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Abstract

Dynamic cerebral autoregulation (CA) limits fluctuations of mean cerebral blood flow, approximated as mean cerebral blood
velocity (MCBv) measured via transcranial Doppler ultrasound, in the presence of variations of mean arterial pressure (MAP).
This mechanism is impaired after acute ischemic stroke (AlS). CA impairment is usually assessed by hypothesizing that MAP
variations are completely responsible for MCBv changes, although disregarding the MCBv contributions to MAP variability. We
exploited transfer entropy (TE) and conditional TE (CTE) to assess the strength of the directional interactions from MAP to
MCBv and vice versa accounting for partial pressure of end-tidal carbon dioxide. Traditional markers were computed for com-
parison. We analyzed recordings from 34 control individuals (CTRL, age: 66 + 7 yr) and 48 patients with AIS (age: 66 + 13 yr)
acquired within 48 h of stroke symptom onset. MCBv was recorded in both hemispheres including affected and unaffected
hemispheres in patients with AIS. Patients with AIS exhibited hypertension and hypocapnia. After AIS MCBv diminished, espe-
cially in the affected hemisphere. TE and CTE decreased along the pressure-to-flow pathway as well. Both directional markers
tend to increase along the flow-to-pressure arm irrespective of the hemisphere. Traditional indexes could not detect any dif-
ference. Our analysis suggests that the CA impairment was characterized by an imbalance of information transfer within the
MCBv-MAP closed loop with a reduced importance of the pressure-to-flow and increased relevance of the flow-to-pressure
arm. The study stresses the relevance of assessing MCBv-MAP relationship in closed loop, especially when variability of MAP
and MCBYv are considered.

NEW & NOTEWORTHY The study emphasizes the importance of understanding the closed-loop relationship between mean
arterial pressure and mean cerebral blood velocity when characterizing cerebrovascular control. Directional analysis is particu-
larly insightful in acute ischemic stroke because modifications occurring along the flow-to-pressure link complement the ones
derived from the more traditionally examined pressure-to-flow pathway.

blood pressure variability; causality; cerebral autoregulation; cerebral blood flow; cerebrovascular control

INTRODUCTION

The dynamic component of cerebral autoregulation
(CA) limits the variability of mean cerebral blood flow
(MCBF) despite changes of mean arterial pressure (MAP)
via suitable modifications of cerebrovascular resistances
over a range of time scales spanning from a few seconds to
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minutes (1-3). Outside the MAP interval covered by the CA
regime, ischemia accompanying insufficient oxygen sup-
ply to the brain or hyperemia associated with edema might
occur because changes of MCBF follow proportionally
those of MAP. Impairment of CA leads to a reduction of
the MAP interval where CA is effective, thus increasing the
likelihood that the brain could be exposed to periods of
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hypo- or hyper-perfusion (4). Deterioration of CA worsens
the outcome after major cerebrovascular events (5, 6) and
might contribute to postural syncope and neurocognitive
dysfunction (7, 8).

Globally, stroke is the second leading cause of death (9),
and the projection for 2,030 indicates that its incidence rate
will increase (9). In 85% of cases, stroke happens when the
blood supply to the brain is stopped by a blood clot leading
to ischemic stroke (10). Most strokes are ischemic (9) and
associated in the acute phase with an impairment of CA (11—
16). This impairment was observed more commonly in the
affected hemisphere early after major ischemic stroke (12, 15,
16), although the deficit of CA was observed bilaterally when
small vessels were involved (12, 15).

Probing the CA implies the use of an intervention induc-
ing a relevant modification of MAP to evoke adjustments
of MCBF (17, 18). Alternatively, spontaneous fluctuations
of MAP and mean cerebral blood velocity (MCBv), taken
as a surrogate of MCBF, as derived from a transcranial
Doppler (TCD) device (19), can be exploited (20-29). Given
that spontaneous variations of MAP are not induced as a
consequence of an external stimulus, and their vascular
origin cannot be taken for granted, MAP oscillations might
be the effect of MCBv variations (26-29). Indeed, the
closed-loop nature of the relationship between MCBv and
MAP is well-known (26-29). In addition to the commonly
assessed pressure-to-flow link (30), a flow-to-pressure
pathway was revealed by the rise of MAP evoked by the
elevation of the intracranial pressure, usually referred to
as the Cushing reflex (31). Although the Cushing reflex was
proposed as a survival vasopressor response, currently
Cushing-like reflexes are believed to be always active in
the brain, thus contributing continuously to the short-
term regulation of arterial pressure (AP) (32-35) even at
time scales as fast as the respiratory one (28, 36, 37). The
feedback pathway from MCBv to MAP is usually disre-
garded in interventional studies of CA, mainly due to the
relevance of the MAP changes imposed on the subject.
Conversely, the closed-loop nature of the MAP-MCBv
dynamic interactions should be considered when exploit-
ing the MAP and MCBv spontaneous variability because
the small amplitude of the fluctuations does not ensure
the irrelevance of the contribution of MCBv changes to
MAP variations, thus biasing the assessment of CA (38).

The aim of this study is to characterize the closed-loop
relationship between MAP and MCBv after acute ische-
mic stroke (AIS) via a directional approach assessing
transfer entropy (TE) applied to spontaneous fluctua-
tions of MAP and MCBv. TE analysis separates the pres-
sure-to-flow pathway, usually evaluated to characterize
CA, from the flow-to-pressure one more frequently disre-
garded. TE analysis features the possibility of accounting
for the slow variations of partial pressure of carbon diox-
ide (Pco,), that might mix up causal relationships
between MAP and MCBv on both the time directions by
driving a portion of their variability, via conditional TE
(CTE). Recordings were carried out on both the right and
left hemisphere of healthy control (CTRL) subjects and in
patients with AIS on the affected (AFF) and unaffected
(UNAFF) hemispheres.
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MATERIALS AND METHODS

Ethics Statement

Data within the Leicester Cerebral Haemodynamics database
were all collected through studies, which were performed in
accordance with the Declaration of Helsinki for medical
research involving humans. All contributing studies received
ethical approval. More specifically, studies collecting control
participant data received ethical approval from either the
University of Leicester Ethics Committee (Reference No. jm591-
c033) or the Northampton Research Ethics Committee (refer-
ence: 11/EM/0369). Studies contributing AIS data to the data-
base received ethical approval from respective Research Ethics
Committees, including: Leicestershire, Northamptonshire, and
Rutland Research Ethics Committee (Reference No. 09/H0403/
25); Nottingham Research Ethics Committee (Reference No. 11/
EM/0016); North East - Newcastle & North Tyneside 1 Research
Ethics Committee (Reference No. 14/NE/1003); East Midlands -
Nottingham 1 Research Ethics Committee (Reference No. 15/
EM/0485); and Wales Research Ethics Committee 1 (Reference
No. 15/WA/0328).

Experimental Protocol

Data from 34 CTRL volunteers (age: 66 = 7 yr, 17 male) and
48 patients with AIS (age: 66 = 13 yr, 30 male) were extracted
and retrospectively analyzed from the Leicester Cerebral
Haemodynamics database. CTRL volunteers were defined as
having no significant past medical history of cardiovascular,
neurological, or respiratory disease (although well-controlled
hypertension was allowed). Patients with AIS were recruited
from an acute hospital within 48 h of symptom onset, with
diagnosis confirmed by neuroimaging. Severity of AIS was typ-
ically mild-to-moderate, with a National Institutes of Health
Stroke Scale (NIHSS) score value of 3.5 = 2.4 at the time of
recording. Oxford classification of stroke subtype included 2
total anterior circulation strokes, 19 partial anterior circulation
strokes, 3 posterior circulation strokes, and 24 lacunar strokes.
The average time from stroke symptom onset to TCD recording
was 21.1 = 12.4 h. Recorded comorbidities in patients suffering
from AIS included hypertension, and in a small proportion,
diabetes mellitus, ischemic heart disease, and degree of carotid
atheroma. Exclusion criteria were poor insonation of at least
one of the temporal bone windows and a history of atrial or
ventricular arrhythmias. CTRL volunteers and patients with
AIS were in conscious state. All the subjects gave written
informed consent. Patients with AIS were enrolled at the
Hyperacute Stroke Unit at University Hospitals of Leicester
NHS Trust, Leicester, UK (13). CTRL subjects were recruited
from hospital and university staff, and among patients’ rela-
tives. Investigations of the CTRL group were performed at the
University of Leicester’s Cerebral Haemodynamics in Ageing
and Stroke Medicine (CHIASM) research laboratory, with
minimal auditory or visual distraction, following the stand-
ard protocol for recordings at rest in supine position under
spontaneous respiration (39). CTRL volunteers were asked to
avoid heavy exercise, caffeine, alcohol, and nicotine for at
least 12 h before attending the measurements. Subjects were
instrumented to continuously monitor noninvasive AP using
a cuff placed on the middle finger of the right hand via a vol-
ume-clamp device (Finapres Medical Systems, Enschede, The
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Netherlands). The cerebral blood velocity (CBv) was measured
from the middle cerebral artery using a TCD device (Doppler-
BoxX, Compumedics DWL, Singen, Germany). The measure-
ments were performed bilaterally with 2-MHz probes sup-
ported by a headframe. In the AIS cohort, recordings were
performed and analyzed for both the AFF and UNAFF hemi-
spheres. In the CTRL group, recordings were performed bilat-
erally. Inhaled and exhaled Pco, was recorded using a
capnogram (CAP) with a nasal cannula (Capnocheck Plus,
Smiths Medical ASD Inc., St Paul, MN). Data were continu-
ously acquired through a data acquisition system (PHYSIDAS,
Department of Medical Physics, University Hospitals of
Leicester, Leicester, UK) for subsequent offline analysis using
a sampling rate of 500 Hz. A 5-min baseline recording was
obtained with the head supported by one or two pillows.

Variability Series and Their Univariate Characterization

Signals were preprocessed as previously described (40).
Briefly, any narrow spikes were identified on the CBv and AP
and then removed by linear interpolation between the clos-
est unaffected signal values. All signals were then low-pass
filtered with an eight-order, zero-phase Butterworth filter
with a cut-off frequency of 20 Hz. The MAP and MCBv were
obtained as the integral under the curve computed between
consecutive diastolic values divided by interdiastolic period.
The resulting series were manually corrected in the case of
missing beats or misdetections. The effect of ectopic beats or
arrhythmic events was mitigated via linear interpolation
between the closest values unaffected by arrhythmic beats.
Corrections did not exceed 5% of the total sequence length.
Periods of consecutive corrections were no longer than 4 s.
All series were spline-interpolated in time domain, low-pass
filtered with a fourth-order zero-phase Butterworth filter
with a cutoff frequency of 0.5 Hz, and resampled at 1 Hz to
obtain equally spaced samples in time. Sequences of 250
consecutive samples (i.e., 250 s) were selected with the onset
randomly chosen within the recording.

The mean and variance of MAP and MCBv, namely pyap,
%maps Hmcays and 6%ycsy, Were computed and expressed in
mmHg, mmHg?, cm's ' and cm?s 2, respectively. Power
spectral density was calculated according to an autoregres-
sive (AR) description of the series (41). The AR coefficients
and variance of the noise feeding the AR model were esti-
mated via the traditional least squares approach solved via
Levinson-Durbin recursion (41). The optimal model order
was optimized via the Akaike information criterion in the
range from 4 to 16 (36, 42). The power of the MAP and MCBvV
series was computed as the variance of the spectral compo-
nent whose central frequency fell in a specific frequency
band (43). We chose the range of frequencies covering both
the very low frequency and low frequency (LF) band (i.e.,
from 0.02 to 0.20 Hz) because it covered the time scales of
the autonomic control (38). Indexes were expressed in abso-
lute units, namely mmHg? and cm?-s~2, respectively, and
were labeled LFyap and LFycpy. From the CAP signal, we
computed the breath-by-breath series of partial pressure of
end-tidal carbon dioxide (PETco,). PETco,, taken as a marker
of partial pressure of alveolar carbon dioxide, was extracted
as the sample of CAP at the end of the nearly horizontal line
of CAP signal representing the expiration phase. Given that
PETco, was extracted on a breath-by-breath basis, PETco, was

J Appl Physiol « doi:10.1152/japplphysiol.00250.2025 - www.jappl.org

aligned in the time domain and processed like MAP and
MCByv, thus becoming fully synchronous with MAP and
MCBv at 1 Hz. From the resampled PETco, series, we
extracted the mean and variance, denoted with pPETqo, and
o?PETco,, and expressed in mmHg and mmHg?, respectively.
These markers were taken as descriptors of the partial pres-
sure of arterial carbon dioxide and its variability, being in
equilibrium with PET¢o,. The respiratory frequency (fr)
was extracted from CAP signal as well and expressed in
breaths-min~'. To prevent the potential confounding effect
of respiration on the computed markers, we checked that the
fr did not fall in the LF band.

Characterization of CA via Bivariate Analysis

CA is usually characterized via tools jointly analyzing
MAP and MCByv variability (38, 44). Frequency domain tools
based on cross-spectral analysis were frequently used (21—
24). The cross-spectral approach is based on a traditional
model assessing the relationship from an input series to an
output, while disregarding the possible presence of a feed-
back pathway (45). In the present study, a nonparametric
approach based on fast Fourier transform (FFT) was
exploited (38). The time domain MAP and MCBvV variabil-
ity series were upsampled from 1 Hz to 5 Hz and broken
down into smaller overlapped sequences matching the
constraints for the applications of FFT. The upsampling
was carried out to adapt cross-spectral analysis to the stand-
ards provided in previous white papers (38, 44). The Welch’s
method was used to improve the consistency of the auto- and
cross-spectral densities via averaging. The Hanning window
was applied before each FFT to minimize spectral leakage.
Superposition between frames was set to 50%. The transfer
function (TF) was estimated as the ratio of the power cross-
spectral density from MAP to MCBv variability (Cycpv — map)
to the power spectral density of MAP series. The TF gain
(TFG) was computed as the modulus of the TF. TFG quantifies
the amplitude of MCBv oscillation at the frequency f per unit
amplitude of MAP oscillation at the same frequency. The TF
phase (TFP) was computed as the phase of the TF. TFP indi-
cates the lag at a specific frequency between MAP and MCBv,
where positive phase shifts from O to +r indicating that
MCBV variations lead MAP changes, and negative values from
0 to —n indicating that MCBv variations lag behind MAP
changes. The squared coherence (K2) was computed as the
ratio of the squared modulus of Cycpy — map to the product of
the power spectral densities of MAP and MCBv, where K3(f)
ranges from O to 1, indicating, respectively, null and perfect
linear association between MCBv and MAP series at each fre-
quency f. TFG was expressed in cm-s~'mmHg~!, TEP was
expressed in radians (rad), and K? was dimensionless. The val-
ues of TFG, TFP, and K? were averaged within the LF band,
namely from 0.07 to 0.20 Hz, being the range of frequencies
where K? was more likely to be significant (38, 44).

The autoregulatory index (ARI) was assessed by compar-
ing the step response derived from TF (46) to the theoretical
step responses of the derivative filter describing the pres-
sure-flow relationship in (17). Ten combinations of the filter’s
parameters correspond to 10 responses, and they were asso-
ciated with different values of ARI ranging from absent CA
(ARI = 0), namely MCBv follows completely MAP changes, to
excellent CA (ARI = 9), namely variations of MCBv, resulting
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from changes MAP, decay very rapidly over time leading to
producing no consequence on MCBv after a few time con-
stants. An ARI > 4 was considered a marker of efficient CA
(17). The impulse response function was estimated via the
inverse FFT applied to the TF from MAP and MCBv and inte-
grated to obtain a numerical estimate of the unit step
response. The theoretical unit step responses were derived
from the Tiecks’ model by feeding it with unit sustained step.
Theoretical and predicted step responses were rescaled by
dividing each sample by their own maximum absolute value
(47). The theoretical curve derived from the Tiecks’ model
was compared with that derived from the TF-based analysis
via normalized mean square error and the ARI value corre-
sponding to the comparison with minimum figure was
selected (46). The percentage of subjects with an effective CA
(i.e., ARI > 4) was calculated for each group as well.

Estimation of TE and CTE

The method assesses the information transfer from the
driver to the responder as the amount of information carried
by the current value of the target series y that can be genu-
inely attributed to the source series x. In the TE approach,
the information carried by the present sample of y due to the
action of x was computed by separating it from the portion
that can be derived from the past of y, while in the CTE cal-
culation it was separated from the portion that can be attrib-
uted to the past of the conditioning series z as well. Before
computing TE and CTE, all the variability series, namely x,
¥, and z, were normalized by subtracting the mean and by
dividing the result by the standard deviation. We exploited a
linear, parametric, model-based approach grounded on vec-
tor autoregressive class (48, 49) computing TE and CTE
according to the Granger causality approach (50). The com-
plete description of the models in the full and restricted uni-
verses of knowledge is given in APPENDIX along with the
formulas used to compute TE and CTE. The identification of
the coefficients of the models was carried out by solving the
linear least squares problem via the Cholesky decomposition
method (51). Each regression features the same number of
coefficients that was optimized via the Akaike criterion for
multivariate processes (49) in the range from 6 to 14. The
number of coefficients was optimized in the full universe of
knowledge, and it was maintained in the restricted one (49).
A double regression approach was exploited because the
identification procedure performed in the full universe of
knowledge was repeated in the restricted universe of knowl-
edge, thus leading to a different set of coefficients for the
same portion of the model (49). The modeling approach
requires the setting of the latency 7 of the actions of the
driver and confounding factor on the target signal, namely t
from x to y (1) and 1 from z to y (1._,). The impact of the
latency setting was monitored by testing the ability of TE in
differentiating CTRL from AFF and from UNAFF data on
both the pressure-to-flow and flow-to-pressure pathways.
After selecting the latency describing the action of x on y
and vice versa, the impact of latency of the action of the con-
founding factor z on the closed-loop interaction between x
and y was monitored by checking the ability of CTE in differ-
entiating CTRL from AFF and from UNAFF data as well.
Latencies were varied from 0 to 5 s, where O s and 5 s indicate
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a possible impact by 1 s and 6 s, respectively. Longer laten-
cies were not considered because TE and CTE decreased
monotonically as a function of the time horizon used in
resolving the uncertainty of y based on the behavior of x due
to the presence of noise and additional factors unaccounted
in the full universe of knowledge (52, 53). The simultaneous
presence of latencies equal to O s was not tested because this
situation referred to the unrealistic condition of closed-loop
interactions without delays (43).

Testing the Null Hypothesis of MCBv-MAP Uncoupling

Since TE and CTE might be different from zero even in
presence of full uncoupling, the significant difference of TE
and CTE from zero was tested using the method of surro-
gates (54). Surrogates are artificial series built from the origi-
nal ones according to some null hypothesis. Here the null
hypothesis is the absence of dynamic interactions between
MAP and MCBv, while all the univariate dynamic properties
of the series, namely distribution of the values, linear auto-
correlation, and nonlinear relationship between successive
samples are preserved as much as possible. Uncoupled pairs
in the case of TE analysis, or uncoupled triplets, in the case
of CTE analysis, were generated via time-shifting method
(55). The method shifted in time the presumed cause and
confounding series, if present, with different latencies drawn
randomly in the interval 45-80 s, although the effect series
was left unaltered. Circular wrapping was exploited to pre-
serve the original length of the series. One uncoupled pair, or
one uncoupled triplet, was generated from each original
pair, or triplet, recorded in any subject and hemisphere.
When computing TE, or CTE, the same parameter setting
was used over original and surrogate series. If TE, or CTE,
computed over the original series was significantly above
that derived from the surrogates with a P < 0.05, the null
hypothesis of uncoupling was rejected, thus supporting that
a significant information transfer was present in the original
series.

Statistical Analysis

The Shapiro-Wilk normality test was used to test normal-
ity of the distributions. All indexes were computed on
recordings of both left and right hemispheres in the CTRL
cohort and compared between the two hemispheres via the
paired t test, or the Wilcoxon signed-rank test when appro-
priate. Differences between information domain markers
derived from original and surrogate data were checked via
the same tests. An unpaired ¢ test, or a Mann-Whitney rank
sum test when appropriate, was applied to check the differ-
ence between CTRL and AIS groups over time-domain
markers. After pooling together groups and hemispheres the
same test was used to compare TE and CTE markers. One-
way repeated measures analysis of variance (Dunnett’s test
for multiple comparisons), or Friedman repeated measures
analysis of variance on ranks if appropriate (Dunnett’s test
for multiple comparisons), was used to compare the cerebro-
vascular control markers across hemispheres in the CTRL
and AIS groups. Two-way analysis of variance (Holm-Sidak
test for multiple comparisons) was used to compare TE and
CTE indexes within the same group and differences across
groups using the same information transfer index. Statistical
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analysis was carried out using a commercial statistical pro-
gram (Sigmaplot, v. 14.0, Systat Software, Inc., Chicago, IL).
The level of significance of all the tests was set to 0.05.

RESULTS

Univariate Markers

Representative examples of variability series taken from a
CTRL and AIS subject are shown in Fig. 1. In this representa-
tive comparison, an increase of pyap and 6%yap Was observed
in the patient with AIS (Fig. 1, A and B). The left and right
MCBYV series exhibits similar dynamics in the CTRL subject
(Fig. 1, C and E). pmcay, decreased in the AFF hemisphere
(Fig. 1D) compared with the UNAFF one (Fig. 1F) and with
the right and left hemisphere of the CTRL subject (Fig. 1, C
and E). A tendency toward an increased o?ycpy in the
UNAFF hemisphere (Fig. 1F) compared with the AFF one
(Fig. 1D) was visible. uPET¢o, declined in the patient with AIS
with a tendency toward a higher ¢*PETco, (Fig. 1H) com-
pared with the CTRL individual (Fig. 1G).

None of the computed indexes showed any statistically
significant difference between the two hemispheres in the
CRTL group. Therefore, all the analyses in the following
were carried out using only the MCBvV series obtained from
one hemisphere selected at random in each CTRL subject.

Table 1 shows the univariate markers derived from vari-
ability series of MAP, CAP signal, and variability of PETco, in
CTRL and AIS populations. The AIS group featured higher

umap, augmented o’yap, lower uPETco,, and increased

CTRL
B

>

cszPETco2 compared with the CTRL one. LFyap and fi did not
vary across the two groups.

Table 2 summarizes the cerebrovascular parameters in the
CTRL group and AIS population when distinguishing
between AFF and UNAFF hemispheres. In the AFF hemi-
sphere, we observed a lower uycgy compared with CTRL sub-
jects. No difference was observed when comparing pmcgy in
the CTRL group and the UNAFF hemisphere of the AIS
group. o2mcev and LFycpy did not vary across populations
and hemispheres.

Testing the Null Hypothesis of MAP-MCBvV Uncoupling

Table 3 lists the values of TE and CTE markers computed
over the original and surrogate pairs. Analysis was carried
out in the direction from MAP to MCBv and vice versa.
Values present in Table 3 were computed with the latencies
optimized to ensure the identification of the impact of AIS
on the directionality from MAP to MCBv. Regardless of the
group of measures, namely CTRL and type of hemisphere in
the AIS individuals, TE markers computed over the original
pairs were significantly higher than those calculated over
surrogate uncoupled pairs. Remarkably, significant informa-
tion transfer was observed in both directions. The same
result was achieved when CTE indexes were calculated.

CA Indexes

Table 4 reports the CA indexes derived from power cross-
spectral and ARI analyses. Regardless of the type of CA
marker no differences were detected between CTRL subjects

AIS

—_
(9%
(=]

o\ A )

(@)

A A

Figure 1. The line graphs show the vari-
ability series of MAP (A), MCBv recorded
from the left (C) and right (E) hemisphere,
and PETco, (G) in a CRTL subject and
those of MAP (B), MCBv recorded from
the AFF (D) and UNAFF (F) hemisphere,

and PETco, (H) in a patient with AIS as a

m

function of time expressed in seconds.
AIS, acute ischemic stroke; MAP, mean
arterial pressure; MCBv, mean cerebral
blood velocity; PETco,, end-tidal pressure
of carbon dioxide.

@

W\/\ﬂ\/
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Table 1. MAP, CAP, and PETco, markers in CTRL and AlIS
groups

Markers CTRL AlIS
Hmap, MMHg 90.2+8.4 103.1 £ 17.7*
2map, MMHg? 6.0+4.2 19.4 +17.3%
LFyap, MmHg? 07+0.38 28+53
f~, breaths-min~ 176+ 4.2 16.6 £5.2
WPETCo,, mmHg 383+23 33.7 +3.9%
2PETco,, mmHg? 24+93 4.9 +12.3%

Results are reported as means = SD. AIS, acute ischemic stroke;
CAP, capnogram; f, respiratory frequency from CAP signal; LF,
low frequency; LFyap, LF power of the MAP series; MAP, mean
arterial pressure; puyap, MAP mean; pPETco,, PETco, mean; G2 MAP
MAP variance; GZPETCOZ, PETco, variance; PETqo,, partial pressure
of end-tidal carbon dioxide. *P < 0.05 vs. CTRL.

and AIS population after considering AFF and UNAFF hemi-
spheres. The TFP,r was always positive in all the groups.
K2 r values were mostly above the physiological meaningful
level of 0.30. In most of the subjects, ARI indicated an effec-
tive CA.

The grouped bar graphs of Fig. 2 show the type I error
probability P computed when comparing TE calculated in
CTRL subjects and patients with AIS when considering AFF
(black bars) and UNAFF (white bars) hemisphere as a func-
tion of the latency of the MCBv-MAP dynamic interactions.
Results relevant to TEyap_.mcev are shown in Fig. 2A as a
function of tyap_mcrv, Whereas those relevant to the reverse
pathway (i.e., TEpcev_.map) are depicted in Fig. 2B as a func-
tion of tmcev_map. The level of significance below which
comparison between groups was deemed to be significant
(i.e., 0.05) was indicated as a dashed horizontal line in both
panels. The type I error probability was below the level of sig-
nificance for 1pap_mcry = 2 S When comparing TEmap_.mcry
computed over CTRL and AFF data and close to the signifi-
cance at the same lag when comparing CTRL and UNAFF
data (Fig. 2A). Over the reverse causal direction (i.e., from
MCBvV to MAP) the lowest values of type I error probability
were detected at tycpvomap = O S (Fig. 2B). Given the dis-
criminative values of tpap_.mcey = 2 S and Tyvceymap = 0°S,
we selected this setting for all remaining analyses.

The error bar graphs of Fig. 3 show TEymap_mcev (Fig. 34)
and TEpmcev_map (Fig. 3B) as a function of the group (i.e.,
CTRL and AIS distinguishing AFF and UNAFF hemispheres).
TEmap_.mcav decreased significantly in AFF data compared
with CTRL, whereas TEyap_mcey computed over UNAFF
data was similar to the one calculated in CTRL group.
TEmcev—.map did not vary with AIS regardless of the type of
hemisphere considered.

Table 2. Cerebrovascular parameters in CTRL subjects
and patients with AIS distinguishing AFF and UNAFF
hemisphere

Markers CTRL AFF UNAFF
lycay, CM*s ! 52.3+13.0 41.7 +15.9% 455 +14.7
%vcay, CM2s ™2 72+63 6.4+56 9.7+9.9
LFyvcey, cM?-s 2 07+0.7 1.0+18 09+1.2

Results are reported as means * SD. AIS, acute ischemic stroke;
LF, low frequency; LFycpy, LF power of the MCBv series; MCBv,
mean cerebral blood velocity; pmcpy, MCBV mean; o?ycpy, MCBV
variance. *P < 0.05 vs. CTRL.
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Table 3. TE and CTE computed over original and
surrogate uncoupled pairs in CTRL subjects and patients
with AIS distinguishing AFF and UNAFF hemisphere

Group Marker Original Pairs Surrogate Pairs
CTRL TEmap—McBv 0.11+0.05 0.02 £ 0.01*
CTEmaP—mcBy 0.12+£0.05 0.01+ 0.01*
TEmcey—maP 0.34£0.16 0.03 £ 0.01*
CTEmcBy—MaP 0.34£0.16 0.03 £ 0.01*
AFF TEmap—McBv 0.09 £ 0.05 0.02 £ 0.01*
CTEmap—mcBy 0.08 £ 0.05 0.02 £ 0.01*
TEmcay—maP 0.48 +0.37 0.03 £ 0.01*
CTEmcBy—MaP 0.47 £0.38 0.02 £ 0.01*
UNAFF TEmap—McBv 0.08 £ 0.05 0.02 £ 0.01*
CTEmar—mcBy 0.08 £ 0.02 0.02 £ 0.01*
TEmcay—maP 0.52+0.37 0.02 £ 0.01*
CTEmcBy—MaP 0.52+0.37 0.02 £ 0.01*

Results are reported as means + SD. AFF, affected; AIS, acute
ischemic stroke; CTE, conditional TE; MAP, mean arterial pres-
sure; MCBv, mean cerebral blood velocity; TE, transfer entropy;
UNAFF, unaffected. *P < 0.05 vs. original pairs.

The grouped bar graphs of Fig. 4 have the same structure as
Fig. 2, but it shows the type I error probability P computed
when comparing CTE calculated in CTRL subjects with AFF
(black bars) and UNAFF (white bars) hemisphere of patients
with AIS as a function of the latency of interactions from
PETco, to MCBV (Fig. 4A) and from PETco, to MAP (Fig. 4B).
The level of significance below which the comparison between
groups was deemed to be significant (i.e., 0.05) was indicated
as a dashed horizontal line in both panels. The type I error
probability was below the level of significance regardless of the
value of tPETco, .mcpy and hemisphere (Fig. 4A). The type I
error probability did not change with tPETco, .map in Fig. 4B,
being close to the level of significance only in the case of the
comparison between CTRL and AFF data (Fig. 4B).

The error bar graphs of Fig. 5 show TE and CTE over the
directions from MAP to MCBv (Fig. 5A) and from MCBv to MAP
(Fig. 5B). Data were pooled together regardless of the group and
hemisphere. Indexes were computed with tyap_mcey = 2 S,
TMmcBymap = O S, ’EPETCO2 _mcey = 0s, and ’CPETCOZ*)MAP =0s.
No significant differences were detected between TE and CTE,
and this result held regardless of the direction of interactions.

The grouped error bar graphs of Fig. 6 show TE (black
bars) and CTE (white bars) over the direction from MAP to
MCBYy (Fig. 6A) and from MCBv to MAP (Fig. 6B) as a func-
tion of the group, namely CTRL and AIS when distinguishing
the AFF and UNAFF hemisphere. Indexes were computed

Table 4. Traditional CA indexes in CTRL subjects and
patients with AIS from AFF and UNAFF hemisphere

Markers CTRL AFF UNAFF
TFG.g, cm's™-mmHg™ 14405 14408 13+0.8
TFP,f, rad 0.6+0.2 0.6 +0.4 0.6+0.4
kST 0.8+0.1 0.8+0.2 0.8+0.2
ARI 49+15 47419 48+22
ARl > 4, % 72 69 68

Results are reported as means + SD and as percentage of sub-
jects with ARI > 4. AIS, acute ischemic stroke; AFF, affected; ARI,
autoregulatory index; K2, squared coherence; K? 5, K? in the LF
band; LF, low frequency; TFG, transfer function gain; TFP, transfer
function phase; TFGyy, TFG in the LF band; TFPyf, TFP in the LF
band; UNAFF, unaffected.

J Appl Physiol « doi:10.1152/japplphysiol.00250.2025 - www.jappl.org

Downloaded from journals.physiology.org/journal/jappl (087.005.099.163) on July 31, 2025.


http://www.jappl.org

()) CEREBRAL AUTOREGULATION AFTER ACUTE ISCHEMIC STROKE

Figure 2. The grouped bar graphs show the type | error
probability P when testing the difference of TE,_,, between
CTRL and AFF groups (black bars) and between CTRL and
UNAFF groups (white bars) as a function of the latency from
xtoy (ty_,). In (A), TE._., is computed with x = MAP and y =
MCByv, whereas in (B), TE,_., is calculated with x = MCBv
and y = MAP. The dashed line indicates the level of signifi-
cance of 0.05. AFF, affected; MAP, mean arterial pressure;
MCBv, mean cerebral blood velocity; TE, transfer entropy;
UNAFF, unaffected.
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with tyap—mcey = 2 S, Tmeev—map = 0 S, TPETco, —mcey = 0°S,
and tPETqo, .map = O s. No significant differences were
detected between TE and CTE, and this result held regard-
less of the direction of interactions. Both TEmap_.mcey and
CTEmap_mcay decreased significantly in the AFF data com-
pared with the CTRL group, although no significant differen-
ces were detected between CTRL and UNAFF data. The
impact of AIS on TEmcBy—MapP and CTEmcBv_map Was not
evident due to the increased dispersion of markers reducing
the statistical power of the comparison between CTRL and
AIS groups. This conclusion held regardless of the type of
hemisphere in patients with AIS.

DISCUSSION

The results of this study can be summarized as follows:
1) latency setting in TE and CTE analyses allowed the iden-
tification of the impact of AIS on the directionality from
MAP to MCBv; 2) CTRL subjects and patients with AIS
exhibited significant closed-loop dynamic interactions
between MAP and MCBvV at the selected values of latency;
3) AIS induced hypertension in association with a reduced
umcey, more evident in the AFF; 4) AIS affected direction-
ality of MAP-MCBv dynamic interactions, especially in the
AFF hemisphere; 5) TE was able to detect CA impairment in
the AFF hemisphere of patients with AIS, although CA was
preserved in the UNAFF one; 6) computation of CTE obtained
by conditioning out PET¢o, did not modify conclusions in AIS
group compared with those derived from unconditional TE.

Latency Setting Ensures the Identification of the Impact
of AIS on the Directionality from MAP to MCBv

In previous studies (27, 28, 36), the latencies used in model-
ing the closed-loop dynamic interactions between MAP and
MCByv variability were decided according to physiological

considerations and MAP-MCBYv cross-correlation. This evalua-
tion was based on an assessment of the lag where the first
local, negative, minimum of cross-correlation was detected
with MAP changes leading MCBv variations, and the first
local, positive, maximum of cross-correlation was found with
MCBv changes leading MAP variations (56, 57). The latency of
the action of MAP on MCBvV leading to minimal negative
cross-correlation was longer than that from MCBvV to MAP
leading to maximal positive cross-correlation (56, 57). This
result agrees with the rapidity of pressure-sensitive mecha-
noreceptors in the brain sensing changes of intracranial pres-
sure and evoking MAP changes via Cushing-like reflex (35, 58)
compared with the slower inertial and capacitive hemody-
namic responses adjusting MCBV in response to variations of
MAP, especially when resistive components are negligible (35,
59). Based on these considerations, the latencies from MCBv
to MAP, namely Tycpy—.map, and from MAP to MCBv, namely
TMAP_MCBv, Were set to 0 s and 2 s (i.e., within a time interval
of 1s and 3 s, respectively) (27, 28, 36). This setting ensures the
greatest speed of the flow-to-pressure pathway compared
with the pressure-to-flow one (35, 56-59), it is compatible
with the latency between hypotension and subsequent
decrease of cerebrovascular resistance observed after thigh
cuff deflation and sit-to-stand maneuver (60), and it preserves
the relative difference between the two latencies as the one
detected according to cross-correlation analysis, namely 2 s
(56, 57). In addition, the selected short latencies limit the
impact of the well-known monotonic decrease of TE as a
function of the time horizon of prediction in physiological
series due to presence of noise and insufficient description of
confounding factors (52, 53).

In the present study, we adopted a different strategy for
the selection of tycpvmap aNd tymap_.mcey grounded on a
group-level optimization. We monitored the ability of TE to
separate CTRL from AFF and UNAFF data as a function of

A B
0.2 1.2
=
1 [ [ ! [ W
<< Q
L
0.0 0.0

Figure 3. The error bar graphs show TEyap_.mcev (A) and
TEmcev—map (B) as a function of the group (i.e., CTRL and AIS
distinguishing between AFF and UNAFF hemisphere). TEs
were computed with Tyap_.mcey = 2 s and Tyceymap = O S.
Data were represented as means + SD. AFF, affected; AlS,
acute ischemic stroke; MAP, mean arterial pressure; MCByv,
mean cerebral blood velocity; TE, transfer entropy; UNAFF,
unaffected. *P < 0.05 vs. CTRL.

CTRL AFF UNAFF CTRL AFF
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Figure 4. The grouped bar graphs show the type | error 0.1 0.3

probability P when testing changes of CTE,_,, between I CTRL vs AFF

CTRL and AFF groups (black bars) and between CTRL and g‘ 1 CTRL vs UNAFF 2

UNAFF groups (white bars) as a function of the latency from ‘_{.: '_;:

ztoy(t,—,). In (A), CTE,_., is computed when x = MAP, y = < S

MCByv, and the conditioning series is PETco,, whereas in (B), = 0.05 a

CTE,_., is calculated when x = MCBv, y = MAP, and the 8 ' &

conditioning series is PETco,. The dashed line indicates the b5} E

level of significance of 0.05. The latency from MAP to MCBv o .

was set to 2 s and that from MCBv to MAP to O s. AFF, % §: 0.05
affected; CTE, conditional TE; MAP, mean arterial pressure; 0.0 j_ﬂ_ﬂ_ﬂ_ﬂ 0.0

MCBv, mean cerebral blood velocity; PETco,, end-tidal pres-
sure of carbon dioxide; UNAFF, unaffected.

Tmcev—map and Tvap_mcry, and we selected the latency pair
(tmapr—mcey and tucevmap) that allowed the strongest
separation in the AIS population between the cerebrovas-
cular control of AFF and UNAFF hemispheres using TE.
Remarkably, the pair that allowed the detection of the
minimum value of type I error probability when compar-
ing CTRL with AFF and UNAFF data was tyap_.mcev = 2 S
and tvcpvomap = O s, thus supporting the idea that the
latency setting adopted in our previous works could pro-
vide the best choice even when the purpose is the separa-
tion of different groups.

In previous works (28), the latencies of PETco, on both
arms of the MCBv-MAP closed loop, namely tPETco, .map
and tPETco, .mcay, Were set to O s (i.e., within a time interval
of'1s). This choice was supported by physiological considera-
tions based on the rapidity of the mechanical effect of intra-
thoracic pressure on AP driven by modifications of venous
return and stroke volume (61, 62) and the speed of the
impact of movements of cerebrospinal fluid, driven again by
changes of intrathoracic pressure, on intracranial pressure
and MCBv (37). In the present work, we monitored the effect
of TPETco, .mcav and tPETco, .map ON the separation between
CTRL and AIS data, while maintaining the latency pair
(tmapr_mcry = 2 S and tpcev_map = 0 ) adopted according to
the TE analysis. Even the process of the optimization of
TPETco, .mcev and tPETco, .map Was carried out at group
level. Remarkably, conclusions derived from CTE did not
depend on the selection of tPET¢o, .mcey and t™PETco, map,
given that type I error probability was unvaried as a function
of the latency from PET¢o, to MCBv and from PET¢o, to MAP.
This conclusion held regardless of the hemisphere. This
result supports the irrelevance of conditioning out PETco,
variability when modeling the closed-loop dynamic interac-
tions between MAP and MCBv.

>

1 2 3 4 0 1 2 3 4 5
TPetCO, =MCBv TPetCO, =MAP

Significant Closed-Loop MCBv-MAP Dynamic
Interactions are Observed in Both CTRL and AIS Groups

Standard approaches based on cross-spectral analysis
assume open-loop interactions, usually from MAP to MCByv,
while disregarding the feedback from MCBv to MAP (38, 45).
In addition, even causality is poorly accounted for, given the
ambiguities of phases when converted into delays or advance-
ments due to Fourier phase circularity (45). Comparison with
uncoupled surrogate pairs indicated that information transfer
is significant on both causal directions of interactions, namely
from MAP to MCBv and vice versa, in both CTRL and AIS
groups and in the AIS group regardless of the hemisphere.
This result supports the conclusion that mechanisms regulat-
ing dynamic interactions between MAP and MCBvV are still
present and working in patients with AIS. This result stresses
the importance of accounting for both directions of interac-
tion when CA is evaluated from spontaneous variability of
MAP and MCBV likely because the smallness of the spontane-
ous variations of MAP might not allow one to disregard the
eventual contribution to the MAP variability associated with
the activation of the flow-to-pressure pathway. The need of
considering the closed-loop relationship between MAP and
MCBvV when describing their spontaneous dynamic interac-
tions was stressed in several studies (26-29, 36). This closed-
loop condition results from the hemodynamic laws setting
the relationship from MAP to MCBv (30, 59) and from the abil-
ity of brain receptors in sensing small changes of intracranial
pressure as well as signals characterizing neural activity,
hypoxic states, and ischemic environment and activating
pressure responses (32-35, 63). Remarkably, our data suggest
that this consideration held for both CTRL and AIS groups,
even though the strength of interactions varied along the
closed loop because the TE from MAP to MCBv decreased in

B

R
o

Figure 5. The error bar graphs compare TE and CTE in the
direction from MAP to MCBv in (A) and in the reverse time,
namely from MCBv to MAP, in (B). The data were pooled
together regardless of the group and hemisphere. TE and
CTE were computed with Tyap_.mcev = 2 S, Tmcavmap = 0'S,

1.2

TPETco, —mcav = O0's, and TPETco, .map = O s. Data were rep-
resented as means + SD. CTE, conditional TE; MAP, mean
arterial pressure; MCBv, mean cerebral blood velocity; TE,
transfer entropy.
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the AFF hemisphere, whereas TE in the reverse direction
tended to increase.

Patients with AIS Feature a Reduced MCBv and
Hypertension

The observed rise of pyap is taken as a sign of the activation
of the flow-to-pressure pathway that might be related to the
increase of intracranial pressure associated with the develop-
ment of cerebral edema and/or the physiological response to
a hypoxic/ischemic brain state in the attempt to favor perfu-
sion of the penumbral tissue (35, 64). Given the link of sympa-
thetic tone and its variability to the amplitude of the AP
variations (65), the increase of 6?yap can be taken as indica-
tive of the sympathetic activation accompanying AIS (66).
The decrease of pycpy despite the rise of pvap suggests that
the elevation of MAP is insufficient to preserve MCBvV as a
likely consequence of the elevation of intracranial pressure,
the increase of cerebral resistances associated with sympa-
thetic vasoconstriction and the derangement of hemody-
namic properties of the vasculature in the infarcted areas and
its surroundings (64, 66). The increase of uyap in presence of
a decrease of wycpy, particularly evident in the AFF hemi-
sphere, suggested the limited effect of the vasopressor reflex
in coping with hypoperfusion in our AIS cohort.

AIS Affects Directionality of MCBv-MAP Dynamic
Interactions

In patients with AIS, MAP was genuinely capable of driving
modifications of MCBv, although MAP changes were also
uniquely associated with MCBvV fluctuations, thus indicating
the closed-loop nature of the MCBv-MAP relationship in
patients with AIS. These closed-loop interactions were
observed in the CTRL group as well. In healthy individuals,
the concomitant information exchange along the pressure-to-
flow and flow-to-pressure pathways was observed even in the
presence of experimental challenges increasing the amplitude
of MAP fluctuations, such as during head-up tilt and active
standing. This finding was taken as an indication of preserved
CA (26-29, 36). Remarkably, in the present study, we reported
an imbalance of the information exchange between MAP and
MCBy variability in the AIS group. Indeed, patients with AIS
featured the concomitant decrease of the TE along the pres-
sure-to-flow arm of the closed loop, although the TE in the
reverse direction remained unaltered, thus suggesting that
the flow-to-pressure pathway is gaining importance com-
pared with the pressure-to-flow arm. The increase of TE in
the AIS group along the flow-to-pressure pathway was not
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Figure 6. The grouped error bar graphs compare TE and
CTE in the direction from MAP to MCBvV in (A) and in the
reverse time, namely from MCBv to MAP, in (B) as a function
of the group, namely CRTL and AIS when distinguishing
AFF and UNAFF hemisphere. TE and CTE were computed
With Tmap ~mcay = 2 S, Tmcav—map = O'S, TPETco, mcay = 0'S,
and tPETco, —map = O s. Data were represented as means +
SD. *P < 0.05 vs. CTRL. AlS, acute ischemic stroke; CTE,
conditional TE; MAP, mean arterial pressure; MCBv, mean
cerebral blood velocity; TE, transfer entropy.

UNAFF

significant due to the greater variability of TE compared with
the same marker in the reverse pathway and this result, indi-
cating a more variable individual response along the flow-to-
pressure pathway in patients with AIS, requires further inves-
tigation. The increase of the information transfer from MCBv
to MAP could be interpreted as the effect of the activation of
Cushing-like reflexes that attempt to react to brain hypoperfu-
sion by driving a MAP rise. However, the significant decrease
of the TE from MAP to MCBv suggested that the Cushing-like
reflexes were not successful in eliciting the expected modifi-
cation of MCBv due to the overly weak performance of the
pressure-to-flow link. The excessively reduced coupling in the
direction from MAP to MCBv could be the consequence of a
worsening of CA because it might suggest a limited coordina-
tion among all the mechanisms playing a role in shaping the
response of CA to MAP changes, being related to damage to
the cerebral vasculature, edema formation, and subsequent
increases in intracranial pressure induced by AIS (64).

TE Detects the Early Impact of AlS on CA

Traditional assessment of CA based on cross-spectral anal-
ysis of MAP and MCByv variability series suggested that an
increased TFG, a less positive or negative TFP, and an
increased K2 indicating a greater strength of MAP-MCBv
association, or null values of K? suggesting full MAP-MCBv
uncoupling, might be indicators of CA impairment (21-24).
More recent approaches based on information transfer and
spectral causality indicated that both an increased informa-
tion transfer from MAP to MCBV (26) or dramatically limited
genuine contribution of MAP to prediction of MCBv varia-
tions, especially visible in some frequency bands (27),
allowed the separation of subjects with preserved and
impaired CA. In the present study, TE was able to detect the
CA impairment. It took the form of decreased information
transfer from MAP to MCBv when CTRL subjects were com-
pared with the data acquired from the AFF hemisphere of
patients with AIS. Considering the hypocapnia of the AIS
group, it could be hypothesized that the decrease of TE in
AIS would be even more evident if CTRL and AIS groups
were normalized to the same pPETco, (67). However, this
decrease did not lead to a situation in which the genuine
contribution of MAP changes to the MCBv variability was
fully abolished because the TE was above the level set by
uncoupled surrogates. The decrement of TE from MAP to
MCBvV might be even indicative of a CA improvement, but it
occurred with an unvaried information transfer in the
reverse causal direction that suggests an activation of
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Cushing-like reflexes in the attempt of restoring brain perfu-
sion. We suggest that the combination of the worsened abil-
ity of MAP changes to genuinely drive MCBv variations and
an unvaried strength of the coupling in the reverse pathway
is the pattern that indicates the CA impairment in the AFF
hemisphere. Remarkably, in the UNAFF hemisphere, a simi-
lar activation of the flow-to-pressure pathway was not
accompanied by a significant decrease of the information
transferred along the pressure-to-flow arm of the MCBv-
MAP closed loop, thus indicating a sort of preservation of
CA. However, the absence of differences between AFF and
UNAFF hemispheres suggests that the variation of cerebro-
vascular control in AIS group is independent of the hemi-
sphere, thus being a homogenous condition affecting the
entire brain. This conclusion was confirmed when the vari-
ability of PETco, was conditioned out. The greater impact of
AIS on the AFF hemisphere in our population agrees with
the notion present in literature suggesting that in AIS with
moderate severity the impact is greater on the AFF hemi-
sphere (12, 15, 16). Remarkably, traditional cross-spectral
indexes and ARI were not able to detect any sign of CA
impairment even though it was expected in moderate-to-
severe AIS (11-16). This result might be the consequence of
hypocapnia observed in our AIS cohort. Indeed, hypocapnia
has a strong influence on CA and could explain the lack of
differences compared with the CTRL group (67). It could be
hypothesized that the differences in TF indexes and ARI
could emerge if both groups had similar uPET¢o,. However, it
cannot be excluded that the observed limited power of cross-
spectral markers could be the consequence of the intrinsic
weakness of these descriptors in coping with causality and
closed-loop dynamic interactions (45, 54).

CTE Does Not Improve CA Characterization in AlS
Group Compared with TE

It is well known that Pco, is a confounding factor of CA
(35, 44), and it should be included in models describing the
MCBvV-MAP dynamic interactions. The confounding effect
results from the fact that modifications of the MCBF might
occur in response to the same amplitude of MAP changes in
the presence of different Pco, levels, given that hypercapnia
leads to cerebral vasodilation and increased MCBF, although
hypocapnia causes vasoconstriction and decreased MCBF.
TE and CTE were similar, and this result held regardless of
the direction of the interactions and group. This finding sug-
gests that PETqo, did not contribute significantly to the infor-
mation transferred from MAP to MCBv and vice versa. This
conclusion might appear to be surprising given the known
impact of respiration on intracranial pressure (28, 36, 37) and
the role played by the regulation of Pco, on cerebrovascular
control (67, 68). However, it should be noted that fluctua-
tions of PETco, occur below the respiratory rate in the very
low-frequency band, whereas short-term analysis allows a
more reliable study of dynamic interactions at faster time
scales. The present analysis suggests that the variability of
PETco, did not contribute to genuinely driving a significant
portion of fluctuations of MCBv. This result stresses that
accounting for PET¢o, might be irrelevant when describing
the dynamic component of CA from spontaneous changes of
MAP and MCBv. This conclusion agrees with a previous
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assessment from our group in a completely different context
(36). We suggest that conclusions might be different whether
the analysis was focused on the very low frequency band by
extending the length of the series above the usual 5-min
recordings (29). Conversely, accounting for pPETqo, is very
important when assessing the static component of CA due to
the remarkable impact of the static level of PET¢o, on the
brain circulation (67).

Limitations of the Study and Future Developments

The main limitation of using TCD to estimate cerebral blood
flow is that it measures CBv, which is considered equivalent to
cerebral blood flow, only if the vessel diameter does not vary.
Previous studies support the use of CBv because only minor
changes of diameter (<4%) in response to AP variations or hypo-
capnia were observed (69). Autonomic control plays an impor-
tant role in governing MCBv-MAP dynamic interactions (70)
both on the pressure-to-flow link (71) and in the reverse pathway
(29). Future studies could investigate the role played by the acti-
vation of sympathetic control during AIS in modulating the CA
impairment. In our protocol, the PET¢o, fluctuated within a very
limited range. Testing whether stronger variations of Pco, could
change the conclusions based on CTE is needed. Moreover, the
mechanical impact of respiration on intracranial pressure was
not considered, although it could be an important confounding
factor for directionality analysis (28, 36, 37). The application of a
specific respiratory pattern, such as slow breathing, could give
even more insight into the information exchange within the
MCBvV-MAP closed loop and conditioning effects. Finally, we
investigated the acute phase of AIS, focusing on the first 48 h
after symptoms onset. Investigating the long-term effect of AIS
at different times and via long follow-up could help understand-
ing if the closed-loop MCBv-MAP dynamic interactions
observed in this study could evolve overtime. Given that we con-
sidered AIS of mild-to-moderate severity, analysis could be
extended to more severe AIS. The issue of the separate optimiza-
tion of the latencies over the feedback and feedforward pathway
in a closed-loop system requires the application of specific
methods and ad hoc tests in the specific context of the charac-
terization of MCBv-MAP dynamic interactions. Therefore, we
preferred a heuristic, and simpler, approach based on the ability
of our metric to differentiate groups to optimize latencies. This
strategy might have increased the likelihood of finding signifi-
cant between-group differences. We advocate the application of
specific approaches of latency optimization in the same context
to confirm the validity of our conclusions. Some recent advance-
ments in the information domain led to the decomposition of
information transfer into frequency components (72, 73). These
approaches might deserve application because information-the-
oretic metrics can be computed in frequency bands where CA
seems to be more active, thus focusing the analysis on specific
temporal scales.

Conclusions

The study applied a closed-loop directional approach to
characterize cerebrovascular control after AIS from the spon-
taneous variability of MAP and MCBv. The approach allowed
one to condition out the breath-by-breath changes of PETco,
while assessing the strength of the directed interactions
from MAP to MCBv and vice versa. The study emphasized
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the importance of investigating the closed-loop relation-
ship because the significant decrease of the coupling
strength from MAP to MCBv, likely to be the result of the
derangement of the hemodynamic properties of the vascu-
lature and edema formation, was accompanied by an
increase of the importance of the reverse arm, likely to be
activated by the increase of intracranial pressure, brain
hypoperfusion, and ischemia. Our analysis reduces the
relevance of accounting PET¢o, fluctuations when studying
the dynamic variability interactions between MAP and
MCBYV as a likely effect of the impact of PET¢o, variability
in frequency bands that are not examined in this study.
The directional analysis might be particularly helpful
when exploiting MAP and MCByv variability, especially in
populations where traditional markers of CA might fail in
detecting the impairment of cerebrovascular control, such
as in this particular AIS group. We recommend the applica-
tion of this technique when assessing CA in AIS and when
monitoring it overtime and during follow-up.

APPENDIX

Linear Model-Based Assessment of TE and CTE

We exploited a linear, parametric, model-based approach
grounded on vector autoregressive class (48, 49) computing
TE and CTE according to the Granger causality approach
comparing the representation of the effect series y in a full
universe of knowledge to that in the restricted universe of
knowledge excluding the cause series x (50). The full and
restricted universes of knowledge were suitably defined to
eventually account for confounding factors. We defined
1) the full universe of knowledge Q = {x, y, z} accounting
explicitly for the confounding series z mixing up the causal
relationship from the cause x to the effect y; 2) the full uni-
verse of knowledge Q\{z} = {x, y} disregarding the con-
founding factor z when describing the causal relationship
from x to y; 3) the restricted universe of knowledge Q\{x} =
{y, z} obtained from Q after excluding the presumed cause x
while accounting for the confounding factor z; 4) the
restricted universe of knowledge Q\{x, z} = {y} obtained
from Q after excluding the presumed cause x while disre-
garding the confounding factor z.

TE was computed by comparing the description of y in
the full universe of knowledge Q\{z} to that in the restricted
universe of knowledge Q\{x, z}, thus disregarding the
impact of z on the causal relationship from x to y. The
dynamics of y in Q\{z} is described as an AR model of y with
an exogenous (X) part on x (ARX) as:

Yi= Zi:l ag {zyk X Yi-k
(A1)

P+Tey—1
2 L Do XNk + Wia i

whereas the dynamics of y in Q\{x, z} is modeled as an AR
model of y as:

p
yi = Zk:l ag {x,z} k X Yi-k + Wy|Q {x,z}.i> (AZ)

where dg\ iz}« and dg\ -3, With k =1,.. ., p is the coefficients
of the autoregression on y; bayzy,« are the coefficients of
cross-regression on x with k = ty_y,.. ., P + Txy—L Wya\(z}

and Wyq\(x,z} are white Gaussian noise with O mean and var-
fances 1}, ., and A} (., respectively; 1, is the latency
from x to y; p is the model order; and i is the time index.
Defined the prediction error as the difference between the cur-
rent sample of y and its best prediction based on the considered
models, the prediction error variances o7 (.., and o ..,
being the estimates of 17 ., and A} (,.,,» Were computed
in O\{z} and Q\{x, z}, respectively. The TE from x to y,
labeled TE, ., was computed as 0.5-10g(0%q (,.,/O3ia 1))-
TE,_., represents the decrement of uncertainty when the
presumed cause x is included in Q\{x, z}, thus assessing the
genuine contribution of x to the information carried by y
when the confounding factor z was disregarded. TE,_,, is
greater than O, dimensionless, and directional (i.e., TE,_., is
different from TE,_,). Higher values of TE,_,, represent a
greater strength of the coupling from x to y. TE,_,, was com-
puted with x = MAP and y = MCBv, thus assessing
TEmar_.mcev along the pressure-to-flow pathway with the
latency tmar_.mcayv- After reversing the role of x and y, we cal-
culated TEpmcev_.map along the flow-to-pressure link using
the latency TMCBvV—MAP-

CTE was calculated by comparing the description of y in
the full universe of knowledge Q to that in the restricted uni-
verse of knowledge Q\{x}, thus accounting for the impact of
z on the causal relationship from x to y. The dynamics of y in
Qis described as an AR model of y with a double exogenous
(XX) part on x and z (ARXX) as:

p P+Ty-1
;= agy X yi-r + Z baj X xi_k
Yi Zkrl ’ Yi k=T, !

pP+ty—1
+ Z U cap Xz + Wya.is (A3)

k=T.y

whereas the dynamics of y in Q\{x} is modeled as an AR
model of y with an exogenous (X) part on z (ARX) as:

p
Yi= Zk:l aQ {xpk X Yi-k

p+t,—1
+ Zk:rH Ca (xk X Zimk + Wyja {15 (A4)

where dq r and do\ () « With k = 1,. ., p is the coefficient of the
autoregression on y; b, « is the coefficients of cross-regression
onx with k =1t,_y,..., P+ 1_y—1; Cor and Cq\ (.« are the coef-
ficients of cross-regression on z with k = 7,_.,.. .,p+ Tx.—1;
Wy and Wy q\(x} are white Gaussian noises with O mean and
variances A, and 1} ;. respectively; and t,_, and ., are
the latencies from x to y and from z to y, respectively; and p is
the model order. After computing the prediction error var-
fances oZ, and o?, |, being the estimates of 1}, and 1} |,
in Q and Q\{x}, respectively, the CTE from x to y given z,
labeled CTE, ., was evaluated as 0.5 x1og(c2q (,,/070)-

CTE,_., represents the decrement of uncertainty when the
presumed cause x is included in Q\{x}, thus assessing the
genuine contribution of x to the information carried by y
when the confounding factor z was accounted for. CTE,_., is
greater than 0, dimensionless, and directional (i.e., CTE,_,; is
different from CTE,_.,). Higher values of CTE,_,, represent a
greater strength of the coupling from x to y given z. CTE,_,,
was computed with x = MAP, y = MCBy, and z = PETco,, thus
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assessing CTEmap_.mcey along the pressure-to-flow pathway
conditioned on PETco, using the latencies tyap_.mcpy and
TPETco, . mcayv- After reversing the role of x and y, we calcu-
lated CTEmcpyv—map along the flow-to-pressure link condi-
tioned on PETco, using the latencies tmcpy .map and
Tmcev—PETco,. Remarkably, the model equations require
the setting of the latencies t of the actions of the driver and
confounding factor on the target signal regardless of the
setting of the driver and the target. In Granger causality
analysis, several strategies are present in literature. These
strategies can be roughly classified into double-regression
and single-regression approaches (74-79). Double-regres-
sion approaches lead to a separate identification in the full
and restricted universes of knowledge with optimization
of the model order in both the universes or in the full uni-
verse of knowledge followed by its preservation of the
restricted universe. Single-regression approaches are
grounded on the optimization of the model order in the
full universe of knowledge, and the model parameters in
the restricted universe of knowledge are derived from the
full structure, where the model order of the reduced struc-
ture is modified to be as high as necessary to describe the
full decay of the autocovariance. We preferred a double
regression approach that requires a separate estimation of
the coefficients in the full and restricted universes of
knowledge with preservation of the model order (49).
However, a fierce debate can be found in literature sup-
porting different strategies because it has been shown that
these strategies might lead to different variability in the
Granger causality markers (77-79).
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