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Aims Atrial fibrillation (AFib) is associated with cognitive decline/dementia, independently from clinical strokes or tran-
sient ischaemic attacks (TIA). Recent in silico data suggested that AFib may induce transient critical haemodynamic
events in the cerebral microcirculation. The aim of this study is to use non-invasive spatially resolved cerebral
near-infrared spectroscopy (SRS-NIRS) to investigate in vivo beat-to-beat microcirculatory perfusion during AFib
and after sinus rhythm (SR) restoration.

...................................................................................................................................................................................................
Methods
and results

Cerebral SRS-NIRS with high-frequency sampling (20 Hz) and non-invasive systemic haemodynamic monitoring
were recorded before and after elective electrical cardioversion (ECV) for AFib or atrial flutter (AFL). To assess
beat-to-beat effects of the rhythm status, the frequency distribution of inter-beat differences in tissue haemoglobin
index (THI), a proxy of microcirculatory cerebral perfusion, was compared before and after SR restoration. Fifty-
three AFib/AFL patients (mean age 69 ± 8 years, 79% males) were ultimately enrolled. Cardioversion was successful
in restoring SR in 51 (96%) patients. In front of a non-significant decrease in arterial blood pressure extreme events
between pre- and post-ECV measurements, a significant decrease of both hypoperfusive and hyperperfusive/hyper-
tensive microcirculatory events was observed after SR restoration (P < 0.001 and P = 0.041, respectively).

...................................................................................................................................................................................................
Conclusion The present is the first in vivo demonstration that SR restoration by ECV significantly reduces the burden of ex-

treme single-beat haemodynamic events in cerebral microcirculation. Future studies are needed to assess whether
SR maintenance might slow long-term AFib-correlated cognitive decline/dementia.
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Introduction

Atrial fibrillation (AFib) prevalence, currently settled at 1–4% world-
wide, is rapidly rising, and is expected to double by 2050.

On top of an increased risk of ischaemic stroke, AFib causes cogni-
tive decline and dementia.1,2 Different mechanisms have been

proposed to explain the stroke-independent association between
AFib and dementia, such as silent brain lesions (silent cerebral infarc-
tion, white matter lesions, and cerebral microbleeds),3–5 chronic re-
duction in mean cerebral blood flow,6 inflammation,7 and cerebral
vascular dysfunction.8–10 In addition, computational simulations sug-
gest that AFib directly induces beat-to-beat effects on cerebral
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microcirculation, provoking transient critical hypoperfusions, or hy-
pertensive events, typically of a single-beat duration.11,12 However,
an in vivo validation of these computational findings is presently lack-
ing, mostly due to the limitations of the currently adopted non-
invasive techniques assessing cerebral haemodynamics [transcranial
Doppler (TCD) and cerebral arterial spin labelling perfusion mag-
netic resonance imaging (ALS-MRI)],13,14 which cannot provide a
beat-to-beat assessment of microcirculatory dynamics.

Recently, spatially resolved near-infrared spectroscopy (SRS-
NIRS), a non-invasive technique mainly used to monitor cerebral
tissue oxygenation in critical care, has shown the ability to provide
non-invasive insights on cerebral microcirculation with high temporal
resolution, sensitive to beat-to-beat variations.15

The aim of this study is to monitor cerebral microcirculatory per-
fusion by SRS-NIRS to detect whether occurrence of critical haemo-
dynamic events is reduced after sinus rhythm (SR) restoration by
electrical cardioversion (ECV).

Methods

Consecutive patients scheduled for ECV in our centre were screened
from January to August 2019 for study inclusion. Given common co-
existence and clinical management,16 AFib and atrial flutter (AFL) patients
were both included. Persistent AFib/AFL was defined according to
European Society of Cardiology (ESC) guidelines.16 Exclusion criteria
were first-diagnosed, long-standing persistent (>1 year duration of the
ongoing episode), and permanent AFib; AFib in the presence of precipi-
tating factors (sepsis, acute myocardial ischaemia, and untreated dysthyr-
oidism); severe comorbidities (e.g. hepatic injury—defined as an increase
in aminotransferase blood level above the upper reference limit—and re-
nal failure—defined as an estimated glomerular filtration rate <30 mL/kg/
1.73 m2 by CKD-EPI formula); haemodynamic instability [systolic blood
pressure <90 mmHg, altered consciousness, or reduced peripheral perfu-
sion documented by an increased arterial blood lactate (>2 mmol/L)];
and electrolyte abnormalities.

All patients received oral anticoagulation [either vitamin K antagonist
(VKA) or direct oral anticoagulant (DOAC)], for at least 4 weeks before
and after ECV (long-term anticoagulation therapy was then guided by
patients’ thromboembolic risk profile). For patients on VKA, the level of
anticoagulation was considered adequate if international normalized ratio

(INR) >2.0 during 4 weeks before ECV; in case of suboptimal pre-
procedural anticoagulation, a transoesophageal echocardiography (TEE)
was performed. All patients on DOAC underwent pre-procedural TEE,
accordingly to our centre protocol. Electrical cardioversion was post-
poned if thrombi in the left atrium or left atrial appendage were found.
Study protocol was approved by the local ethical committee and was
conducted according to the principles of the Helsinki Declaration. All
subjects gave written informed consent prior to study inclusion.

Cardioversion and monitoring
Anaesthesia was induced by propofol (standard dose 1 mg/kg, titrated
according to patient response). If necessary, oxygen supplementation
was delivered by the anaesthesiologist through a bag mask valve. Once
deep sedation was achieved, ECV was performed by delivering up to
three synchronized direct-current biphasic shocks adopting a step-up
protocol (from 200 to 360 J). Electrical cardioversion was considered
successful in case of SR restoration.

Detailed description of SRS-NIRS can be found elsewhere.17 Briefly,
NIRS is an optical technique based on near-infrared light that allows quan-
tifying changes in tissue concentration of intravascular oxygenated and
deoxygenated haemoglobin. Since NIRS signals, despite being mainly sen-
sitive to microvasculature changes, may be affected by extra-cranial blood
sources, SRS-NIRS has been implemented to minimize the influence of
extra-cerebral circulation on NIRS measurements. In particular, tissue
haemoglobin index (THI), a SRS-NIRS parameter that measures tissue to-
tal haemoglobin concentration (in arbitrary units), reflects local changes
in cerebral tissue blood volume (assuming a constant haematocrit), indi-
rectly providing an index of local microvascular perfusion (see
Supplementary material online for further details). For the present analy-
sis, SRS-NIRS monitoring was recorded with the patient in supine posi-
tion by using a two-channel NIRO-200NX monitor (Hamamatsu
Photonics K.K.) placing the probes of each channel on left and right side
of patient’s forehead, 1 cm above the eyebrow (Supplementary material
online, Figure S1). Each probe consisted of a pulsed laser emitter diode
and a detector with three sensors, with an emitter-detector distance of
4 cm. NIRS probes were left in place throughout the whole procedure, as
well as room temperature was kept constant (20–23�C), guarantying
comparability between pre- and post-ECV measurements.

Continuous non-invasive measurement of arterial blood pressure
(ABP) was performed by a photo-plethysmographic system applied to
the right middle finger (CNAP Monitor 500AT-HD, CNSystems
Medizintechnik AG), while oxygen saturation (SpO2) was simultaneously
and continuously measured with pulse oximetry (CapnostreamTM 20p,
Medtronic). Continuous electrocardiographic monitoring was recorded
(Dynascope Monitor, DS-7100, Fukuda Denshi Co. Ltd), and a 12-lead
electrocardiogram printed before and after the procedure to document
cardiac rhythm (MyCardioPadXL, Esaote).

Near-infrared spectroscopy signals from both channels were digitally
acquired with the highest sampling frequency available (20 Hz) by a pro-
prietary software (N200NXOL, Hamamatsu Photonics K.K.), while all
other signals were simultaneously acquired using the Micro1401-3 multi-
channel data acquisition system and Spike2 software (Cambridge
Electronic Design Limited). The average lengths of pre- and post-ECV
NIRS signals were 4764± 1420 and 2918± 699 s, respectively. The num-
ber of recorded heartbeats was 5733± 2023 in pre-ECV and 3045± 875
in post-ECV, comparable to those simulated in computational
models.11,12

Signal post-processing
THI-NIRS signals were visually inspected and movement artefacts or dis-
turbances in the form of spikes and discontinuities were excluded from

What’s new?

• Cerebral spatially resolved near-infrared spectroscopy (SRS-
NIRS) with high-frequency sampling (20 Hz) was used to
assess beat-to-beat effect of atrial fibrillation on cerebral
microcirculatory perfusion.

• We provide the first in vivo demonstration that atrial fibrillation
is associated with an increased burden of extreme beat-to-
beat cerebral haemodynamic events at the microcirculatory
level; sinus rhythm restoration significantly reduces the
occurrence of such events.

• These data support the hypothesis that atrial fibrillation may
also promote cognitive decline through the chronic
occurrence of transient and repetitive extreme haemodynamic
events in cerebral microcirculation.
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the analysis. In this way, only regular signal segments were extracted from
raw measures. No substantial differences emerged between the two
channels. For each patient, we selected the least noisy channel, taking
into account that: (i) the beat-to-beat information of the THI signal was
as distinguishable as possible and (ii) the whole signal was smooth over as
many continuous temporal ranges as possible, without showing artefacts
and jumps. As signals exhibit low-frequency fluctuations (due to respira-
tion and/or occasional patient or eye movements), that prevent
continuous-time signal analyses, these segments were then aligned in or-
der to have the overall average equal to one. An example of the signal
shifting procedure is reported in Supplementary material online, Figure
S2. Then, the corresponding synchronous ABP and electrocardiographic
signals were identified. Using the electrocardiographic data to detect RR
beats boundaries, the succession of beat-averaged values (li) for THI and
ABP was evaluated; subscript i refers to the i-th beat. Due to the high
sampling frequency (20 Hz for THI and 400 Hz for ABP), several values of
THI (and ABP) were recorded in each beat. li is obtained by averaging
these values over the beat, thus li is equal to the mean value of the THI
(and ABP) signal evaluated over the i-th beat. In order to highlight beat-
to-beat variations, the following variable is then introduced:

Ni ¼
li � liþ1

li
(1)

Positive (negative) values of the variable Ni mark beats where the
beat-averaged value of the THI and ABP signal decreases (increases) in
the next beat. In the definition (1), the division by li is introduced to eval-
uate beat-to-beat changes in relative terms and to provide a dimension-
less variable. The division by li allows us to capture the weight of the
change of the beat-averaged mean. Ni represents an indicator of first-
difference between beat-averaged values, which better highlights beat-to-
beat variations rather than the mean values reached in each beat.

In order to detect relevant beat-to-beat variations, we used the fourth
moment of the frequency distribution of the variable Ni. For each of the
THI and ABP signals (for example, the THI measured under pre-

cardioversion conditions), the beat-to-beat distribution of the Ni values is
obtained; then, the distance (Ni�N) of each value Ni from the mean value
N of the time series is evaluated (Figure 1); finally, the fourth moment for
each patient is evaluated as

m4 Nð Þ ¼ 1
M

X

i

Ni � N
� �4

(2)

where M is the number of beats considered in the summation. The high
value of the exponent (the fourth power) is chosen to weigh more the
tails of the Ni distribution, i.e. the extreme values. In other words, given
two signals, if the first has a statistically significant higher m4 than the sec-
ond signal, it means that the first signal more often reaches extremely
high (or low) values with respect to its average than the second does.
The 4th moment is the typical statistical metric used to focus on extreme
events, being variance (sensitive to the core of probability distribution)
less effective, and odd moments (e.g. 3rd and 5th) sensitive to the differ-
ence in sign. m4 is thus obtained by exploiting the whole RR distribution,
that is all the M beats of each patient. The occurrence of extreme hypo-
or hyper-perfusion events is not imposed, but appears when high m4

values are reached. In order to distinguish hypo-perfusion and hyper-
perfusion events—that fall in the right and left tails of the distribution, re-
spectively—the fourth moment is evaluated separately for the two tails,
that is, considering in the summation of Eq. (2) either only the positive
differences or only the negative ones. In this way, we can define a fourth
moment related to hypoperfusion events (right tail, mr

4; Figure 1) and a
fourth moment related to hypertensive events (left tail, ml

4; Figure 1).

Statistical analysis
Continuous data are reported as mean (±standard deviation) or median
(interquartile), in case of non-Gaussian distribution; categorical data are
reported as absolute number (percentage). Paired t-test was performed
to compare RR intervals, mean THI, and mean ABP values before and
after ECV. Wilcoxon signed ranked test was performed to assess

Figure 1 For each signal, the beat-to-beat distribution of the Ni values is obtained; then, the distance (Ni � N) of each value Ni from the mean
value N of the time series is evaluated. The high value of the exponent (the fourth power) is chosen to weigh more the tails of the Ni distribution,
i.e. the extreme values. In order to distinguish events that fall in the right and left tails of the distribution, respectively, the fourth moment is evaluated
separately for the two tails.
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intra-patient variations of the right (mr
4) and the left (ml

4) fourth moments
of the probability distribution of inter-beat THI and ABP variability before
and after ECV. Benjamini–Hochberg procedure was used to adjust P-val-
ues for multiple comparisons. A sensitivity analysis separately assessing
patients with AFib and patients with AFL was performed. Quintile regres-
sion analysis using the difference between pre- and post-ECV fourth mo-
ment of inter-beat THI variability as the dependent variable was
performed to assess predictors of the intracerebral signal variability re-
duction. In addition, we also computed the coefficients of determination
(R2), for the log-log pre- and post-ECV THI values.

All analyses were performed using R software version 3.3.0 (R
Foundation for Statistical Computing, Vienna, Austria). A P-value of 0.05
was considered statistically significant.

Results

Seventy-one patients referred to our centre for AFib/AFL ECV were
screened for possible inclusion in the study; according to inclusion
criteria, 53 patients were ultimately enrolled. A detailed description

of the reasons for study exclusion can be found in Supplementary
material online. Table 1 reports baseline clinical characteristics of the
included subjects. Mean age was 69 ± 8 years, with a male predomi-
nance (79%). Nearly all the patients (92%) were on anti-arrhythmic
drug therapy. Cardioversion was successful in 51 patients (96%), with
a mean of 1.15 ± 0.45 shocks per patient. All patients remained hae-
modynamically stable, no additional airway management was neces-
sary and no procedural complications occurred.

Complete signal processing was feasible on 44 out of the 53
patients enrolled: 5 patients were excluded due to low-quality NIRS
signals, 2 due to active cardiac stimulation of a permanent pacemaker,
and 2 for ECV failure in restoring SR. Pre- and post-ECV RR intervals
were respectively 0.85 ± 0.14 s and 0.99 ± 0.14 s (P < 0.001). Pre- and
post-ECV mean THI values were 0.99 ± 0.05 and 1.05± 0.30
(P = 0.266), while corresponding mean ABP values were 93.9± 11.6
and 89.3± 11.4 mmHg, respectively (P = 0.001). A statistically signifi-
cant decrease both in mr

4 and ml
4 of inter-beat THI variability was ob-

served after SR restoration (P < 0.001 and P = 0.041, respectively;

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of the patients enrolled (N 5 53), also stratified by arrhythmia type

Variables Total (N 5 53) AFib (N 5 39) AFL (N 5 14)

Age (years) 69 6 8 69 6 9 69 6 10

Male sex 42 (79%) 32 (82%) 10 (72%)

BMI (kg/m2) 27.0 6 3.7 27.3 6 3.5 26.4 6 4.5

Hypertension 44 (83%) 32 (82%) 12 (86%)

Diabetes 5 (9%) 5 (13%) 0 (0%)

Previous stroke/TIA 5 (9%) 5 (13%) 0 (0%)

Supra-aortic trunks stenosis 6 (11%) 6 (15%) 0 (0%)

EHRA class

Class I 30 (57%) 21 (54%) 9 (64%)

Class II 20 (38%) 15 (38%) 5 (36%)

Class III 3 (6%) 3 (8%) 0 (0%)

Heart failure 5 (9%) 4 (10%) 1 (7%)

Coronary artery disease 2 (4%) 2 (5%) 0 (0%)

CHA2DS2-VASc score 2.5 6 1.5 2.6 6 1.5 2.2 6 1.3

HAS-BLED score 1.6 6 1.0 1.6 6 1.0 1.4 6 1.0

Cardiac implantable device 2 (4%) 2 (5%) 0 (0%)

Echocardiographic parameters

Left ventricular ejection fraction (%) 58 6 6 58 6 6 58 6 7

Indexed left atrial volume (mL/m2) 50 6 15 51 6 16 46 6 11

End-diastolic left ventricular diameter (mm) 49 6 6 50 6 6 46 6 7

Medications

Amiodarone 14 (26%) 14 (36%) 0 (0%)

Class IC 28 (53%) 19 (49%) 9 (64%)

Sotalol 7 (13%) 5 (13%) 2 (14%)

Beta-Blocker 38 (72%) 27 (69%) 11 (79%)

Digoxin 6 (11%) 4 (10%) 2 (14%)

Aspirin 2 (4%) 2 (5%) 0 (0%)

VKA 12 (23%) 10 (26%) 2 (14%)

DOAC 41 (77%) 29 (74%) 12 (86%)

AFib, atrial fibrillation; AFL, atrial flutter; BMI, body mass index; DOAC, direct oral anticoagulant; TIA, transient ischaemic attack; VKA, vitamin K antagonist.
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Table 2). Conversely, we did not find differences concerning mr
4 and

ml
4 of inter-beat ABP variability between pre- and post-ECV

(P = 0.283 and P = 0.400, respectively; Table 2).

At quintile regression analysis, internal carotid artery stenosis was
the sole clinical parameter significantly associated with a greater re-
duction in beat-to-beat signal variability reduction (P = 0.02 for ml

4;

....................................................................................................................................................................................................................

Table 2 Pre- and post-ECV values of the fourth moment (mr
4 and ml

4) of the probability distribution of inter-beat THI
and ABP variability

Pre-ECV Post-ECV P-Value Adjusted

P-valuea

Inter-beat THI variability (right tail, mr
4) 5.96� 10–9 (7.80� 10–10, 1.07� 10–8) 1.34� 10–9 (3.70� 10–10, 4.43� 10–9) <0.001 <0.001

Inter-beat THI variability (left tail, ml
4) 3.04� 10–9 (6.75� 10–10, 6.81� 10–9) 1.04� 10–9 (3.89� 10–10, 3.51� 10–9) 0.041 0.041

Inter-beat ABP variability (right tail, mr
4) 3.21� 104 (2.54� 103, 6.92� 104) 2.12� 104 (1.50� 103, 9.12� 104) 0.283 0.283

Inter-beat ABP variability (left tail, ml
4) 1.72� 104 (3.52� 103, 4.57� 104) 2.41� 103 (3.87� 102, 3.35� 104) 0.200 0.400

Values are reported as median (interquartile range). P-values are derived by Wilcoxon signed rank test.
ABP, arterial blood pressure; ECV, electrical cardioversion; THI, haemoglobin index.
aBenjamini–Hochberg adjusted P-value (multiple comparison testing).

Figure 2 Example of pre-cardioversion synchronous time series of ECG, THI, and ABP signals during atrial fibrillation (left panel, Patient #3) and
atrial flutter (right panel, Patient #24). Notice the very good correspondence between ECG, THI, and ABP signals and the remarkable decrease of
the THI signal when a long beat occurs during atrial fibrillation. ABP, arterial blood pressure; THI, haemoglobin index.
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refer to Supplementary material online, Table S1 for complete regres-
sion analysis data).

A sensitivity analysis was also performed stratifying, based on the
twelve-lead electrocardiogram registered before the procedure,
within AFib (31, 70%) and AFL patients (13, 30%). Figure 2 shows 10-s
segments of pre- and post-ECV THI and ABP recordings for two

patients, the first with AFib (panel A) and the second with AFL (panel
B). Statistically significant decrease both in mr

4 and ml
4 after SR resto-

ration was observed in patients with AFib (P < 0.001 and P = 0.026,
respectively), while no significant differences were observed in AFL
patients (Table 3). mr

4 reached higher inter-beat THI variability values
than ml

4 in both AFib and AFL patients (Tables 2 and 3).

....................................................................................................................................................................................................................

Table 3 Sensitivity analysis of pre- and post-ECV values of the fourth moment (mr
4 and ml

4) of the probability distribu-
tion of inter-beat THI and ABP variability according to atrial arrhythmia (AFib or AFL).

Pre-ECV Post-ECV P-Value Adjusted

P-value*

Atrial fibrillation (n = 31)

Inter-beat THI variability (right tail, mr
4) 7.41� 10–9 (2.26� 10–9, 2.04� 10–8) 1.94� 10–9 (4.32� 10–10, 6.79� 10–9) <0.001 <0.001

Inter-beat THI variability (left tail, ml
4) 4.33 �10–9 (1.03� 10–9, 1.10� 10–8) 1.30 �10–9 (5.24� 10–10, 5.37� 10–9) 0.047 0.047

Inter-beat ABP variability (right tail, mr
4) 3.40� 104 (2.62� 103, 6.53� 104) 3.46� 104 (6.90� 103, 9.64� 104) 0.104 0.208

Inter-beat ABP variability (left tail, ml
4) 1.68� 104 (4.42� 103, 3.43� 104) 2.52� 103 (3.72� 102, 6.41� 104) 0.240 0.240

Atrial flutter (n = 13)

Inter-beat THI variability (right tail, mr
4) 1.25� 10–9 (3.63� 10–10, 5.94� 10–9) 6.51� 10–10 (1.94� 10–10, 1.46� 10–9) 0.248 0.496

Inter-beat THI variability (left tail, ml
4) 1.12� 10–9 (3.10� 10–10, 2.95� 10–9) 5.71� 10–10 (2.41� 10–10, 1.17� 10–9) 0.650 0.650

Inter-beat ABP variability (right tail, mr
4) 3.16� 104 (2.30� 103, 7.31� 104) 1.02� 103 (4.72� 102, 8.59� 104) 0.382 0.764

Inter-beat ABP variability (left tail, ml
4) 3.04� 104 (2.63� 103, 4.95� 104) 1.10� 103 (4.03� 102, 2.20� 104) 0.650 0.650

Values are reported as median (interquartile range). P-Values are derived by Wilcoxon signed rank test.
ABP, arterial blood pressure; AFib, atrial fibrillation; AFL, atrial flutter; ECV, electrical cardioversion; THI, haemoglobin index.
aBenjamini–Hochberg adjusted P-value (multiple comparison testing).

Figure 3 Scatter-plots of pre- and post-ECV mr
4 and ml

4 of inter-beat THI variability, stratified by arrhythmia type (lower panels). Coefficients of
determination, R2, for the log–log pre–post-ECV relations are: 0.59 for ml

4 AFib, 0.49 for ml
4 AFL, 0.49 for mr

4 AFib, and 0.34 for mr
4 AFL. Upper panels

show two time series of THI signals during atrial fibrillation and after sinus rhythm restoration (Patient #3). AFib, atrial fibrillation; AFL, atrial flutter;
ECV, electrical cardioversion; THI, haemoglobin index.
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Despite a trend towards decrease, no significant differences were
found concerning mr

4 and ml
4 of inter-beat ABP variability before and

after successful ECV, both in AFib and in AFL patients (AFib:
P = 0.208 and P = 0.240; AFL: P = 0.382 and P = 0.650, respectively;
Table 3).

The scatter-plots of pre- and post-ECV mr
4 and ml

4 of inter-
beat THI variability are reported in Figure 3, stratified by arrhythmia
type.

Discussion

In the present study, we have assessed beat-to-beat haemodynamic
signals of the cerebral microcirculation in AFib/AFL patients, before
and after SR restoration by ECV, with the use of SRS-NIRS at a high
sampling frequency (20 Hz).

The main findings are

• Sinus rhythm restoration significantly reduced the burden of
extreme single-beat haemodynamic events in cerebral
microcirculation.

• Despite a trend towards reduction, extreme single-beat ABP
events did not vary significantly before and after ECV.
The present data support the computational hypothesis that hae-

modynamic alterations related to the ‘irregularly irregular’ AFib
rhythm, although being relatively absorbed at the systemic level (ABP
signal) thanks to short-term regulation feedbacks, are not dampened
along the cerebrovascular circulation, and result in an increased bur-
den of extreme single-beat haemodynamic events at the microcircu-
latory level. The inter-beat THI variability, representative of perfusion
variations in the cerebral microcirculation, significantly varied after
cardioversion, while the inter-beat ABP variability only showed a
non-significant trend towards reduction (Table 3), highlighting a big-
ger impact of AFib-induced perturbations on the distal cerebral circu-
lation compared to the systemic district. It can be speculated that this
behaviour might be a consequence of different dynamics (latency
and/or gain) in short-term feedback mechanisms between the sys-
temic circulation (baroreceptors) and the inner cerebral circle (cere-
bral autoregulation mechanism), as well as mechanical and structural
properties of the complex network of brain vessels, resulting in
proximal-to-distal amplification of AFib-related haemodynamic per-
turbations along the cerebral circulation.11 Moreover, a recent work
by Junejo et al.9 demonstrated for the first time that individuals with
AFib present a diminished cerebral autoregulation compared both to
healthy controls and hypertensive patients without AFib. In this re-
gard, it is also noteworthy that a greater benefit of the ECV, in terms
of reduction of cerebral microcirculatory extreme events probability,
was seen in patients with internal carotid artery stenosis, a condition
known to reduce cerebral autoregulation efficiency.18 However, fu-
ture dedicated studies are needed to test this explanatory hypothesis.
In addition, the sensitivity analysis, based on accurate pre-ECV
rhythm assessment, strengthens the hypothesis that the reduction in
the burden of extreme haemodynamic events in cerebral microcircu-
lation is mainly driven by the elimination of a highly irregular rhythm.
In fact, we did not observe differences in terms of extreme events be-
fore and after SR restoration in case of AFL, an atrial arrhythmia con-
sidered and managed equally to AFib, but characterized by a less
irregular ventricular response. These observations support the

hypothesis that ‘irregularly irregular’ systemic haemodynamic pertur-
bations exerted by AFib, due to its irregular RR intervals, constitutes
a critical issue challenging cerebral autoregulation system.

Our data integrate recent evidences in the field of cerebral haemo-
dynamics during AFib. Using ALS-MRI before and after AFib cardio-
version, Gardarsdottir et al.19 demonstrated that successful SR
restoration, maintained for at least 10 weeks, related to a significant
increase in cerebral perfusion (þ4.9 mL/100 g/min). Despite the lim-
ited temporal resolution of ALS-MRI not permitting to assess beat-
to-beat variations in perfusion, this is an elegant demonstration that
successful cardioversion in AFib patients increases the mean cerebral
distal perfusion. Wutzler et al.,20 using non-spatially resolved NIRS
monitoring with very low frequency sampling (<1 Hz), reported an
increase in mean cerebral oxygen saturation (indirectly reflecting ce-
rebral perfusion) after successful cardioversion. Thanks to the high
temporal resolution of the cerebral SRS-NIRS at maximum frequency
sampling (20 Hz), the present study focuses on extreme beat-to-beat
haemodynamic events at the level of cerebral microcirculation.
Taken together, these data suggest that AFib exerts detrimental
effects on cerebral haemodynamics both by lowering mean cerebral
perfusion, likely due to the absence of atrial kick during ongoing ar-
rhythmia, and by inducing transient beat-to-beat perfusion perturba-
tions which are perpetuated up to cerebral microcirculatory level,
due to RR intervals irregularity.

To our knowledge, the present is the first in vivo demonstration of
AFib-induced beat-to-beat alterations in cerebral microcirculation,
supporting the hypothesis that AFib per se may promote cognitive
dysfunction and dementia through a chronic occurrence of extreme
haemodynamic events.

Limitations
First, sample size limits multivariate analysis aiming to correlate the
fourth moment of inter-beat THI variability to baseline clinical char-
acteristics and prescribed medications. Secondly, although post-ECV
sampling has been acquired after recovery from deep sedation, it can-
not be excluded that an anaesthetic ‘tail’ might impact post-ECV
measurements. In this regard, the lack of a non-cardioversion control
group and day test re-test reproducibility measures constitute a limi-
tation of the present study. Thirdly, limited sample size of AFL
patients may have not provided sufficient power to detect significant
differences in THI signals in the sensitivity analysis. Finally, even
though the SRS-NIRS algorithm is designed to reduce extra-cranial
circulation influence, it cannot be excluded that a residual impact
might be present, possibly affecting THI measurements.

Conclusions

The present study is the first in vivo demonstration that SR restoration
by ECV, significantly reduces, in AFib patients, the burden of extreme
single-beat haemodynamic events in cerebral microcirculation.
Future studies are needed to confirm a direct causal relationship and
to investigate whether SR maintenance with modern rhythm control
strategies, such as catheter ablation, might reduce the long-term cog-
nitive burden in AFib patients.
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