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Abstract

Objective: To investigate autonomic nervous system activity measured by

brain–heart interactions in comatose patients after cardiac arrest in relation to

the severity and prognosis of hypoxic–ischemic brain injury. Methods: Strength

and complexity of bidirectional interactions between EEG frequency bands

(delta, theta, and alpha) and ECG heart rate variability frequency bands (low

frequency, LF and high frequency, HF) were computed using a synthetic data

generation model. Primary outcome was the severity of brain injury, assessed

by (i) standardized qualitative EEG classification, (ii) somatosensory evoked

potentials (N20), and (iii) neuron-specific enolase levels. Secondary outcome

was the 3-month neurological status, assessed by the Cerebral Performance Cat-

egory score [good (1–2) vs. poor outcome (3–4–5)]. Results: Between January

2007 and July 2021, 181 patients were admitted to ICU for a resuscitated car-

diac arrest. Poor neurological outcome was observed in 134 patients (74%).

Qualitative EEG patterns suggesting high severity were associated with

decreased LF/HF. Severity of EEG changes were proportional to higher absolute

values of brain-to-heart coupling strength (p < 0.02 for all brain-to-heart fre-

quencies) and lower values of alpha-to-HF complexity (p = 0.049). Brain-to-

heart coupling strength was significantly higher in patients with bilateral absent

N20 and correlated with neuron-specific enolase levels at Day 3. This aberrant

brain-to-heart coupling (increased strength and decreased complexity) was also

associated with 3-month poor neurological outcome. Interpretation: Our

results suggest that autonomic dysfunctions may well represent hypoxic–ische-
mic brain injury post cardiac arrest pathophysiology. These results open ave-

nues for integrative monitoring of autonomic functioning in critical care

patients.

Introduction

After successful resuscitation and the return of spontaneous

circulation (ROSC), approximately 50% of patients remain

comatose 72 h following a cardiac arrest (CA).1 These

patients often suffer from poor neurological outcomes due

to irreversible hypoxic–ischemic brain injury (HIBI),2,3

which can result in a wide range of conditions, from mini-

mal cognitive impairment with executive and memory defi-

cits to severe and persistent loss of consciousness (such as
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minimally conscious state, vegetative state, or coma). The

former are related to prefrontal cortex and limbic system

lesions, while the latter are related to a disruption of key

systems that support wakefulness and consciousness, such

as the ascending reticular system and the hypothalamic and

thalamic projections to the frontoparietal cortical network.4

Two of the most used tools to assess HIBI severity after CA,

somatosensory evoked potentials (SSEP) and EEG,5,6 rely

on the evaluation of information processing from the

brainstem to the cortex and within thalamocortical loops.

However, neuroprognosticaion remains challenging due to

the diverse conditions in which HIBI presents itself, and

our understanding of the multisystem physiological impli-

cations caused by severe brain damage is still limited.

Interestingly, all of the aforementioned regions are also

crucial for the acute response to stress through the integra-

tion and modulation of the autonomic nervous system

(ANS) activity. ANS is composed of the sympathetic ner-

vous system (with preganglionic and postganglionic neu-

rons in the thoracic and lumbar regions of the spinal cord)

and the parasympathetic nervous systems7 (with neurons

in several cranial nerves nuclei in the brainstem—notably

the dorsal motor nucleus of the vagus nerve—and sacral

spinal cord nuclei). ANS is thus essential to maintain

homeostasis and allostasis and regulate vital and immune

functions.

ANS dysfunction seems to be a key feature of many

critical illnesses,8 both with9–11 and without primary brain

involvement.12 Recently, ANS dysfunction was reported in

post-CA survivors and was associated with poor

outcomes.13 So far, these studies only relied on the assess-

ment of cardiac autonomic dysfunction by measures of

heart rate variability (HRV) and the bidirectional func-

tional communication of the heart with the brain remains

to be investigated. Recent theoretical developments and

experimental results indicate that assessing the neural

monitoring of visceral inputs, through measures of brain–
heart interactions, can serve as a measure of conscious

processing.14 Furthermore, heartbeat-evoked responses

have been identified as effective measures to detect (un)

consciousness after an acute comatose stage.15–18

In this study, we assessed bilateral brain–heart interac-
tions using a physiological model to describe causality

and directionality between ongoing fluctuations in EEG

and cardiac sympathetic–vagal oscillations19 in CA survi-

vors. Building upon previous evidence about the relation-

ship between brain–heart biomarkers and the

susceptibility to HIBI of key brain regions involved in

autonomic control and consciousness, we hypothesized

that altered brain–heart interactions would serve as bio-

markers of the physiological state of the organism and

thus scale with the severity of HIBI and with patients’

neurological outcome at 3 months.

Material & Methods

Standard protocol approvals, registrations,
and patient consents

Patients’ next of kin were informed that data were col-

lected for clinical research purposes. Data collection was

approved by the Ethics Committee of the French Inten-

sive Care Society (#CESRLF_12-384 and 20–41) and con-

ducted according to French health authorities’ regulations

(French Data Protection Authority #MR004_2209691)

who waived the need for informed consent.

Population

This is a retrospective analysis performed on a prospec-

tively collected database including all consecutive patients

admitted in the single tertiary intensive care unit of hospital

Cochin in Paris (France) following cardiopulmonary resus-

citation and ROSC. For the present analysis, we included

adult patients still comatose (as defined by a Glasgow

Coma Scale ≤ 8 with a motor component <3 and a Rich-

mond Agitation–Sedation Scale RASS ≤ �4) 48 h after

sedation weaning, who undergone a standard EEG for neu-

roprognostication. We excluded patients investigated for

brain death diagnosis, patients awake before EEG, and

patients who died within 48 h after CA before a reliable

neurological examination could be performed.

Data collection

Data regarding patients’ characteristics, preadmission, and

ICU management were collected following the Utstein

style. In addition, pre-exposure to beta blockers, ongoing

sedation, and/or catecholamines at the time of EEG/ECG

acquisition were also recorded, as well as length of stay in

ICU, vital and neurological status at ICU discharge and

cause of death. In a subset of patients, Day 3 NSE serum

levels and SSEP recordings (at least 48 h after sedation

discontinuation) were performed and collected.

ICU management and neurological
prognostication

The management protocol for patients admitted to our

ICU after CA has been previously described and did not

change throughout the study period. Briefly, in the

absence of contraindication, targeted temperature man-

agement was immediately started after ICU admission

with a target temperature of 32–36°C adapted to hemody-

namic tolerance and using an external cooling device for

24 h. A sedation protocol based on the RASS was used

according to guidelines, with midazolam and sufentanil

2 ª 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Brain–Heart Coupling After Cardiac Arrest B. Hermann et al.

 23289503, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.52000 by C

ochrane France, W
iley O

nline L
ibrary on [22/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



before 2014 and the short-acting drugs propofol and

remifentanil after, titrated to obtain a RASS level of �5

(no response to voice or physical stimulation) before

cooling. Sedation was interrupted after rewarming. Neu-

rological status was evaluated every 3 h by nurses, and

daily by ICU physicians until death or ICU discharge.

Awakening was defined as three consecutive RASS scores

of at least �2 (patient briefly awakens with eye contact to

voice), as previously reported. In patients who were still

comatose 72 h after ROSC and 48 h after sedation dis-

continuation, a multimodal prognostication protocol was

used, consistent with the 2015 international ERC/ESICM

guidelines,20 including clinical examination, standard

EEG, N20/SSEP, and NSE at Day 3, unchanged during

the study period.

EEG acquisition and qualitative analysis

Standard 20-min EEG (using 13 scalp electrodes: Fp1,

Fp2, F7, F8, T3, T4, T5, T6, C3, Cz, C4, O1, O2 in the

10–20 international system, one reference, 1 ground elec-

trode, and 2 precordial ECG leads) were recorded, with a

sample frequency of 256 Hz using Natus Deltamed

recording device (Natus, Middleton, USA).

Qualitative analysis of the EEG traces was retrospec-

tively performed by a board-certified electroencephalogra-

pher (SB) blinded to the clinical outcome, and to others

standard prognostic markers and brain–heart interplay

measures. EEGs were analyzed according to the standard-

ized criteria of the American Clinical Neurophysiology

Society (ACNS).21 Each EEG was classified as highly

malignant pattern (suppressed background with or with-

out burst or superimposed periodic pattern), malignant

pattern (presence of at least one of the following: abun-

dant generalized periodic or rhythmic discharges, electro-

encephalographic seizure, discontinuous or low-amplitude

background, absence of EEG reactivity), or benign pattern

(continuous and reactive pattern, absence of any malig-

nant feature)6 reflecting the severity of HIBI. According

to ongoing guidelines at the time of the study, only highly

malignant patterns and bilaterally absent N20 on SSEP

were used for poor neurological outcome prediction.

EEG and ECG quantitative analysis

ECG were band-pass filtered between 0.5 and 20 Hz and

EEG were band-pass filtered between 0.5 and 45 Hz using

Butterworth filters of order 6 and 8 respectively and

notch filters were applied at 50 Hz and 100 Hz. EEG data

were re-referenced to an average reference. Independent

component analysis (ICA) was applied to EEG (after

1 Hz high-pass filtering) using Preconditioned ICA for

Real Data (Picard) algorithm and resulting components

were visually inspected. ICA components capturing large

artifacts (notably eye movements and blinks and cardiac-

field artifacts) were subtracted if any and the resulting

artifact-free EEG was compared to the original recording

to assess the quality of the reconstruction (adequate

removal of artifacts and preservation of brain EEG sig-

nals). Reconstructed recordings were then visually

inspected and periods with remaining artifacts were man-

ually rejected. The first period of 5 min of consecutive

data without EEG and ECG artifacts was retained in the

analysis and further preprocessed as described above.

EEG power spectrum densities were computed using a

short-time Fourier transform with a Hamming taper

using a sliding window procedure (2 s segments with

50% overlap) to obtain 1 Hz resolution time series of

EEG power within the three background EEG frequency

bands delta (1–4 Hz), theta (4–8 Hz), and alpha (8–
12 Hz). Individual EEG channels were denoised using

Wavelet thresholding method, with a threshold defined

automatically, based on signal’s length and variance.22

Heart rate variability

Automatic QRS detection was performed using the algo-

rithm described by Elgendi et al.23 The accuracy of QRS

detection was visually inspected and R-peaks were manu-

ally corrected if needed to obtain a 5-min time series of

interbeat intervals (IBI) for each patient. Patients with

atrial fibrillation were discarded from the analysis. Given

that the computation of the brain–heart interaction relies

on the precise timing of both the EEG and IBI time

series, no interpolation of ectopic beats was performed.

Moreover, the number of ectopic beats was low, with a

median of 0 [0–3] beats, that is a proportion of ectopic

beats of 0% [0–0.8]. IBI time series intervals were

resampled to 4 Hz and interpolated using a cubic spline

interpolation. Frequency–domain heart rate variability

(HRV) was computed in the low frequency (LF, 0.04–
0.15 Hz) and high frequency (HF, 0.15–0.4 Hz). Welch’s

method was used to compute HRV power for the whole

recording. Welch’s periodogram was computed using 64 s

time windows and 50% overlap. The time-resolved HRV

power was computed using a smoothed pseudo-Wigner-

Ville distribution,24 which consists in a two-dimensional

Fourier transform and filtered in space and frequency

domains, whose outputs were interpolated to obtain

time-varying LF and HF with the same resolution as EEG

power series.

Heartbeat-evoked potentials

Heartbeat-evoked potentials (HEPs) aim to capture the

transient neural responses triggered by each heartbeat.

ª 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 3

B. Hermann et al. Brain–Heart Coupling After Cardiac Arrest

 23289503, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.52000 by C

ochrane France, W
iley O

nline L
ibrary on [22/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



HEPs were computed by averaging EEG epochs locked to

the heartbeat timings, up to 500 ms with respect to the R-

peak of the cardiac cycle. Epochs reaching an amplitude

>300 lV were not considered for HEPs computation.

Epochs in which the IBI lasted less than 500 ms were not

included in the HEPs computation. If more than 20% of

EEG epochs were discarded due to the IBI duration, the

HEPs computation latency was redefined to preserve at

least 80% of the epochs. The redefinition of the minimum

IBI occurred in 7 out of 47 and 16 out of 134 patients from

the groups of good and bad outcomes, respectively. The

redefinition of the minimum IBI did not occur more in

one group than the other (chi-squared test, stat = 0.2736,

p-value = 0.6009).

Brain–heart interplay modeling

Bidirectional brain–heart interactions between EEG within

the three frequencies bands of interest and heart rate vari-

ability within LF and HF bands were computed using a

synthetic data generation model19,25 (Fig. 1). Briefly, the

quantification of the functional interplay from the brain

to the heart relied on an integral pulse frequency modula-

tion model. The framework aims to model the stimula-

tions to the sinoatrial node that causes the heartbeat

generation. Thus, the model considers the interactions

between LF and HF, and their respective central control

coefficients. The functional interplay from the heart to

the brain was estimated through a Markovian synthetic

EEG data generation model. The framework models the

fluctuations on EEG power on time as an autoregressive

process, with an external input (LF or HF).

The outputs of the model are time-varying coefficients

accounting for the brain–heart interplay for each combina-

tion of EEG frequency band, LF or HF, and ascending or

descending directionality. The computation of brain–heart
interplay coefficients was done over EEG and LF/HF power

series sampled at 1 Hz, using a 15 s sliding time window.

The resulting time-varying coefficients were averaged

among channels and on time using the median over the

5 min time series to quantify the overall strength of the

brain–heart coupling (unitless metrics). Additionally, to

Figure 1. Computation of brain–heart interactions through a synthetic data generation model. Bidirectional brain–heart interactions between

the brain within the EEG frequencies of interest (delta, theta, and alpha) and the heart within low-frequency (LF) and high-frequency (HF)

bands were computed using a synthetic data generation model. The model estimates the functional interplay between the brain and the

heart by assuming a communication loop in which ongoing EEG activity (EEGt) modulates autonomic activity (LFt+1 and HFt+1), while in turn,

ongoing autonomic activity (LFt and HFt) modulates EEG activity (EEGt+1). For each EEG-ECG frequency band pair, brain–heart coupling

strength and complexity are expressed by the median and refined composite multiscale entropy (RCMSE) of the coupling coefficients over

the 5 min recording.
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better understand high or low coupling coefficients, we also

assessed the complexity of the interactions using the refined

composite multiscale entropy (RCMSE), an extension of

the sample entropy to multiple time scales, with higher

values indicating lower predictability and hence higher

complexity of the fluctuations of the 5 min time series.

Representative examples of patients with good and poor

neurological outcome can be found in Fig. S1.

Surrogate analysis of isospectral power EEG
and HRV series

To validate the specificity of brain–heart co-fluctuations,

we generated 100 surrogate datasets for both EEG and

HRV series. We then compared the brain–heart interplay
surrogates with those derived from the original time

series. Surrogate p-values were computed as the probabil-

ity of observing the real data test statistic over the null

distribution of test statistics constructed using 100 surro-

gates. For the EEG surrogates, we employed a process

involving the multiplication of the Fourier transform of

the initial EEG data by random phases.26 The resultant

data was then transformed back to the time domain

through the Inverse Fast Fourier Transform. On the other

hand, the HRV surrogates were created by constructing

bimodal power spectra. These spectra consisted of the

summation of two Gaussian distributions, centered at

0.10 and 0.25 Hz to correspond to the LF and HF com-

ponents, respectively.27 The power of these distributions

matched that of the original HRV data. Subsequently, the

data were transformed back to the time domain using the

Inverse Fast Fourier Transform and adjusted to align the

mean and standard deviations of the surrogate HRV

series with those of the original data.

Study endpoints

The primary outcome of the study was the severity of the

HIBI as assessed by (i) Westhall classification of the EEG

according to standardized ACNS terminology (highly

malignant, malignant, or benign pattern), (ii) absence or

presence of the N20 SSEP component, and (iii) serum

neuron-specific enolase (NSE)28 level at Day 3 following

ROSC. The other study endpoint was neurological out-

come at 3 months, assessed by the “best” Cerebral Perfor-

mance Category (CPC) level (the most employed scale for

assessment of neurological outcome after CA, ranging

from 1 to 5). Good neurological outcome was defined as

CPC level 1 (no or minimal disability) or 2 (moderate

cerebral disability, that is independent for daily living

activities), while poor neurological outcome was defined

by a CPC of 3 (severe cerebral disability, that is depen-

dent but conscious), 4 (comatose of vegetative state), or 5

(death). We used the “best” CPC observed at 3 months

to avoid misclassifying patients reaching CPC 1–2 who

subsequently died from non-neurological causes as having

a poor neurological outcome due to severe HIBI.

Statistical analyses

Descriptive statistics

Qualitative variables were described using median and inter-

quartile range and compared using Wilcoxon and Kruskal–
Wallis tests and categorical variables were described using

proportion and compared using chi-squared or Fisher’s

exact tests as appropriate. Correlations between brain–heart
interactions markers and NSE levels were performed using

the Spearman rho correlation coefficient. For the analyses

with brain–heart metrics, we used a permutation-based

approach, relying on the resampling of the observations to

build an empirical estimate of the null distribution from

which the test statistic has been drawn,29 to control for the

false discovery rate. For each test, we computed the probabil-

ity of observing the real data test statistic over the null distri-

bution of test statistics constructed using 10,000 random

Monte Carlo permutations. Reporting of the study followed

the Standards of the STrengthening the Reporting of OBser-

vational studies in Epidemiology (STROBE).

Softwares

EEG and ECG data were preprocessed using python and

the MNE-python package. Brain–heart coupling was com-

puted using MATLAB R2018b (MathWorks) and Fieldtrip

Toolbox and statistics were performed using R version

3.6.3 (2020-02-29) (R Core Team (2020). R: A language

and environment for statistical computing. R Foundation

for Statistical Computing, Vienna, Austria.) and MATLAB

R2018b (MathWorks).

Results

Population description

Between January 2007 and July 2021, 240 patients were

still comatose at Day 3 and underwent EEG for neuro-

prognostication among whom 181 were included in the

analysis (27 patients were discarded due to atrial fibrilla-

tion and the remaining patients were not retained in the

analysis because of insufficient data quality, see flowchart

Fig. 2). Patients were mainly male (n = 116 (64%)) with

a median age of 61 [49–72] years, admitted for out-of-

hospital CA (n = 138 (69%)) with predominantly non-

shockable rhythm. Population characteristics and ICU

management are described in Table 1.
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Neurological outcome was unfavorable (CPC 3–4-5) in

134 (74%). EEG recordings were obtained in all patients

at a median time of 3 [2–4] days after CA (Table 1).

Standardized qualitative EEG pattern according to the

ACNS classification was highly malignant in 41 (23%),

malignant in 92 (51%), and benign in 48 (26%). SSEPs

were assessed in 112 (62%) patients, among whom 32

(29%) had bilaterally absent N20. A highly malignant pat-

tern was associated with poor outcomes in all cases, as

was bilaterally absent N20 pattern. Blood NSE was

Figure 2. Flowchart.
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available in 66 patients, with a median of 28 [18–41] lg/
L and 160 [65–353] µg/L, p < 10�4) in good and poor

outcome patients, respectively.

Post CA is characterized by an aberrant
brain-to-heart coupling, scaling with HIBI
severity

We first investigated the LF/HF ratio according to the

severity of HIBI, assessed by the grade of the EEG ACNS

classification. LF/HF diminished with EEG patterns of

increasing severity, from 1.87 [0.68–3.99] in benign, to 1.24

[0.44–2.67] in malignant, and 0.74 [0.26–1.21] in highly

malignant EEG patterns (p = 0.012). This seemed to be

mainly driven by a decreased LF power although this differ-

ence did not reach statistical significance (p = 0.087).

We then found that the strength of the brain-to-heart

coupling showed significant associations with the severity

of HIBI, assessed by the grade of the EEG ACNS classifi-

cation. Severity of EEG patterns were proportional to

brain-to-heart absolute values of coupling strength

(p < 0.02 for all couplings between EEG frequencies (i.e.,

Table 1. Population characteristics according to the best CPC at 3 months.

Best CPC at 3 months

p-valuebCharacteristic

Overall Good Poor

N = 181a N = 47a N = 134a

Sex (women) 65 (36) 16 (34) 49 (37) 0.756

Age (years) 61 [50–72] 58 [45–66] 63 [51–73] 0.077

Beta blockers before ICU admission (n = 178) 41 (23) 8 (17) 33 (25) 0.254

Cardiac arrest location 0.740

In-hospital 43 (24) 12 (26) 31 (23)

Out-of-hospital 138 (76) 35 (74) 103 (77)

Witnessed cardiac arrest (n = 174) 120 (69) 31 (69) 89 (69) 0.990

Initial rhythm 0.063

Asystole 94 (52) 18 (38) 76 (57)

Ventricular tachycardia/fibrillation 57 (31) 22 (47) 35 (26)

Pulseless electrical activity 14 (7.7) 4 (8.5) 10 (7.5)

Unknown 16 (8.8) 3 (6.4) 13 (9.7)

No flow (min) 3 [0–7] 1.5 [0–5] 3.0 [0–7] 0.213

Low flow (min) (n = 175) 18 [10–25] 15 [7–20] 20 [12–27] 0.005

Hypothermia (n = 178) 154 (87) 43 (91) 111 (85) 0.245

ICU mortality 129 (71) 2 (4.3) 127 (95) 4e-32

Delay of EEG (days) 3 [2–4] 2 [1–3] 3 [2–4] 0.027

Sedation during EEG (n = 179) 48 (27) 16 (34) 32 (24) 0.193

Ventilator mode (n = 176) 0.460

Volume control ventilation 101 (57) 27 (59) 74 (57)

Pressure support ventilation 55 (31) 16 (35) 39 (30)

Pressure control ventilation 20 (11) 3 (6.5) 17 (13)

Tidal volume (mL) (n = 173) 440 [398–513] 460 [410–525] 440 [390–500] 0.127

PEEP (cmH2O) (n = 175) 6 [5–8] 6 [5–8] 6 [5–8] 0.087

Respiratory rate (/min) (n = 172) 22 [18–27] 18 [15–22] 23 [18–28] 9e-04

EEG ACNS standardized classification 2e-20

Highly malignant 41 (23) 0 (0) 41 (31)

Malignant 92 (51) 10 (21) 82 (61)

Benign 48 (27) 37 (79) 11 (8.2)

SSEP N20 presence (n = 112) 80 (71) 21 (100) 59 (65) 0.001

NSE Day 3 (lg/L) (n = 66) 93 [36–259] 28 [18–41] 160 [65–353] 6e-05

EEG and ECG preprocessing

Number of ectopic beats 0 [0–3.0] 0 [0–4.5] 0 [0–3.0] 0.715

Proportions of ectopic beats (%) 0 [0–0.83] 0 [0–1.06] 0 [0–0.73] 0.723

Cardiac artifacts removal 58 (32) 10 (21) 48 (36) 0.066

Bold indicates p-values < 0.05.
an (%); Median [25%–75%].
bPearson’s chi-squared test; Wilcoxon rank sum test; Fisher’s exact test.
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delta, theta, or alpha) and ECG frequency activities (i.e.,

LF and HF). Post hoc pairwise group comparisons found

that the significant differences in coupling strength were

mostly differences between patients with highly malignant

and either malignant patterns or benign patterns, rather

than between malignant and benign patterns (Fig. 3A).

Conversely, alpha-to-HF coupling complexity was higher

with decreasing EEG severity (p = 0.0485), mainly driven

by a difference between benign patterns and malignant

patterns (Fig. 3B).

Brain-to-heart coupling strength also scaled with HIBI

severity as assessed by two other independent prognostic

tools: SSEP and NSE blood levels. First, the median

brain-to-heart coupling was higher in patients with bilat-

erally absent N20 as compared with patients with uni- or

bilaterally present N20 (Fig. 4A). Second, median brain-

to-heart coupling correlated with the NSE blood levels at

Day 3 after CA, with significant correlations between NSE

levels and delta-, theta-, and alpha-to-HF (rho between

0.34 and 0.36 with p < 0.006) and between NSE levels

and absolute values of delta-, theta-, and alpha-to-LF

(rho between 0.26 and 0.29 with p < 0.04, see Fig. 4B).

No significant differences were observed for brain-to-

heart coupling complexity and either SSEP or NSE levels.

Severe HIBI is also associated with lower
strength of the heart-to-brain coupling

To assess bidirectional brain–heart interplay, we also

assessed heart-to-brain coupling. While heart-to-brain

complexity did not differ according to HIBI severity,

heart-to-brain coupling strength was lower in severe

HIBI. Indeed, significantly lower values of all HF-to-brain

(all p < 0.05) and LF-to-delta (p < 0.04) were observed

with EEG patterns of increasing severity. Post hoc pairwise

comparisons showed significant differences mainly

between highly malignant patterns and malignant patterns

(Fig. 5A). Lower values were also observed in patients

with bilaterally absent N20 as compared with patients

with uni- or bilateral N20 presence (all p < 0.02, Fig. 5B).

Lastly, heart-to-brain coupling also correlated with the

NSE levels at Day 3 with a lower median coupling

(A)

(B)

Figure 3. Brain-to-heart coupling strength and complexity according to EEG background ACNS classification. Brain-to-heart coupling strength

(median) in (A) and complexity (RCMSE) in (B) according to EEG background activity following Westhall classification: highly malignant (HM),

malignant (M), and benign (B). Overall comparisons were performed using permutation-based Kruskal–Wallis tests with 10,000 random Monte

Carlo permutations and post hoc two-by-two group comparisons using Wilcoxon tests. Y-axes for the brain-to-heart coupling strength (median)

are in logarithmic scales for ease of visualization, but statistics were performed on raw data. *p ≤ 0.05, **p ≤ 0.01.
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coefficient being associated with higher NSE levels (all

p < 0.05 except for the correlation between NSE levels

and LF-to alpha, Fig. 5C).

Aberrant brain-to-heart coupling is
associated with 3 months neurological
outcome

Lastly, we tested if the aberrant brain–heart interactions

described above were related to patients’ neurological

outcomes.

First, a lower LF/HF ratio was observed in patients with

poor neurological outcomes as compared to patients with

good outcome, 0.97 [0.30–2.44] versus 1.89 [0.76–3.99],
p = 0.017, with an inversed modulation in patients with

poor neurological outcome. Again, this seemed to be

mainly driven by a lower power in the LF band although

this difference did not reach statistical significance

(0.05 ms2 [0.01–0.17] vs. 0.08 ms2 [0.02–0.41], p = 0.062).

Regarding brain–heart interactions, the strength of

brain-to-heart coupling significantly differed between

patients with poor and good neurological outcomes espe-

cially from delta, theta, and alpha frequency bands to LF

(stronger negatives values of median brain-to-heart cou-

pling coefficients in patients with a poor neurological out-

come than in patients with a good outcome, all p < 0.03,

Table 2). Brain-to-heart coupling strength also differed

between theta-, and alpha-to-HF (stronger positive median

brain-to-heart coupling coefficient in patients with a poor

neurological outcome than in patients with a good out-

come, p < 0.04). As for brain-to-heart coupling complex-

ity, we found that poor outcomes were associated with

lower values of RCMSE in both alpha-to-LF (p = 0.045)

and alpha-to-HF (p = 0.029). Importantly, these associa-

tions seemed to be specific of the time-resolved covaria-

tions between EEG and heart activity, as evidenced by the

probability of observing the real data test statistic over the

null distribution of test statistics constructed using 100

surrogates of isospectral EEG and HRV power (p < 0.01

for brain-to-heart and p = 0.02 for both alpha-to-LF and

alpha-to-HF). These brain-to-heart coupling strength and

complexity metrics also significantly predicted poor

(A)

(B)

Figure 4. Brain-to-heart coupling strength according to SSEP and Day 3 NSE levels. (A) Brain-to-heart coupling strength according to the results

of the somatosensory evoked potentials (SSEP): bilaterally absent N20 (N20-) versus uni- or bilateral N20 presence (N20+). Groups were compared

using permutation-based Wilcoxon tests with 10,000 random Monte Carlo permutations. (B) Permutation-based Spearman rho (q) correlations

with 10,000 random Monte Carlo permutations between median brain-to-heart coupling indices and NSE levels at Day 3 after CA. All Y-axes are

in logarithmic scales for ease of visualization, but statistics were performed on raw data.
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neurological outcome, although their prognostic perfor-

mances (i.e., specificity, sensitivity, PPV, NPV, and AUC)

were poor to moderate and notably lower than NSE levels,

SSEP and standardized ACNS classification. Highest AUC

were achieved with theta-to-LF, 0.62 [0.53–0.71] and

alpha-to-LF, 0.62 [0.52–0.71], as compared with alpha

EEG power, 0.60 [0.51–0.68] or LF/HF ratio, 0.62 [0.52–
0.71] (Table S1). Yet, adding alpha-to-heart strength and

complexity metrics to NSE > 60 lg/L achieved the highest

AUC (0.91 [0.82–0.97]) with a significantly improved poor

outcome prediction compared to NSE alone (0.81 [0.69–

0.91], p = 0.0075) or to NSE with EEG alpha power (0.75

[0.58–0.91], p = 0.0171, Fig. 6). In contrast, heartbeat

evoked responses, another frequently used way of assessing

ANS function, did not differ between patients with poor

and good neurological outcomes (Figs. 7 and S2).

Importantly, our results were probably not explained

by the previous exposure to beta-blockers (all p-values

> 0.3), nor by the infusion of sedation during recording

(all p-values > 0.4), both being not associated with the

neurological outcomes either (p = 0.25 for beta-blocker

exposure and p = 0.19 for sedation exposure). Same was

(A)

(B)

(C)

Figure 5. Heart-to-brain coupling strength according to EEG patterns, SSEP, and NSE levels. (A) Heart-to-brain coupling strength (median)

according to EEG background activity (following Westhall classification: highly malignant (HM), malignant (M) and benign (B)) and, (B) according

to the results of the somatosensory evoked potentials (SSEP): uni- or bilateral N20 presence (N20+) or bilaterally absent N20 (N20-). (C) Spearman

rho (q) correlations between median heart-to-brain coupling and NSE levels at Day 3 after CA. All Y-axes are in logarithmic scales for ease of

visualization, but statistics were performed on raw data with permutation tests with 10,000 random Monte Carlo permutations. *p ≤ 0.05,

**p ≤ 0.01.
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true for the number of ectopic beats and the proportions

of cardiac artifact removal with ICA (Table 1).

Discussion

Building on existing evidence suggesting that markers on

brain–heart interactions can reflect a multisystem dys-

function, we characterized bidirectional brain–heart inter-
actions using a physiologically inspired model in

comatose patients resuscitated from cardiac arrest. We

found evidence of an ANS dysfunction scaling with HIBI

severity and characterized by (i) an aberrant brain-to-

heart coupling (high coupling strength, low coupling

complexity), and (ii) a low heart-to-brain coupling

strength. Lastly, we found that the aberrant brain-to-heart

coupling was also associated with poor neurological out-

comes at 3 months.

Cardiac dysautonomia can present itself as paroxysmal

sympathetic hyperactivity30 potentially involving arrhyth-

mias and impaired myocardial contractility, as it is the

case in stress-induced cardiomyopathies31,32 or result on

the contrary in bradycardia and hypotension with dimin-

ished vasomotor tone. It is better described by measures

of HRV and seems to be a key feature of many critical

conditions, as it has been reported in various etiologies

of brain injury such as brain death,33 stroke,11 subarach-

noid hemorrhage,34 or TBI9 as well as in non-brain-

injured critically ill patients.12 In post-CA patients, car-

diac ANS dysfunction was only recently described and

also associated with patient’s outcome, with notably a

decreased LF power and LF/HF ratio.13 In this study, we

reproduce those findings associated with the outcome,

but also to loss of consciousness in patients with various

neurological disorders.35 This phenomenon suggests a

decreased sympathetic modulation, although the direct

interpretation of LF and HF as respective measures of

sympathetic and parasympathetic tone has faced consid-

erable criticism.36–38

In addition to these difficulties of interpretation, the

assessment of cardiac ANS dysfunction in CA patients has

predominantly relied on unilateral assessments—either

the cardiac side with the frequency content or complexity

of HRV,13,39 or the brain side with the cortical integration

of heart signals using HEPs.40,41 To the best of our

knowledge, this study represents a pioneering attempt to

investigate the bidirectional relationships between auto-

nomic and cortical dynamics in individuals with HIBI, by

using an innovative modeling approach. This model

already proved relevant to unravel the physiological path-

ways of arousal in cold temperature sensing among

healthy individuals,19,42 where the information from skin

receptors is transmitted to the brain through the spinal

pathway, affecting sympathetic modulations of heartbeat

dynamics, and then the delta and gamma cortical oscilla-

tions. This phenomenon was effectively captured in the

model as LF-to-delta and gamma effects, which subse-

quently influenced brain-to-heart effects. Similarly, these

effects have been observed during emotion elicitation.25

Although our cohort of patients did not experience any

form of stimulation, the model allows to describe the

Table 2. Brain-to-heart coupling strength and complexity according to patients’ outcomes.

Best CPC at 3 months

p-permb p-surcGood, N = 47a Poor, N = 134a

Brain-to-heart coupling strength (median)

d ? LF �5.0 9 109 [�4.6 9 1010 to 1.8 9 108] �1.7 9 1010 [�1.1 9 1011 to �1.2 9 109] 0.029 <0.01

h ? LF �1.1 9 1010 [�1.3 9 1011 to 6.4 9 108] �4.3 9 1010 [�6.4 9 1011 to �2.4 9 109] 0.017 <0.01

a ? LF �2.8e+10 [�5.9 9 1011 to 1.0 9 109] �1.7e+11 [�2.2 9 1012 to �4.8 9 109] 0.019 <0.01

d ? HF 1.2 9 1010 [3.8 9 109 to 1.0 9 1011] 4.9 9 1010 [5.4 9 109 to 2.7 9 1011] 0.057 –

h ? HF 3.7 9 1010 [1.1 9 1010 to 3.9 9 1011] 1.6 9 1011 [1.6 9 1010 to 1.6 9 1012] 0.035 <0.01

a ? HF 9.9 9 1010 [2.2 9 1010 to 1.0 9 1012] 5.3 9 1011 [6.5 9 1010 to 4.6 9 1012] 0.034 <0.01

Brain-to-heart coupling complexity (RCMSE)

d ? LF 0.49 [0.31–0.61] 0.41 [0.17–0.58] 0.113 –

h ? LF 0.48 [0.29–0.65] 0.41 [0.18–0.58] 0.074 –

a ? LF 0.46 [0.25–0.63] 0.36 [0.19–0.58] 0.045 0.02

a ? HF 0.49 [0.23–0.64] 0.39 [0.19–0.63] 0.276 –

d ? HF 0.41 [0.29–0.71] 0.36 [0.18–0.60] 0.254 –

h ? HF 0.49 [0.31–0.76] 0.36 [0.20–0.59] 0.029 0.02

Bold indicates p-values < 0.05.
aMedian [25%–75%].
bp-values of permutation test using 10,000 random Monte Carlo permutations of Wilcoxon rank sum test.
cp-values of the 100 surrogates of isospectral EEG and HRV.
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Figure 6. Poor outcome predictive performances of NSE, LF/HF, EEG alpha power and alpha-to-heart markers. Receiver Operating Channels

curves and corresponding AUC (with 2000 bootstrap replicates confidence interval) for poor outcome prediction at 3 month (CPC 3 to 5) of the

best clinical marker (NSE at day 3 > 60 lg/L) and its combination with the significant HRV marker (LF/HF ratio), the significant EEG power marker

(alpha power), or the significant brain–heart metrics (alpha-to-LF and alpha-to-HF strength and complexity). The association of brain–heart metrics

to NSE was significantly more performant that NSE alone (p = 0.0075) or than NSE combined with EEG alpha power (p = 0.0171), but not from

NSE combined with LF/HF (p = 0.0789).

Figure 7. Heartbeat-evoked potentials according to patients’ neurological outcome. (A) Group median (and median absolute deviation)

heartbeat-evoked potential (HEP) time courses with respect to the R-peak (0 sec) over the left and right central and prefrontal channels in the

good and bad outcome groups and the difference between the two (good minus bad). (B) HEP scalp topography distribution in the interval 200–

400 ms with respect to the R-peak of the group median difference (left) and the corresponding statistics based on cluster permutation analyses

of Wilcoxon rank sum test (right). No significant differences were found between the patients with good and bad neurological outcome (all z-

values within [�1.96; 1.96]).
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bidirectionality of brain–heart dynamics and provides a

more comprehensive mechanistic insight on the cardiac

ANS dysfunction associated with HIBI. We indeed show

that both directions of the brain–heart interplay are

impaired in CA survivors with a dose–effect relationship

with the severity of HIBI (assessed by EEG background

patterns, results of N20 on SSEP, and serum NSE levels).

In out results, the lower heart-to-brain coupling

strength with increasing HIBI severity suggests a progres-

sive impairment of bottom-up signaling and cortical inte-

gration of visceral signals. This interoceptive integration is

a key feature of conscious processing, as evidenced by a

recently growing body of literature on perceptual aware-

ness tasks in healthy subjects14,43 as well as in studies of

patients suffering from disorders of consciousness.15,16,44

Conversely, when examining brain-to-heart direction,

we found an aberrant coupling—stronger coupling

strength over all frequencies with reduced complexity,

predominantely in the alpha band. While it seemed rea-

sonable to anticipate alterations in brain–heart coupling

in such patients, one could have expected a mere disrup-

tion of the coupling with decreasing strength with

increasing severity. Yet, this aberrant coupling is reminis-

cent of the pathological excessive and disproportionate

brain-to-heart coupling observed in loss of consciousness

following epilepsy45 and general anesthesia.46,47 This dis-

proportionate activity has also been observed in a model

of hypoxic CA in rats,48 with a surge of cortico-cardiac

functional and effective connectivity following hypoxia

and preceding the onset of ventricular fibrillation. Same

could be true toward near-death, in which baseline EEG

and heart rate are reduced in parallel in animal models49

and in human near-death case reports.40,50 Despite lack-

ing data on ANS activity prior to the CA, the relation

observed with the severity of HIBI suggests that ANS dys-

function is secondary to the CA rather than preceding it.

Nevertheless, there are numerous possibilities for the

interpretation of the underlying physiological phenomena.

First, this aberrant coupling could reflect a trivial correla-

tion stemming from the parallel reduction of power in

both the central and autonomic nervous systems. How-

ever, analyses based on surrogates of isospectral EEG and

HRV power demonstrated that our effect was specific to

the time-resolved co-variations between EEG and heart-

beat activity. Another potential explanation could be a

disruption of the cortical and autonomic activity either

due to direct lesions to the brainstem autonomic centers

and their modulators (i.e., the pontine parabrachial

nucleus, the nucleus of the solitary tract and the midbrain

periaqueductal gray) and/or to high-order cortical regions

involved in autonomic control (i.e., the limbic system,

the insula, and the medial prefrontal cortex). Indeed, the

dose–effect relationship suggests that the degree of ANS

dysfunction is related to the burden and location of HIBI

lesions51 which are not uniformly distributed within the

brain.1,52 Predominance of neuronal death in neocortical

areas and hippocampus was found in a large postmortem

study, while the brainstem seemed to be less sensitive to

HIBI, in accordance with the usual preservation of brain-

stem auditory-evoked potentials after CA.53 We believe

that the decrease complexity of the coupling might reflect

lesions in neocortical regions involved in autonomic con-

trol as the differences of complexity were more prominent

in highly malignant and malignant EEG patterns, charac-

terized by a high level of neocortical and hippocampal

neuronal death, as compared to benign patterns.51 In

contrast, increased strength of coupling is mostly

observed in bilaterally absent N20 and in highly malig-

nant EEG patterns as compared to malignant or benign

patterns. This suggests a link with either direct lesion to

the brainstem and/or with very severe cortical lesions

which are systematic in these levels of HIBI severity. This

kind of lesions could lead to a disinhibition of brainstem

activity caused by the loss of corticothalamic top-down

inputs on autonomic centers, as observed in paroxysmal

sympathetic storm.30 This disinhibition phenomenon has

been described in severe disorders of consciousness, in

which some patients that exhibit reduced cortical activity

lack the auditory startle habituation, that is the ability to

inhibit a subcortical reflex in case of repeated

stimulation.54

One of the limitations of our study is that it is a retro-

spective analysis of a prospectively collected database,

potentially biasing the follow-up and prognostication of

patients, notably with potential self-fulfilling prophecy.

Moreover, brain–heart metrics are computed on the same

EEG data than the ones used to stratify the severity of

HIBI using standardized qualitative ACNS classification.

Yet, these analyses are radically different and were per-

formed blindly from each other. The association of

brain–heart metrics with HIBI severity was also found

with two independent and complementary exams, SSEP

and NSE, with a dose–effect relationship.55 Lastly, follow-

ing guidelines, we used a multimodal approach for poor

outcome prediction, including validated tools with strong

clinical and histopathological evidence,51,56 while brain–
heart metrics were not available in the clinical setting.

Altogether, we assure that brain–heart metrics were not

influenced by EEG qualitative analysis nor influenced

patients’ prognosis. Although scaling with HIBI severity

and associated with 3-month outcome, the prognostic

performances of the brain–heart and HRV metrics were

poor to moderate in comparison to the values of tools

used in clinical practices (i.e., EEG, SSEP and NSE) in

our cohort and as reported in different studies.20,56 Prog-

nostic performances are notably lower than recently
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published data of early HRV metrics in CA patient during

hypothermia. Noteworthy, we focus on a more severe

population and our recordings are not as early as the

mentioned study (3 days vs. ours in the first 24 h). Fur-

thermore, in our study we did not perform any type of

stimulation to the patients. Earlier and longer recordings

might thus lead to an improvement of the prognostic per-

formances of brain–heart metrics.

It is important to stress that our main goal was to

describe for the first time the bilateral brain–heart inter-
actions in comatose patients after CA as an innovative

way to describe ANS function to expand future funda-

mental and translational knowledge on HIBI. Importantly,

our brain–heart interaction model seems to be more

robust than HEPs. Indeed, in our study the latter were

not associated with outcome, in apparent contradictions

with recent findings.41 However, we believe that the afore-

mentioned study did not control for confounding factors,

such as eliminating the cardiac-field artifact and restrict-

ing the analysis to the duration of IBI,44,57 while we made

an effort to adhere to current guidelines for HEP

computations.58 Our findings imply that previously

reported results regarding the HEP may stem from physi-

ological disparities unrelated directly to brain–heart inter-
actions, such as stroke volume.57

Finally, it should be noted that HRV metrics and thus

brain–heart metrics could also be influenced or con-

founded by several parameters. First, by data preproces-

sing choices. Yet it is unlikely, as the proportions of

cardiac artifacts removal by ICA and the number and

proportion of ectopic beats did not differ according to

the outcome (see Supporting Information). Second, by

breathing patterns which are well-known to influence

HRV metrics, notably in the LF.59–61 Indeed, in our

cohort, patients with worst outcome had higher respira-

tory rate but similar tidal volume. Respiratory rate was

already associated with outcome in a large cohort of

post-CA patients,62 but with undetermined significance,

as it could be either due to worst respiratory severity

and/or reflect higher HIBI severity, potentially involving

the ANS itself. Unfortunately, as we do not have the con-

tinuous monitoring of respiratory rate, we are unable to

include this potential confound in the model. Lastly, the

potential confounding by sedation or beta-blockers,

although the results did not differ depending on the

exposure to these drugs.

Conclusion

In this study, we investigated the autonomic nervous sys-

tem function following cardiac arrest through an innova-

tive modeling approach of the bidirectional brain–heart
interplay. We showed that post cardiac arrest survivors

exhibit an aberrant brain–heart interaction characterized

by an excessive and disproportionate brain-to-heart cou-

pling (increased strength, decreased complexity) and a

decreased heart-to-brain coupling, scaling with the sever-

ity of HIBI and also associated with neurological outcome

at 3 months. Our results contribute to a better under-

standing of HIBI pathophysiology and open avenue for

an integrative monitoring of the cardiac autonomic sys-

tem functioning in critically ill patients.
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