICU in the 1980s [START_REF] Hume | Central somatosensory conduction time in comatose patients[END_REF][START_REF] Walser | Somatosensory evoked potentials in comatose patients: correlation with outcome and neuropathological findings[END_REF], standard interpretation of SSEPs still relies on visual inspection of the recordings and does not make use of available statistical testing methods to add measures of certainty to the interpretations [START_REF] Comanducci | Clinical and advanced neurophysiology in the prognostic and diagnostic evaluation of disorders of consciousness: review of an IFCN-endorsed expert group[END_REF][START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF][START_REF] Gabriel | Replicability and impact of statistics in the detection of neural responses of consciousness[END_REF]. Particularly promising may be statistical approaches such as parametric and non-parametric ERPs, as well as multivariate decoding techniques and denoising methods, such as probabilistic independent component and wavelet filtering analysis. These techniques have proven extremely effective in isolating stimulus-related responses from multi-channel EEG recordings in a research setting [START_REF] Hu | Single-trial detection of somatosensory evoked potentials by probabilistic independent component analysis and wavelet filtering[END_REF][START_REF] Koenig | A method to determine the presence of averaged event-related fields using randomization tests[END_REF][START_REF] Naccache | Auditory mismatch negativity is a good predictor of awakening in comatose patients: a fast and reliable procedure[END_REF][START_REF] Maris | Nonparametric statistical testing of EEG-and MEG-data[END_REF][START_REF] Claassen | Detection of Brain Activation in Unresponsive Patients with Acute Brain Injury[END_REF], but have yet to be successfully employed in a clinical context. Fundamentally, conventional SSEP require specialized systems that in comparison to standard EEG systems have three main additional characteristics; (i) an electrical peripheral nerve stimulator synchronized with the EEG, (ii) a higher sampling rate, and (iii) online algorithms to average and reject artifact contaminated trials [START_REF]Guideline 9D: Guidelines on Short-Latency Somatosensory Evoked Potentials[END_REF]. Here we aimed to develop a novel methodology to acquire median nerve SSEPs using widely available technology (i.e., routine digital EEG, peripheral 'Train Of Four" [TOF]-stimulator) supported by a semiautomated analysis approach, utilizing a signal and statistics computer toolbox (Brainstorm, an opensource Matlab ® toolbox, with both parametric event related potentials (ERPs) and support vector machine (SVM) analyses [START_REF] Claassen | Detection of Brain Activation in Unresponsive Patients with Acute Brain Injury[END_REF][START_REF] Lesenfants | An independent SSVEP-based brain-computer interface in locked-in syndrome[END_REF][START_REF] Pfeiffer | Somatosensory and auditory deviance detection for outcome prediction during postanoxic coma[END_REF][START_REF] Tzovara | Progression of auditory discrimination based on neural decoding predicts awakening from coma[END_REF].

Methods

Subjects

We included 15 healthy volunteers and we prospectively included 49 ICU patients with acute brain injury, and a Glasgow Coma Scale score of 8 or below that were admitted to the neurological intensive care unit at Columbia University Irving Medical Center. The study was approved for both patients and healthy volunteers by the local institutional review board ([Consciousness Recovery Project with Outcomes] IRB-AAAR3191 approval (12/07/2017). Procedures were followed in accordance with the ethical standards of the responsible committee on human experimentation (institutional or regional) and with the Helsinki Declaration of 1975.Written informed consent was obtained from patient surrogates and from the healthy volunteers, respectively; all patients who recovered consciousness were given the opportunity to withdraw from the study. At the time of SSEP assessment the coma recovery scale revised (CRS-r) was evaluated [START_REF] Giacino | The JFK Coma Recovery Scale-Revised: measurement characteristics and diagnostic utility[END_REF]. Functional outcome was assessed with the Glasgow Outcome Scale-Extended (GOS-E; levels range from 1 (death) to 8 (good recovery) with data obtained in a structured telephone interview at 6 months after the injury. Poor neurological outcome was defined as death, vegetative state or severe disability (GOS-E < 4) at 6 months. Both ICU clinicians in charge of the patients and the interviewer who performed the outcome assessments were unaware of the SSEP categorization.

SSEP Acquisition

In the new 'screening method', SSEP were acquired during EEG continuous monitoring. 19 electrodes were applied following the International 10-20 System (Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, FZ, CZ, PZ,) and referenced to the vertex. Two additional electrodes were placed on the left and right thenar eminences to detect the stimulation artefact (Fig. 1.A). A tutorial and a checklist related to patient preparation, stimulation parameters, data collection and data analysis is provided in Supplementary data and in Table 1.

EEG was recorded using a digital video EEG bedside monitoring system (Xltek-Natus, ON, Canada; sampling rate of 256 Hz (10 volunteers and 3 patients), or 512Hz (15 volunteers and 7 patients)). Electrode impedance was maintained below 10 kΩ. Stimulating bipolar surface electrodes were placed over the median nerve trunk, just proximal to the wrist (cathode proximally). Square wave pulses of 0.2-msec duration were applied at a rate of 1 pulses/sec with a standard train of four (TOF) (SunStim nerve stimulator, Sunmed medical TM , USA) during 10 minutes. All patients underwent right followed by left median nerve stimulation. Among the 15 healthy subjects, 6 were stimulated on each side as for patients, and 9 were stimulated on the right median nerve only. We collected 400 to 600 sweeps for each stimulated side per patient. In the 'standard method', SSEP were acquired following standard SSEP guidelines [START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF][START_REF] Cruccu | Recommendations for the clinical use of somatosensory-evoked potentials[END_REF], similarly to [START_REF] Claassen | Early recovery after closed traumatic head injury: somatosensory evoked potentials and clinical findings[END_REF]. Platinum needle electrodes were applied to the central scalp electrodes (C3′ and C4′) 2 cm posterior to their 10-20-position of C3 and C4. Scalp electrodes were referenced to the midforehead electrode (Fz). A sodium chloride-soaked cuff was attached to the upper arm as a ground-reference. Electrode impedance was maintained below 5 kΩ. Square-wave pulses of 0.1msec duration were applied at a rate of 5 pulses/sec. Two averages of sweeps were obtained in the 0.1-sec post stimulus epoch and plotted with an on-line system (Mistral, Medelec International, Surrey, UK) using a bandpass from 1 to 1500 Hz (sampling frequency 10 kHz per channel; artifact threshold adjusted at ±50µv).

SSEP Extraction

Data analysis was performed with Brainstorm, which is documented and freely available for download online under the GNU general public license (http://neuroimage.usc.edu/brainstorm) [START_REF] Tadel | Brainstorm: A User-Friendly Application for MEG/EEG Analysis[END_REF]. In order to synchronize EEG recordings with SSEP stimulations, artefacts were detected respectively from the left and right wrist channels, using an amplitude threshold. In order to analyze short and middle latency SSEP components, we segmented epochs spanning from -50ms to 100ms locked to each single stimulus artifact and used a 1 Hz high-pass filter. In order to analyze long latency SSEP components, we used a different epoching spanning from -200 to -600ms locked to each stimulus artifact and applied a 0.5-45Hz band-pass filter.

SSEP analysis

SSEP results were interpreted using visual inspection (Fig. 1.B), univariate statistics (Fig. 1.C), and a multivariate decoding algorithm (Fig. 1.D). These approaches of interpreting the recorded signal are complementary and outlined in more detail below: Visual inspection. The sequence of expected and usual SSEP peaks was visually inspected. Each peak was labelled according to its morphology, latency, and topography on at least two distinct averaged waveforms of 200 trials: N20 and N30 for short latency components (on parietal and contra-central channel), P45 and N60 for middle latency components (on central and frontal channels), and N100, and P300 for long latency potentials (on central and frontal channels) [START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF][START_REF] Colon | Long-latency somatosensory evoked potentials[END_REF][START_REF] Comi | Topographic maps of single sweep long-latency median nerve SEPs[END_REF].

Univariate statistics: For all patients, the voltage recorded at each time-sample was compared to the baseline distribution (-200 to 0 ms for long latency and -50 to 0 ms for short and middle latencies). We used the corresponding predefined time-window for each component: 18 to 40 ms for short-latency, 40 to 100 ms for middle latency, and 100 to 300 ms for late latency components. In order to extract ubiquitous subcortical components from cortical responses that typically appear as bilateral and symmetric responses due to their midline generators, left and right trials were also compared in dedicated tests. We used both parametric tests (sample-by-sample Student t-test corrected for multiple comparisons in time and channel dimension 

Data analysis

✓ Confirm that EEG data quality is good ✓ When present, left and right SSEP are not only differentiated from the baseline but are lateralized Table 1. Procedure checklist [START_REF] Naccache | Auditory mismatch negativity is a good predictor of awakening in comatose patients: a fast and reliable procedure[END_REF][START_REF] Kiebel | Parametric analysis of oscillatory activity as measured with EEG/MEG[END_REF]) and non-parametric tests (permutation tests with cluster-based correction for multiple comparison [START_REF] Maris | Nonparametric statistical testing of EEG-and MEG-data[END_REF]).

Multivariate decoding algorithm: Similarly to [START_REF] Cichy | Resolving human object recognition in space and time[END_REF] at each time point across the whole 19 cephalic channels a classifier was applied based on a linear support vector machines (SVMs; libsvm: [START_REF] Müller | An introduction to kernel-based learning algorithms[END_REF], 5 k folds, 100 permutations). Decoding performance was measured as the area under the receiver operating characteristic curve (AUC). In addition to applying a different classifier at each time point, we computed temporal generalization matrices. The classifier that was identified at time t recurred at time t' to evaluate the persistence of neural representations over time [START_REF] King | Characterizing the dynamics of mental representations: the temporal generalization method[END_REF]. To demonstrate that the technique was also be translatable to EEG montages using a limited montage used in certain ICU [START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF], we downsampled the number of electrodes to 8 channels (O1, O2, C3, C4, P3, P4, F3,F4) and replicated the analyses.

The Standards for Reporting Diagnostic Accuracy was followed thoroughly [START_REF] Cohen | STARD 2015 guidelines for reporting diagnostic accuracy studies: explanation and elaboration[END_REF].

Results

Visual inspection

In each of the 15 healthy controls, short (N20, N30), middle (P45, N60) and long (N100, P300) latency SSEP were detected by visual inspection (Fig. 2 A, D, Fig. 3. A). Mean latency (±SEM) were N20: 20.1 ± 3.5 ms, In 10 of the 49 ICU patients, SSEPs were acquired both with the proposed screening method, and with a standard conventional/or reference method. Mean time interval between the two sessions was 3 days (±6; median = 1; IQR=0). Based on visual inspection, both acquisition methods showed the same performance in detecting the presence of a cortical response (see Table .2). Representative individual data of patients with bilaterally and unilaterally absent SSEP responses are presented in Fig. 4.

Univariate analysis

For each of the 15 healthy volunteers SSEP responses were identified at short (18-40 ms), middle (40-100 ms), and late latencies (100-300 ms; FDR corrected p<0.05, see Fig. 2 B, E and l Fig. 3 B). Moreover, left stimulation trials differed significantly from right stimulation trials (Fig. 2 G), enabling the distinction between nonlateralized scalp recorded subcortical responses and lateralized cortical responses [START_REF] André-Obadia | Recommendations for the use of electroencephalography and evoked potentials in comatose patients[END_REF]. In 9 of 10 ICU patients (see Patient 10 in Table 2), a perfect match was observed between the new quantified approach and the conventional method (Se=94%; Sp=100%, VPN=75%, VPP=100%, Youden index=0.94). When a cortical response was identified with the reference method, the new quantified approach (i) confirmed the significance of short latency components against baseline, and (ii) identified a significant left/right difference (see Table .2 and Fig. 4).

Downsampling the EEG from 21 to 8 electrodes did not affect the results significantly, suggesting that our new approach could be efficient with a limited EEG montage. Note however that non-parametric tests against baseline (permutation tests with cluster-based correction for multiple comparisons) have few significant effects both in healthy volunteers and ICU patients when applied on the 8-electrodes sub-sampled dataset (Table .3).

Multivariate decoding methods

In all healthy volunteers, SVM classifiers decoded SSEP responses in the short latency window trials against the baseline mean (median AUC = 90 %, min= 63 %, max=90 %, Fig. stimulation trials (median AUC = 95 %, min=77%, max=100%, Fig. 2.H, I). Middle and late components were similarly decoded above chance-level (Fig. 3.C, H, I).

In the 9 patients with at least unilaterally present short latency SSEP responses identified with the standard method, left SSEP responses were discriminated from right SSEPs (median AUC 91% [min=80%; max=100%], median Z score from baseline 3.5 [min= 2, max= 6.8], Fig. 4, Table .2). In the only patient with bilaterally absent responses according to the standard reference method, AUC values after stimulation did not differ from an additional control condition consisting in computing an AUC in the baseline (i.e.: before -

Visual inspection of average waveforms and topographic maps of mean voltage recorded after right sided median nerve stimulation (A). The color scaling was adapted for each map (positive voltage: red, negative voltage: blue). -Univariate statistics: Based on a sample-by-sample t -test against the baseline after right sided stimulations (B). Each channel significantly different from the baseline is plotted and represented with topographic maps. (p< 0.05, after correction for multiple comparison by the FDR in time and channels dimension) The color scaling was adapted for each map (positive tvalues: red, negative t-values: blue). -Multivariate decoding algorithms: SSEP responses in the long latency temporal window were decoded from the baseline (C) with an area under the curve (AUC) above chance level (50%). -In order to extract ubiquitous subcortical components from cortical responses that typically appear as bilateral and symmetric responses due to their midline generators, left and right sided stimulation trials were also compared with univariate statistics (D) and multivariate decoding algorithms (temporal generalization matrix (E) and pairwise curve (F).

stimulation): AUC=62%; Z score=0.04 (Fig. 4). When SSEP responses were present according to the standard reference method, temporal decoding matrices revealed a diagonal-shaped form suggestive of a serial chain of distinct neural generators [START_REF] King | Characterizing the dynamics of mental representations: the temporal generalization method[END_REF]. In sharp contrast, such a decoding matrix pattern was absent when SSEP responses were absent according to the standard reference method (Fig. 5).

After comparing left and right SSEP responses, we then studied SSEP separately on each side. The multivariate decoding method was able to distinguish lateralized left and right SSEP from baseline with a median AUC of 78% (min=56%, max=100%). By contrast, when SSEP responses were not detected by the standard method, SVM decoding also failed to distinguish left from right trials with a mean AUC of 44% (min = 33%, max=48%). As a conclusion, the standard method and decoding matched perfectly for all patients (Se=100%, Sp=100%, VPN=100%, VPP=100%, Youden index=1) (Table . 2).

Finally, downsampling the EEG from 19 to 8 electrodes, affected the decoding results for one patient: patient 8, who had bilateral cortical responses according to the standard method, was decoded as showing only unilateral left responses (see Table .3).

Prognostic performances

In 49 ICU patients (median age =58.5 with interquartile range (IQR) = 52-65); 32 male patients, Table .4) the ability to predict outcomes using the proposed SSEP approach was tested. At the time of SSEP assessment 20 patients were in a comatose state (41%, median CRS-r =1, (IQR = 0-1), 15 in a VS/UWS state (31%, median CRS-r =3 (IQR = 1.5-4), and 14 patients were MCS ) and with a weak sensitivity (Se=21%, 95% CI ) and negative predictive value (NPV=27%, 95% CI [START_REF]Guideline 9D: Guidelines on Short-Latency Somatosensory Evoked Potentials[END_REF][START_REF] Lesenfants | An independent SSVEP-based brain-computer interface in locked-in syndrome[END_REF][START_REF] Pfeiffer | Somatosensory and auditory deviance detection for outcome prediction during postanoxic coma[END_REF][START_REF] Tzovara | Progression of auditory discrimination based on neural decoding predicts awakening from coma[END_REF][START_REF] Giacino | The JFK Coma Recovery Scale-Revised: measurement characteristics and diagnostic utility[END_REF][START_REF] Claassen | Early recovery after closed traumatic head injury: somatosensory evoked potentials and clinical findings[END_REF][START_REF] Tadel | Brainstorm: A User-Friendly Application for MEG/EEG Analysis[END_REF]). More specifically, bilaterally present cortical responses

Fig 4. Representative individual data of ICU patients with bilaterally present, bilaterally absent, and unilaterally absent SSEP. (A-E) In a patient with bilaterally present responses visualised on average waveforms (A), not only are left SSEP distinguishable from the right SSEP (B-D), but also both left and right SSEP can be distinguished from baseline (C-E) by statistical testing (B-C) and SVM approaches (D-E).(F-J) In a patient with unilateral response visualised on average waveforms (K), left SSEP are distinguishable from the right SSEP (G-I), but only one side SSEP (right in this example) can be distinguished from baseline (H-J) by statistical testing (G-H) and SVM approaches (I-J).(K-O) In a patient with bilaterally absent responses visualised on average waveforms (K), left and right SSEP cannot be distinguished either with statistical testing (L) , and SVM approaches (N).

Note that in the case of preservation of subcortical responses, widely recorded other the scalp from 14 to 60 ms, even in the absence of cortical responses, the post stimulation period is different from baseline (M-O). However, because responses are not lateralized, they are suppressed by a Left/ Right comparison.

(n=29) predicted a good neurological outcome with a low specificity (Sp=47 %, 95% CI ) and positive predictive value (PPV=31%, 95% CI [START_REF] Claassen | Detection of Brain Activation in Unresponsive Patients with Acute Brain Injury[END_REF][START_REF]Guideline 9D: Guidelines on Short-Latency Somatosensory Evoked Potentials[END_REF][START_REF] Lesenfants | An independent SSVEP-based brain-computer interface in locked-in syndrome[END_REF][START_REF] Pfeiffer | Somatosensory and auditory deviance detection for outcome prediction during postanoxic coma[END_REF][START_REF] Tzovara | Progression of auditory discrimination based on neural decoding predicts awakening from coma[END_REF][START_REF] Giacino | The JFK Coma Recovery Scale-Revised: measurement characteristics and diagnostic utility[END_REF][START_REF] Claassen | Early recovery after closed traumatic head injury: somatosensory evoked potentials and clinical findings[END_REF][START_REF] Tadel | Brainstorm: A User-Friendly Application for MEG/EEG Analysis[END_REF][START_REF] Colon | Long-latency somatosensory evoked potentials[END_REF][START_REF] Comi | Topographic maps of single sweep long-latency median nerve SEPs[END_REF][START_REF] Kiebel | Parametric analysis of oscillatory activity as measured with EEG/MEG[END_REF][START_REF] Cichy | Resolving human object recognition in space and time[END_REF][START_REF] Müller | An introduction to kernel-based learning algorithms[END_REF][START_REF] King | Characterizing the dynamics of mental representations: the temporal generalization method[END_REF][START_REF] Cohen | STARD 2015 guidelines for reporting diagnostic accuracy studies: explanation and elaboration[END_REF][START_REF] Turgeon | Mortality associated with withdrawal of life-sustaining therapy for patients with severe traumatic brain injury: a Canadian multicentre cohort study[END_REF][START_REF] Alkhachroum | Withdrawal of Life-Sustaining Treatment Mediates Mortality in Patients With Intracerebral Hemorrhage With Impaired Consciousness[END_REF][START_REF] Elmer | Resuscitation Outcomes Consortium, Association of early withdrawal of life-sustaining therapy for perceived neurological prognosis with mortality after cardiac arrest[END_REF]) and a high sensitivity Se=82%, 95% CI ) and negative predictive value (NPV=90%, 95% CI [71-97]). Among patients with cortical responses (n=41), unilateral responses (n=12) predicted a poor neurological outcome with a high specificity (Sp=83 %, 95% CI ) and positive predictive value (PPV=82%, 95% CI [53-95]) and a low sensitivity Se=31%, 95% CI ) and negative predictive value (NPV=33%, 95% CI [START_REF] Pfeiffer | Somatosensory and auditory deviance detection for outcome prediction during postanoxic coma[END_REF][START_REF] Tzovara | Progression of auditory discrimination based on neural decoding predicts awakening from coma[END_REF][START_REF] Giacino | The JFK Coma Recovery Scale-Revised: measurement characteristics and diagnostic utility[END_REF][START_REF] Claassen | Early recovery after closed traumatic head injury: somatosensory evoked potentials and clinical findings[END_REF][START_REF] Tadel | Brainstorm: A User-Friendly Application for MEG/EEG Analysis[END_REF][START_REF] Colon | Long-latency somatosensory evoked potentials[END_REF][START_REF] Comi | Topographic maps of single sweep long-latency median nerve SEPs[END_REF][START_REF] Kiebel | Parametric analysis of oscillatory activity as measured with EEG/MEG[END_REF][START_REF] Cichy | Resolving human object recognition in space and time[END_REF][START_REF] Müller | An introduction to kernel-based learning algorithms[END_REF][START_REF] King | Characterizing the dynamics of mental representations: the temporal generalization method[END_REF][START_REF] Cohen | STARD 2015 guidelines for reporting diagnostic accuracy studies: explanation and elaboration[END_REF][START_REF] Turgeon | Mortality associated with withdrawal of life-sustaining therapy for patients with severe traumatic brain injury: a Canadian multicentre cohort study[END_REF][START_REF] Alkhachroum | Withdrawal of Life-Sustaining Treatment Mediates Mortality in Patients With Intracerebral Hemorrhage With Impaired Consciousness[END_REF][START_REF] Elmer | Resuscitation Outcomes Consortium, Association of early withdrawal of life-sustaining therapy for perceived neurological prognosis with mortality after cardiac arrest[END_REF][START_REF] Sitt | Large scale screening of neural signatures of consciousness in patients in a vegetative or minimally conscious state[END_REF][START_REF] Engemann | Robust EEG-based cross-site and cross-protocol classification of states of consciousness[END_REF]). Prognostic value of bilateral absence of short latency SSEP for each aetiology is provided in Supplementary Table 1.

Discussion

In this paper we developed a novel and simple quantified approach to screen for cortical SSEP responses using standard EEG recordings combined with a widely available and inexpensive peripheral nerve stimulators. We first demonstrated that SSEPs can be reliably identified in healthy volunteers (N=15), using (i) visual inspection, (ii) parametric and nonparametric univariate ERPs analyses, and (iii) multivariate SVM decoding. We then established that in ICU patients with acute brain injury (N=10), the novel approach reliably classified SSEP responses based on visual inspection as well as statistical analysis when compare to the standard method. Initial downsampling experiments (19 to 8 electrodes), support the notion that the novel method is able to generate reliable results even with a limited montage. Finally, we tested the performance value of this new approach in 49 ICU patients and confirmed very high specificity to predict poor neurological outcome, despite low sensitivity (27%). This further confirms the strong value of this new method as a screening test easier to implement than gold-standard SSEP confirmatory test that has to be performed in patients with a bilateral absence of short latency cortical responses.

Strengths and potential of this novel approach.

Building on existing technology should allow for ICU teams to quickly adopt this new technique since they are already familiar with the equipment. The potential to fully automatize SSEP generation by building on a pipeline of data processing that includes artefact rejection and statistical testing of hypotheses may allow probing for SSEP responses in a more reproducible way. It is conceivable that remote verification would suffice as long as recording standards are met. The present data provide proof-of-concept support for a clinical application in the ICU as a screening tool.

Considering the enormous number of ICU patients with unclear prognoses [START_REF] Turgeon | Mortality associated with withdrawal of life-sustaining therapy for patients with severe traumatic brain injury: a Canadian multicentre cohort study[END_REF][START_REF] Alkhachroum | Withdrawal of Life-Sustaining Treatment Mediates Mortality in Patients With Intracerebral Hemorrhage With Impaired Consciousness[END_REF][START_REF] Elmer | Resuscitation Outcomes Consortium, Association of early withdrawal of life-sustaining therapy for perceived neurological prognosis with mortality after cardiac arrest[END_REF] and the fact that the majority are managed outside of centers with access to neurophysiological expertise, there may be a role for SSEP screening methods. Capitalizing on the recent achievements in the automatization of processing of resting state EEG [START_REF] Sitt | Large scale screening of neural signatures of consciousness in patients in a vegetative or minimally conscious state[END_REF][START_REF] Engemann | Robust EEG-based cross-site and cross-protocol classification of states of consciousness[END_REF] combined (or not) with EEG recordings during the 'odd-ball' paradigm ('local global task' [START_REF] Engemann | Robust EEG-based cross-site and cross-protocol classification of states of consciousness[END_REF][START_REF] Bekinschtein | Neural signature of the conscious processing of auditory regularities[END_REF]) to accurately classify the patients' conscious state and possibly predict recovery, one can predict that a similar development for SSEP has the potential to improve diagnoses and prognoses of unconscious patients. Indeed SSEPs, are recommended in many prognostication guidelines [START_REF] Nolan | European Resuscitation Council and European Society of Intensive Care Medicine guidelines 2021: post-resuscitation care[END_REF]. While EEG monitoring is not yet accessible to all ICUs [START_REF] Friberg | Survey on current practices for neurological prognostication after cardiac arrest[END_REF][START_REF] Maciel | Neuroprognostication Practices in Postcardiac Arrest Patients: An International Survey of Critical Care Providers[END_REF], such findings may motivate the more widespread integration of EEG as a diagnostic and prognostic tool in ICUs for patients with or without brain injury. Moreover, during continuous EEG monitoring, it is possible to repeat SSEP acquisition sessions and thus to follow the evolution of patients. The introduction of quantitative statistics (both univariate and SVM) as compared to the exclusively visual inspection will allow patients that do not have easy access to expert neurophysiologists the option of being screened for the presence of this important prognostic finding. Moreover, this approach may provide additional reassurance to expert neurophysiologists confronted with difficult cases. In the future, the implementation of an automated analysis software based on these analysis techniques might allow intensivist to easily obtain interpretations. Importantly, SVM tools in particular can reveal new patterns that typically escape to human visual expertise (e.g.: stability of one SSEP type versus succession of distinct neural codes assessed with the temporal generalization method [START_REF] King | Characterizing the dynamics of mental representations: the temporal generalization method[END_REF]). The significance of these novel observations is yet to be determined but opens new opportunities for a well-established technique.

Lastly, this new method incorporates EEG spatial sampling from 21 electrodes unlike the usual 2 to 3 EEG electrodes (including a reference) used in traditional SSEP recordings that are used in clinical practice. This additional spatial information provides more detailed scalp topographies of each SSEP component and could turn out to be particularly valuable when assessing late SSEP components distant from primary somato-sensory cortices and more related to the conscious state than earlier local components such as the N20 [START_REF] Bekinschtein | Neural signature of the conscious processing of auditory regularities[END_REF][START_REF] Casali | A theoretically based index of consciousness independent of sensory processing and behavior[END_REF][START_REF] Perez | Auditory Event-Related "Global Effect" Predicts Recovery of Overt Consciousness[END_REF]. While N20 generator is localized to primary somatosensory cortex contralateral to stimulation [START_REF] Allison | Potentials evoked in human and monkey cerebral cortex by stimulation of the median nerve. A review of scalp and intracranial recordings[END_REF][START_REF] Elaina | Localized N20 Component of Somatosensory Evoked Magnetic Fields in Frontoparietal Brain Tumor Patients Using Noise-Normalized Approaches[END_REF][START_REF] Papadelis | BA3b and BA1 activate in a serial fashion after median nerve stimulation: Direct evidence from combining source analysis of evoked fields and cytoarchitectonic probabilistic maps[END_REF], middle-latency components are localized in contralateral fronto-central region (N60) and in bilateral temporal cortex (N70) [START_REF] Barba | Distinct fronto-central N60 and suprasylvian N70 middle-latency components of the median nerve SEPs as assessed by scalp topographic analysis, dipolar source modelling and depth recordings[END_REF][START_REF] Barba | Short and middle-latency Median Nerve (MN) SEPs recorded by depth electrodes in human pre-SMA and SMA-proper[END_REF] and late components are generated in a largely distributed frontoparietal network [START_REF] Mauguière | Activation of a distributed somatosensory cortical network in the human brain. A dipole modelling study of magnetic fields evoked by median nerve stimulation. Part I: Location and activation timing of SEF sources[END_REF][START_REF] Mauguière | Activation of a distributed somatosensory cortical network in the human brain: a dipole modelling study of magnetic fields evoked by median nerve stimulation. Part II: Effects of stimulus rate, attention and stimulus detection[END_REF].

Limits of the novel approach. Limitations of the proposed approach include, that the sampling rate of most standard EEG devices ranges from 128Hz to 512Hz, whereas the fine distinction of subcortical SSEP as the P14 requires much higher values (i.e.: around 10kHz). This clear limitation made it necessary to define gross time-windows of interest (early/middle/late) rather than probing each individual SSEP component. Secondly, our basic clinical EEG setting did not include electrodes that would enable us to diagnose abnormalities of somatosensory conduction at the peripheral nervous system, plexus, spinal cord or brainstem levels (eg : critical illness polyneuropathy, Guillain Barre Syndrome, Brachial plexopathy after prone positioning, post traumatic or vascular medullar and brainstem infractions…) . Furthermore, if the signal noise ratio is too low interpretation of the SSEP cannot be done reliably. Even with such a semi-automatized procedure, checking the quality of the recording requires knowledge of EEG analysis. these limitations, the proposed new approach to record SSEPs is in its current form is most useful as a screening method. In presence of clear cortical SSEP components (the vast majority of explored clinical cases in ICU), there is no need to complete this exploration with standard SSEP methodology. The absence of cortical SSEPs diagnosed with this new approach must trigger the acquisition of traditional SSEPs in order to confirm a negative result. However, because of limited resource, restricting the use of traditional SSEP only for those patients should represent a gain of cost and delay. Lastly, stimulus onset detection used in this study derived from the automatic measurement of electrical stimulation artefacts in the EEG traces and not from a digital signal (i.e.: TTL signal sent from the stimulator device to the amps). The fixed latency between the stimuli onset and the stimulation artefact allowed to easily remove it, but this procedure may impair the precise estimation of SSEP latencies. Note also that the TOF stimulator used a fixed periodicity, whereas the insertion of random jittering in stimulation onsets enables the distinction between genuine SSEPs and unrelated physiological or artefactual signals.

These limitations could rather easily be overcome, by using a higher sampling-rate, by adding the few critical electrodes on peripheral nervous system conduction points (ipsilateral Erb's point, C2 and C5), and by using a dedicated stimulation box (see for instance: [START_REF] Engemann | Robust EEG-based cross-site and cross-protocol classification of states of consciousness[END_REF]), including a temporal jitter between trials. Finally, even when the technique is automated, SSEP acquisition and interpretation require a certain level of expertise and users need to be aware of potential pitfalls (eg: signal to noise ratio, etiology and delay of brain lesions, confounding medications such as high doses of barbiturates). SSEP should never be considered individually but rather always be integrated into a multimodal prognostication algorithm, including clinical examination, neuroimaging, biomarkers such as Neuron-Specific-Enolase and other neurophysiologic tools such as EEG.

Conclusion

In this pilot study, SSEPs were reliably detected using a simple, peripheral nerve stimulator and clinical EEG recordings in healthy volunteers as well as in as in ICU patients. This inexpensive and easy to implement screening approach may dramatically increase availability of SSEPs in the ICU, including in settings with limited resources. Clinical performance of this screening method remains to be studied in a larger cohort of patients. 

Fig 1 .

 1 Fig 1. Schematic illustration of the proposed 'screening method. A) Stimulation electrodes are placed over the median nerve and connected to the peripheral nerve stimulator. The nerve stimulator is set to a train of four over 10 minutes on each side. Two additional electrodes are placed over the left and right thenar eminence, respectively for left and right median nerve stimulation, respectively and connected to two free channels in the EEG headbox. Stimulation of the median nerve can be verified visually by thenar muscle contraction and on the EEG monitor detecting the stimulation artefact. EEG electrodes using the standard 21channel montage are connected to the standard EEG headbox. B) Average waveforms and topographic maps of mean voltage. Scalp SSEP recorded after right sided median nerve stimulation in one of the 15 healthy volunteers. Potentials were identified on the basis of latency, polarity and scalp distribution in the 10-20 system. Recordings at F3, C3, and P3 electrodes are shown in details. C) Univariate statistics based on a sample-by-sample t -test against the baseline After right sided stimulations each channel significantly different from base line is plotted and represented with topographic maps. (p< 0.05, after correction for multiple comparison by the FDR in time and channels dimension) The color scaling was adapted for each map (positive t-values: red, negative t-values: blue). D) Multivariate decoding algorithms. SSEP responses in the short and middle latency temporal window were decoded from the baseline after right sided stimulation with an area under the curve (AUC) above chance level (50%). Pairwise curve at the left part and temporal generalization matrix at the right side. Temporal decoding matrices revealed a diagonal-shaped form suggestive of a serial chain of distinct neural generators.

✓

  Exclude patients with severe peripheral neuropathy, medullar or brainstem lesions (eg : critical illness polyneuropathy, Guillain Barre Syndrome, Brachial plexopathy after prone positioning, post traumatic or vascular medullar and brainstem infractions…) ✓ Vitals, body temperature and sedation are noted for interpretation ✓ In case of excessive patient movement consider muscle relaxants if deemed safe by the attending intensivist Stimulation parameters ✓ Place stimulator over the median nerve trunk, proximal to the wrist, cathode proximally ✓ Intensity: at the motor threshold value, able to trigger a distal twitch of the thumb ✓ Stimulation frequency: 1-3 Hz (1-3 times per second) Data collection ✓ EEG electrode impedances should be below 10 kΩ and raw EEG data signal quality should be good ✓ EMG electrodes are placed over thenar eminence, connected to headbox, and channel must be visible on EEG recording montage ✓ EMG stimulation artefact does not contaminate EEG data recorded from the scalp.

Fig 2 .

 2 Fig 2. Short and middle latency grand averaged SSEPs in healthy volunteers. In healthy controls, short (N20, N30) and middle (P45, N60) SSEP waveforms were reliably detected: -Visual inspection of average waveforms and topographic maps of mean voltage after right sided median nerve stimulation ((A), n= 15) and left ((D), n=6). The color scaling was adapted for each map (positive voltage: red, negative voltage: blue). -Univariate statistics: Based on a sample-by-sample t -test against the baseline after right (B) and left (E) sided stimulations. Each channel significantly different from base line is plotted and represented with topographic maps. (p< 0.05, after correction for multiple comparison by the FDR in time and channels dimension) The color scaling was adapted for each map (positive t-values: red, negative t-values: blue). -Multivariate decoding algorithms: SSEP responses in the short and middle latency temporal window were decoded from the baseline after right (C) and left (F) sided stimulation with an area under the curve (AUC) above chance level (50%).In order to extract ubiquitous subcortical components from cortical responses that typically appear as bilateral and symmetric responses due to their midline generators, left and right sided trials were also compared with univariate statistics tests (G) and multivariate decoding algorithms (temporal generalization matrix (H) and pairwise curve (I)).Temporal decoding matrices revealed a diagonal-shaped form suggestive of a serial chain of distinct neural generators.

Figure 3 .

 3 Figure 3. Long latency grand averaged SSEPs in healthy volunteers. In healthy controls long (N100, P300) latency SSEP were reliably detected:

Fig 5 .

 5 Fig 5. Representative individual temporal generalization matrices of ICU patients with bilaterally present, bilaterally absent, and unilaterally absent SSEP. When SSEP responses were present according to the standard reference method, temporal decoding matrices revealed a diagonal-shaped form suggestive of a serial chain of distinct neural generators (A, B, C, D, F). In sharp contrast, such a decoding matrix pattern was absent when SSEP responses were absent according to the standard reference method (E, G, H, I).
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 2 Interpretation

	Standard			Screening Method		
	Method						
	Short Latency		Short Latency			Middle Latency	
	Visual		Visual	Univariate	Multivariate	Visual	Univariate	Multivariate
	Inspection	Inspection	statistical	decoding	Inspection	statistical	decoding
				analysis			analysis	
	Patient 1	+/+	+/+	+/+	+/+	+/+	+/+	+/+
	Patient 2	-/-	-/-	-/-	-/-	-/-	-/-	-/-
	Patient 3	+/+	+/+	+/+	+/+	+/+	+/+	+/+
	Patient 4	+/-	+/-	+/-	+/-	+/-	+/-	+/-
	Patient 5	+/+	+/+	+/+	+/+	+/-	+/-	+/-
	Patient 6	+/+	+/+	+/+	+/+	+/+	+/+	+/+
	Patient 7	+/+	+/+	+/+	+/+	+/+	+/+	+/+
	Patient 8	+/+	+/+	+/+	+/+	+/+	+/+	+/+
	Patient 9	-/+	-/+	-/+	-/+	-/+	-/+	-/+
	Patient 10	+/+	+/+	-/-	+/+	+/+	+/+	+/+

2 C, F). Trials obtained after left sided stimulation were reliably decoded from right of SSEP in 10 ICU patients acquired both with a standard conventional method and the proposed screening method, and interpreted following various and complementary approaches, including visual inspection, univariate statistics, and multivariate decoding algorithm.
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 3 Interpretation

	(29%, median CRS-r =6.5 (IQR = 4.3-7.8). Patients in	cortical SSEP components. Short latency cortical
	the sample were admitted for intracranial hemorrhage	responses were bilaterally absent in 8 patients,
	(N=22; 45 %), cardiac arrest with anoxic-ischemic	unilaterally present in 12 and bilaterally present in 29
	encephalopathy (N=7 ; 14%) subarachnoid hemorrhage	patients. Bilaterally absent short latency SSEP
	(N=12; 25%), traumatic brain injury (N=3; 6%), acute	responses (8 patients) predicted poor neurological
	ischemic stroke (N=3; 6%), and other lesions ( N=2 ; 4%). Median time to perform SSEPs was 7 days (IQR = 5-15) after onset of brain lesion. Visual inspection and	outcomes (GOS-E < 4 at 6 months) with perfect specificity and positive predictive value (Sp=100%, 95% CI [72-100], PPV=100%
	multivariate decoding were congruent in all 49 patients	
	to identify the presence or absence of short latency	

of SSEP in 10 ICU patients acquired both with a standard conventional method and the proposed screening method with 8 EEG channels, and interpreted following various and complementary approaches, including visual inspection, univariate statistics, and multivariate decoding algorithm. The detection or absence of a significant neural response are represented with plus and minus signs (1 symbol: unilateral response, 2: bilateral responses, red: discordant results).

Table 4 .

 4 Patient

characteristics Sex, Age, Aetiology, Delay of DoC in days, CRS-r, and 6 months outcome, Abbreviations: CA: cardiac arrest; GOS-E, Glasgow outcome scale extended; ICH: intracerebral hemorrhage; Isch Stroke : ischemic stroke; MCS, minimally conscious state; SAH, subarachnoid haemorrhage; TBI, traumatic brain injury; UWS, unresponsive wakefulness syndrome, VS :vegetative state, # withdrawal of life sustaining therapies
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