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Abstract

Background

Asymmetry of cerebral autoregulation (CA) was demonstrated in patients after aneurysmal
subarachnoid haemorrhage (aSAH). A classical method for CA assessment requires
simultaneous measurement of both arterial blood pressure (ABP) and cerebral blood flow
velocity (CBFV). In this study, we have proposed a cerebral blood flow asymmetry index
based only on CBFV and analysed its association with the occurrence of vasospasm after
aSAH.

New method
The phase shifts (PS) between slow oscillations in left and right CBFV (side-to-side PS)

and between ABP and CBFV (CBFV-ABP PS) were estimated using multichannel matching
pursuit (MMP) and cross-spectral analysis.

Results

We retrospectively analysed data collected from 45 aSAH patients (26 with vasospasm).
Data were analysed up to 7th day after aSAH unless the vasospasm was detected earlier. A
progressive asymmetry, manifested by a gradual increase in side-to-side PS on consecutive
days after aSAH, was observed in patients who developed vasospasm (Rﬁdj =0.14,

p =0.009). In these patients, early side-to-side PS was more positive than in patients without
vasospasm (2.8° £ 5.6° vs —1.7° + 5.7°, p = 0.011). No such a difference was found in CBFV—
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ABP PS. Patients with positive side-to-side PS were more likely to develop vasospasm than
patients with negative side-to-side PS (21/7 vs 5/12, p = 0.0047).

Comparison with existing method

MMP, in contrast to the spectral approach, accounts for non-stationarity of analysed
signals. MMP applied to the PS estimation reflects the cerebral blood flow asymmetry in
aSAH better than the spectral analysis.

Conclusions
Changes in side-to-side PS might be helpful to identify patients who are at risk of
vasospasm.

Keywords: transcranial Doppler ultrasonography, multichannel matching pursuit, cerebral
vasospasm, interhemispheric asymmetry, cerebral autoregulation, aneurysmal subarachnoid
haemorrhage, time-frequency analysis, phase shift

1. Introduction

Previous studies showed that after acute brain injury interhemispheric difference in indices
describing cerebral blood flow (CBF) are linked to unfavourable outcomes [1-4]. Cerebral
autoregulation (CA), which is a closed-loop mechanism of CBF stabilization, was found to be
worse on the side of brain lesion and interhemispheric difference in CA was associated with
fatal outcome after head injury [1, 2]. Asymmetry of CA was also demonstrated in patients
who suffered from aneurysmal subarachnoid haemorrhage (aSAH), and it was found to be
related to delayed cerebral ischemia. Interestingly, unfavourable outcome was linked to
bilateral dysautoregulation with low asymmetry in this group of patients [3].

A classical method for CA assessment is an analysis of changes in phase shift (PS)
calculated between slow waves of arterial blood pressure (ABP) and transcranial Doppler
(TCD) cerebral blood flow velocity (CBFV). A cross-spectral analysis [5] is usually used to
estimate the PS. A limitation of this spectral method is that it assumes stationarity, whereas
CA is recognized to be a non-stationary mechanism [6], and also spontaneous slow waves of
ABP and CBFV manifest time-varying behaviour [7]. For these reasons, such an approach
may lead to unreliable results.

Furthermore, traditional approach for CA evaluation requires two signals to be
simultaneously measured: ABP and CBFV. There are some cases when invasive measurement
of ABP is not feasible due to contraindications to arterial cannulation such as: proximal
arterial obstruction, coagulopathy, or Reynaud’s syndrome. In such cases, a non-invasive
measurement of ABP can be considered as a surrogate of direct intra-arterial measurement;
however, it is less accurate than the invasive one.
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In this study, we have proposed a novel asymmetry index, side-to-side PS, that is estimated
between slow waves of left and right CBFV and excludes ABP from calculations. In order to
account for non-stationarity of analysed signals, a time-frequency method of PS estimation
based on the multichannel matching pursuit (MMP) algorithm was applied.

We analysed side-to-side PS along with traditional CBFV-ABP PS (estimated using both
cross-spectral analysis and MMP-based method) in patients after an aSAH. We focused on
temporal changes of PSs in respect to occurrence of cerebral vasospasm. Results obtained
using cross-spectral analysis and MMP-based method were compared.

2. Material and methods

2.1. Patients and management
In the study, we retrospectively analysed data collected from patients after an aSAH

hospitalized at the Division of Neurosurgery in Addenbrooke’s Hospital (Cambridge, UK)
between 2010 and 2012. The following inclusion criteria applied: age > 18 years, aSAH
confirmed with either computed tomography angiography or digital subtraction angiography,
time elapsed from ictus less than 5 days. Written informed consent signed by a patient or their
next of kin was collected. The patients were treated according to current guidelines [8-10].
Initial treatment included cardiopulmonary support (if required), avoiding hypovolemia, oral
nimodipine 60 mg every four hours, and external ventricular drainage to cure acute
hydrocephalus (if indicated). Treatment of the culprit aneurysm was with surgical clipping or
endovascular embolization. TCD monitoring was performed every few days by a single
clinician (K.P.B.) to screen for cerebral vasospasm [8]. The TCD criterion for vasospasm was
mean CBFV in the middle cerebral artery > 120 cm/s with a concomitant Lindegaard ratio
(the quotient of CBFV in the middle cerebral artery and the extracranial internal carotid
artery) > 3 [11]. The prospective study was approved by the local Research Ethics Committee.
For current retrospective analysis formal consent was not required. Previously, the clinical
material was used to analyse CA in aSAH and the results can be found in [3, 12, 13].

From original database containing 98 aSAH patients, we considered those who had
sufficiently long (at least 15 minutes) simultaneous, bilateral TCD monitoring of the middle
cerebral arteries. For the purpose of the analysis, the ipsilateral side was deemed the side of
vasospasm if vasospasm was present. In patients without vasospasm or with bilateral
vasospasm, the ipsilateral side was the side of the culprit aneurysm. Due to this definition,
patients with midline aneurysms (the anterior communicating artery and the basilar artery)
followed by bilateral or no vasospasm were excluded from the analysis as determination of
the ipsilateral side was not possible. In total, 45 patients (35 females and 10 males, age range:
33-81, mean age: 57) were selected to this study, among whom 26 patients developed
vasospasm.

If available, ABP was measured invasively from the radial artery by a pressure monitoring
device (Baxter Healthcare, Deerfield, IL, USA). Otherwise, it was monitored noninvasively
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using a finger plethysmograph (Finapres® 2300, Englewood, CO, USA) with the hand kept
steady at heart level. Bilateral CBFV in the middle cerebral arteries was measured via the
temporal window at a depth of 45-60 mm using a TCD kit (Doppler-Box™, DWL
Compumedics®, Singen, Germany) with an aid of a head positioning device (Lam Rack,
DWL Compumedics®). Data were recorded at a sampling frequency of 200 Hz using ICM+®
software (Cambridge Enterprise Ltd, Cambridge, UK).

2.2. Data pre-processing
Before down-sampling, ABP and CBFV were smoothed using Nadaraya—\Watson non-

parametric kernel regression estimate [14, 15] in order to filter out higher frequencies [16].
Gaussian kernel was chosen with the smoothing parameter h adjusted to removing heart beat
and respiration waves, while preserving low frequencies (slow waves) where cerebral
autoregulation is active [17]. Smoothed data were then down-sampled with the frequency of
2 Hz.

Decimated time series were divided into 5-minutes long frames with 50% overlap. In each
frame, signals were individually detrended by removing the regression line [18]. Next, for
consecutive frames, the values of PS were estimated between each pair of signals, i.e.
CBFVissi—ABP, CBFVon—ABP, and CBFV oni—CBFVigsi, giving ipsilateral PS, contralateral
PS, and side-to-side PS, respectively. Finally, representative PSs for entire recording were
calculated as average PSs over all frames.

Data were processed using custom written scripts in MATLAB® (MathWorks®, Natick,
MA, USA). These scripts can be found in Appendix A available in the online version of this
article.

2.3. Estimating phase shift using matching pursuit

The matching pursuit (MP) algorithm with time-frequency dictionaries was introduced by
Mallat & Zhang [19]. It enables explaining the content of the analysed signal in the form of
the sum of the time functions (called atoms) that are chosen iteratively from a so-called
dictionary to adaptively fit to the local signal structures. Gabor functions (sines modulated in
amplitude with Gaussian envelopes) are usually used as atoms.

In technical terms, MP decomposes a signal into a linear combination of waveforms
belonging to a redundant set of atoms, called the dictionary D. The original signal is
considered as the 0-th order residuum. The decomposition is performed iteratively. In each
iteration, MP selects from D the atom that best matches the current residuum, i.e. the atom
that maximizes the modulus of the dot product of this atom and the residuum. Since all atoms
in D have a unit L? norm, the selected atom is subtracted from the n-th order residuum after
adjusting its amplitude, which is the value of the dot product. This subtraction yields the
(n + 1)-th order residuum. The procedure, which is shown in Fig. 1, is repeated on the residua
until a stopping criterion is met. A dictionary used in MP typically consists of time-frequency
Gabor atoms because they provide optimal joint time-frequency localization [20]. Gabor
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atoms are functions of time, g,, parametrized by y = (z,w, o), where 7, w, and o denote
translation, modulation, and dilation, respectively:

2
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where K (y) is such that || g, || = 1, j stands for imaginary unit, and ||-|| denotes L* norm.
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Fig. 1 The matching pursuit decomposition of an illustrative signal. Two iterations of the algorithm are shown.

The main goal of the multichannel matching pursuit (MMP) is to decompose a
multichannel signal using the same set of atoms. There are several ways to extend MP to a
multichannel case [21, 22]. In the paper, we consider a variant which seeks the time-
frequency atoms that must have the same y but can have different amplitudes and phases
across channels. The criterion for selecting the atom which best matches the residuum of the
multichannel signal was defined as the maximal sum of squared moduli of dot products of the
residuum in each channel and the atom [21, 23, 24]. Denoting the decomposed m-channel
signal as f = (f1(t), f2(0), ..., fm(t)), the n-th order residuum as R™f, the atom fitted in the
n-th iteration as g, , and the dot product by (-,-), the procedure is defined in the following

way:

(Rf = f
m 2
!g)’n = arg maxZ. |(R"fl-,gy)| ] (2)
gy€D =1
LRn“f = R"f — (R"f, 9y,,) 9y,
The MP decomposition can be performed in real [21, 22] or complex domain [24, 25].

Since the complex-domain approach operates on analytic signals, real-valued sequences need
to be converted by the Hilbert transform. The advantage of the complex-domain approach is
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that both amplitude and phase of the fitted Gabor atom are contained in its complex weight
[24], whereas in the real-domain approach, only amplitude is contained in the weight of the
real-valued atom function but its phase must be found in an additional step [22]. Since in our
work estimation of PS is crucial, we employed the complex-domain approach.

To estimate PSs between a given pair of signals (i.e. CBFV,i—ABP, CBFV on—ABP, or
CBFV¢on—CBFVigsi), a two-channel matching pursuit decomposition was applied® (hence
m = 2). Before the decomposition, each of the two channels was normalised so as to have a
unit L? norm. This was done to prevent a situation where the channel with the higher norm has
greater influence on selecting the atoms of the decomposition.

Local PSs, ¢,, between the two channels can be retrieved from the complex weights
wn1 = (R"f1, gy,) and wy , = (R"f, g, ) Of the atom fitted in the n-th iteration:

Wn,l (Rnfl' gyn>
Pn = 918 (Wn,2> -8 <(R"f2,gyn)> ' ®)
where arg(-) stands for the argument of the complex number, bounded to the interval (—m, 7].
The sign of PS was assumed in accordance with the convention that PS between CBFV and
ABP is positive when CBFV leads ABP in phase [26]. In turn, side-to-side PS was assumed
positive when CBFV o leads CBFVigsi. Fig. 2 visualizes the PS calculation process according
to Eq. (3).

w .
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wn _________ ........
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Fig. 2 Local phase shift can be calculated for a common atom fitted by multichannel matching pursuit to the
signals of the two channels. Oscillatory features in the two measured signals are associated with a Gabor atom
(sinusoid modulated in amplitude with Gaussian envelope). Only the amplitude, A,;, and phase, ¢, ;, of the fitted
atom can differ across the two channels, i =1, 2. Since the atom selected in a given iteration has the same
translation, z,, modulation, w,, and dilation, ,, these oscillatory time courses are coherent, and therefore phase
shift between them can be estimated. Due to the properties of complex numbers, this phase shift can be derived
from Eg. (3).

Y1t is also feasible to perform a three-channel matching pursuit with bilateral CBFV and ABP decomposed all
together; however, it is beyond the scope of this paper.
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In the current application, the dictionary D consisted of Gabor atoms such that w/(2m) <
0.1 Hz and ¢ > 15 seconds in order to avoid the influence of faster oscillations and potential
short-lasting changes which are unlikely to bear useful physiological information related to
the mechanisms responsible for adjustment of CBF. Moreover, a lower number of atoms in
the dictionary implies faster computations. Parameters y of the atoms included in the
dictionary D were chosen from oversampled dyadic sequences [19], taking into account
abovementioned restrictions.

Local PSs corresponding to consecutive atoms were then averaged to obtain the resulting
value of MMP-derived phase shift (PSmmp) between the two signals of the two channels:

N
¢ = % o (4)
The number of iterations of the MMP decomposition was limited to N = 20.

2.4. Spectral phase shift

The spectral phase shift (PSs,) was also calculated between CBFViysi and ABP, CBFVont
and ABP, as well as CBFV ¢y and CBFViysi. Like in the MMP approach, each monitoring
session was first divided into 5-minutes long 50% overlapped data frames.

For each data frame, PSgp, along with magnitude-squared coherence, was estimated using
the Welch’s overlapped averaged periodogram method [27] with five 100-seconds long
Hanning-windowed data segments. Obtained cross- and auto-spectra were additionally
smoothed by convolving them with the window (%4, %4, %) prior to calculating coherence and
phase spectrum, as recommended in [5]. The threshold for significant magnitude-squared
coherence was established at the level of 0.39 on the basis of Monte Carlo simulations [5].
The resulting value of PSs, was estimated as a mean phase over those frequencies below
0.1 Hz for which coherence was above the threshold [28]. If coherence was persistently low
across all the considered frequency band for a given data frame, PSs, was not evaluated.
Finally, the average representative PS, for the entire recording was calculated.

2.5. Statistical analysis

2.5.1. Analysis of differences in phase indices and other haemodynamic parameters
Patients were dichotomized in respect to occurrence of vasospasm. Data were analysed up

to 7th day after aSAH [29] in both groups of patients with and without vasospasm, unless the
vasospasm was detected earlier, in which case data recorded during the vasospasm were
excluded from the analysis. The values of the parameters corresponding to repeated
recordings were averaged so as to obtain one representative value per patient. In the group of
patients with vasospasm, we also calculated mean values of the considered parameters for the
period of vessel narrowing (during vasospasm). The parameters were normally distributed
based on the Kolmogorov-Smirnov test at a significance level of 0.05. Subsequently,
parametric tests were chosen. The t-test for independent samples was used to compare mean
values of the parameters between different groups of patients, i.e. those who developed
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vasospasm vs those who did not. Paired t-test was employed to compare the parameters
obtained from patients who developed vasospasm at baseline vs during vessels narrowing as
well as on ipsilateral vs contralateral side. Finally, one-sample t-test was used to check
whether side-to-side PSs were significantly different than zero.

2.5.2. Analysis of temporal changes in phase indices using mixed-effects model
Association between PSs and time in the first seven days after aSAH was assessed using

linear mixed-effects models [30]. The models were fitted independently for data coming from
patients who later developed vasospasm (only data before vasospasm occurred were analysed)
and those who did not. Day number after aSAH was treated as a fixed-effects term, whereas
patient’s ordinal number as a random-effects term. Varying intercept with fixed slope, instead
of varying slope, was selected for the random-effect, since some patients had low number of
recording sessions in considered days after aSAH. Furthermore, the fixed slope model is
sufficient when the main goal of fitting is to investigate general trend of PSs changes in time.
From fitted models, we obtained adjusted R? (Rgdj) and p-value. Rgdj is a proportion of

variability in the response explained by the fitted model adjusted for the number of

fixed-effects coefficients. Namely, Rjdj =1 —zi—iZ—:; where SSE is the sum of squared

conditional residuals, SST is the sum of squared deviations of the observed response values
from their mean, n is the total number of observations, and k is the number of fixed-effects
coefficients. The significance (p-value) of association between given PS index and time was
obtained by the F-test with the null hypothesis assuming that the coefficient representing
fixed-effects term is zero.

2.5.3. Association between side-to-side PS and occurrence of vasospasm
To check whether side-to-side PS has a potential to dichotomize patients in respect to

occurrence of vasospasm, we averaged side-to-side PS calculated in initial days after aSAH
for each patient. Then, a receiver operating characteristic curve was used to find the optimal
value of threshold for side-to-side PS. The relationship between the binary (thresholded)
parameter and the presence or absence of vasospasm were compared using the Fisher’s exact
test.

Statistical analysis was performed using Statistics and Machine Learning Toolbox in
MATLAB® R2017a.

3. Results

3.1. Differences between mean values of parameters
Table 1 shows values of physiological parameters in early days after aSAH in the two

groups of patients.
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Table 1 Physiological parameters dichotomized by occurrence of cerebral vasospasm

Parameter Non-spasm (n = 19) Pre-spasm (n = 26)  p-value
Ipsilateral CBFV (cm/s) 59.5+22.1 81.4+26.2 0.005
Contralateral CBFV (cm/s) 60.7 £ 20.1 70.8 +30.1 0.21
Ipsilateral PSywp (deg) 13.0+10.2 13.2+9.5 0.96
Contralateral PSyp (deg) 12.8+13.1 13.5+13.9 0.85
Side-to-side PSywpe (deg) -1.7+57 2.8£5.6 0.011
Ipsilateral PSg, (deg) 32.8+21.6 275174 0.37
Contralateral PSg, (deg) 34.6+21.1 29.1+£18.3 0.36
Side-to-side PSg, (deg) -32+14.1 22+162 0.25

Results are: mean + standard deviation. p-values were calculated using t-test for independent samples (non-
spasm vs pre-spasm). Statistically significant p-values are given in bold. Subscripts yve and g, refer to the
method used to estimate phase shift (PS): multichannel matching pursuit or spectral analysis, respectively.
Patients were dichotomized by the occurrence of cerebral vasospasm. The term ‘pre-spasm’ refers to data
collected up to 7th day after aSAH in patients who later developed vasospasm, excluding cases when vasospasm
had already occurred.

A comparison between the values of physiological parameters at baseline (before
vasospasm was detected) vs during vasospasm is presented in Table 2. The total number of
compared patients was n = 21 because five patients were excluded from the analysis due to
lack of sufficiently long, bilateral CBFV recording during vasospasm. We also tested whether
parameters on the ipsilateral side were different than those on the contralateral side and
whether side-to-side PS was significantly different than zero. At baseline, there were no
differences between the ipsilateral and the contralateral PSs. Only during vasospasm did
ipsilateral PSs become significantly lower than contralateral PSs. Nevertheless, side-to-side
PSmme Was already significantly different than zero at baseline. Such an observation was not
found in patients who did not develop vasospasm (p = 0.22).
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Table 2 Physiological parameters before vs during vasospasm (21 patients)

Parameter Pre-spasm During spasm p-value
Ipsilateral CBFV (cm/s) 77.6 +27.1 161.0 +£42.9 <10
Contralaeral CBFV (cm/s) 69.0+32.3 88.9+314 0.002
Ipsi- vs contralaeral CBFV (p-value) 0.027 <10°

Ipsilateral PSywp (deg) 142+93 6.8+7.9 0.009
Contralateral PSywp (deg) 155+ 13.2 122492 0.26
Ipsi- vs contralateral PSyvp (p-value) 0.52 0.028

Side-to-side PSywpe (deg) 35+£5.6 8.0+54 0.032
Side-to-side PSywp Vs zero (p-value) 0.0095 <10™

Ipsilateral PSg, (deg) 28.4+19.1 13.3+15.0 0.008
Contralateral PS, (deg) 31.1+18.7 25.7+19.1 0.21
Ipsi- vs contraletral PSg, (p-value) 0.46 0.012

Side-to-side PSg, (deg) 224155 17.9+21.2 0.007
Side-to-side PSg, vs zero (p-value) 0.53 0.001

Results are: mean =+ standard deviation. p-values were calculated using either t-test for dependent samples
(pre-spasm vs during spasm and ipsilateral vs contralateral) or one-sample t-test (whether side-to-side phase shift
is different than zero). Statistically significant p-values are given in bold. Subscripts wwve and g, refer to the
method used to estimate phase shift (PS): multichannel matching pursuit or spectral analysis, respectively. The
term ‘pre-spasm’ refers to data collected up to 7th day after aSAH in patients who later developed vasospasm,
excluding cases when vasospasm had already occurred.

3.2. Association between phase-indices and days after aSAH
In the group of patients who developed vasospasm, side-to-side PSywvp and contralateral

PSmme exhibited significant association with time expressed in days after aSAH (Rﬁd]- =0.14,
p =0.009 and Rgdj =0.19, p=0.002, respectively). No relationship was found between

ipsilateral PSywmp and time after aSAH. On the other hand, in the group of patients without
vasospasm no significant association between PSywp in respect to time was observed (Fig. 3).
No relationships between PSg, (ipsilateral, contralateral, and side-to-side) and time after
aSAH were found in either of patient groups.
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Fig. 3 Upper row contains time profiles of phases shifts (ipsilateral, contralateral, and side-to-side) obtained in
the group of patients who later developed vasospasm. Data recorded when vasospasm had already been detected
in a given patient were not considered. Lower row shows temporal fluctuations of phases shifts obtained in the
group of patients who did not developed vasospasm. Each point corresponds to a single recording session.

3.3. Relationship between early asymmetry and the presence of vasospasm

A receiver operating characteristic analysis showed that side-to-side PSywvp had a potential
to predict vasospasm (area under the curve: 0.72). The optimal value of threshold was 0° with
sensitivity and specificity of 0.81 and 0.63, respectively. The Fisher’s exact test confirmed
statistical significance of the relationship between thresholded side-to-side PSymp and the
presence or absence of vasospasm (p = 0.0047; Fig. 4).

side-to-side

YES PSuwp > 0°
spasm spasm

will occur will occur

n=21 n=7 n=5 n=12

NO

YES NO

Fig. 4 Diagram illustrating the relationships between early asymmetry and the occurrence of vasospasm. The
number n of patients falling in each category is given.

4. Discussion

4.1. Interpretation of the results

In this study, a novel TCD-based parameter named side-to-side PS was applied to
investigate the temporal changes in asymmetry of CBF in aSAH patients. A progressive
desynchronization — manifested by a gradual increase in the side-to-side PSywp iIn
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subsequent days after aSAH — was found in patients who later developed vasospasm. Such a
correlation was not found in patients who did not demonstrate vessel narrowing in the
following days after ictus.

When patients with and without vasospasm were compared in early days after aSAH,
higher (more positive) side-to-side PSymp Was found in those patients who later demonstrated
vessel narrowing. This positive value of side-to-side PS means that slow oscillations of
CBFViysi are delayed in respect to CBFVon. This may suggest that CA on the ipsilateral side
is worse than on the contralateral side in early days after aSAH. However, no significant
differences between ipsilateral PS and contralateral PS were found at baseline. On the other
hand, side-to-side PSymp was significantly different from zero before vasospasm occurred,
suggesting that early asymmetry is present before vessel narrowing. Furthermore, patients
who had positive side-to-side PSywmp presented vasospasm more often than patients with
negative side-to-side PSymvp Or no asymmetry (based on the Fisher’s exact test). These
observations resulted from the MMP analysis.

Along with side-to-side PS, temporal changes in CA indices were analysed. There was no
relationship between time after aSAH and ipsilateral PS estimated using either MMP or
spectral method. There was, however, a gradual increase in contralateral PSywe Vs initial
days after bleeding. The fact that contralateral PSuymp significantly positively correlated with
time is difficult to interpret. It may suggest gradual recovery of CA in early days after aSAH.
However, not observing similar pattern in the group of patients who did not develop
vasospasm seems to contradict this hypothesis. Another explanation might be that the sample
size analysed in our study was relatively small and therefore the correlation found between
contralateral PSywe and time after aSAH might be a specious result. The ipsilateral PSs
(both MMP and spectral) significantly decreased during vasospasm, suggesting disturbed CA,
as expected [31].

To investigate relationships between considered indices and occurrence of vasospasm, we
used relatively simple tools, like linear mixed-effects models. In terms of alternative
approaches, machine learning models could be used to find additional predictive features [32].
More complex machine learning models, however, require larger study sample and might not
be straightforward in interpretation.

4.2. Methodological considerations

Methods which account for non-stationarity appear to be more adequate to study CBFV—
ABP relationship. Models based on autoregressive moving-average [33-35] and recursive
least squares adaptive filter [36, 37] offered better time resolution and more in-depth insight
into the dynamic nature of CA during changes in CO; concentration. Employing time-
frequency analysis allowed to reduce dispersion of CBFV—-ABP phase estimates and avoid
data rejection in case low spectral coherence was encountered [7].

In this study, applying MMP allowed identifying asymmetry of CBF in patients who later
developed vasospasm. Such an asymmetry was not found when the spectral method was used.
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This might be related to the fact that MMP led to lower dispersion of side-to-side PS
estimates than the spectral method. It means that inter-subject variability of side-to-side
PSmme was lower and hence its ability to differentiate between patients with and without
spasm was higher.

Side-to-side PS defined as a PS between CBFV oscillations shows asymmetry but it is not
clear how it relates to CA. Before vasospasm occurred, side-to-side PS was mildly positive
and there was no difference between ipsilateral and contralateral PS. During vasospasm,
side-to-side PS increased and the difference between ipsilateral and contralateral PS became
significant. This suggests that even though side-to-side PS is calculated independently of
ABP, it may reflect asymmetry of CA. However, side-to-side PS might be calculated from a
frequency band (or time-frequency regions for MMP) different than one for either
contralateral PS or ipsilateral PS (see Fig. 5). This is related to the methodological restriction
of considering PS in frequencies where coherence exceeds the threshold (or in coherent time-
frequency MMP atoms).

Another possible way to characterize asymmetry is to consider the difference between
contralateral and ipsilateral PS. This definition, however, does not eliminate ABP from
calculations. Furthermore, subtracted contralateral and ipsilateral PSs might be calculated
from different frequency bands (see Fig.5). This may lead to unreliable estimates of
asymmetry because it has been shown that CA is the frequency-dependent mechanism and
consequently CBFV—ABP PS decreases, on average, with the frequency [38, 39].
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Fig. 5 Phase and coherence spectra obtained from cross-spectral analysis for an illustrative data frame.
Thickened parts of phase spectra relate to frequencies where the corresponding coherence was above the 0.39
threshold. Due to the methodological restriction, only those parts of phase spectra are taken to estimate the
resulting value of phase shift. Consequently, ipsilateral, contralateral, and side-to-side phase shifts might be
calculated from different frequency bands, depending on the corresponding coherence spectra.
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Since we wanted to investigate whether the asymmetry of cerebral blood flow in early days
after aSAH is associated with the occurrence of vasospasm, we decided to focus on first seven
days after aSAH unless the vasospasm was detected earlier, in which case data recorded
during the vasospasm were excluded from the analysis. In the considered study sample, the
majority of patients with vasospasm experienced it within first 7 days after aSAH. For that
reason, there were too few data points corresponding to days later than the 7th day after aSAH
to perform reliable statistical analyses involving this group of patients.

In order to ensure validity of phase estimation, many methods which produce PS also use
auxiliary measure like coherence, e.g. spectral coherence [5], time-frequency coherence [7],
or wavelet coherence [40]. The MMP method presented in this work does not directly use
coherence to control validity of estimated PS between two signals. Ideally, the process of
decomposition should select atoms which are coherent across both channels. A high number
of iterations, however, increases the risk that selected atoms might be ‘overfitted.’
Particularly, it can happen that some atom was selected because its dot product was high only
for one channel, while the dot product for the other channel was close to zero. In that case, PS
defined by Eq. (3) is not reliable due to singularity. This is similar to estimating PS by the
cross-spectral analysis when coherence between two signals is close to zero [41]. The MMP is
a greedy algorithm [19, 20]. In each iteration, it selects from the dictionary the atom that best
matches the current residuum of the signal according to Eq. (2). This strategy, in general,
yields a reasonable decomposition but not optimal, in particular, in the mean-squared sense
[42].

Another problem related to a high number of iterations is that it increases time cost of
MMP. One the other hand, if the number of selected atoms is small, the resultant PS is
estimated from a small part of the time-frequency plane and hence may not be representative.
For this reason, the number of fitted atoms in MMP has a substantial influence on the
resulting value of PS. Taking into account the abovementioned pros and cons, the number of
atoms was experimentally fixed to N =20, which corresponded to explaining, on average,
about 96% of energy in single 5-minutes long frame of analysed signals by fitted atoms.

One must remember that data pre-processing may influence the final value of phase
estimates. This is particularly important in the context of greediness of the MMP algorithm. In
the presented method, smoothing strength was adjusted to removing heart beat and respiration
waves, while preserving slow waves. Additionally, atoms in the MMP dictionary as well as
the spectral analysis were limited up to 0.1 Hz. Smoothed data were down-sampled with the
frequency of 2 Hz. Since we focused on analysing fluctuations up to 0.1 Hz, the sampling
frequency of 2 Hz gives a sufficient safety margin. It also reduces execution time of the MMP
algorithm to acceptable level. Since analysed recording varied in duration, they were divided
into 5-minutes long frames and processed individually. This approach allowed, among others,
using exactly the same dictionary in the MMP algorithm for all data frames. In consequence,
it was reasonable to set the fixed number of MMP iterations for all of analysed recordings.
Detrending, i.e. removal of linear trend in each 5-minutes long data frame, was performed for
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two reasons. Firstly, the DC component and potential linear trend do not bear physiologically
relevant information. Secondly, the presence of linear trend may impede the MMP
decomposition, as Gabor atoms in the dictionary are free from linear trend.

4.3. Limitations
In our data cohort, the arterial partial pressure of carbon dioxide (PaCO;) was not

measured, although no significant changes in PaCO, were performed during data recording. It
has been shown, however, that a multivariate approach to describe changes in CBFV that
includes not only ABP but also CO, concentration (or its end-tidal value) is more accurate
than the univariate model [17, 43, 44]. Further study using the MMP method is needed to
determine the effect of PaCO, changes on the CBF asymmetry assessment by side-to-side PS.

We excluded from our analysis patients who did not exhibit substantial interhemispheric
differences, i.e. those who had midline aneurysm followed by bilateral or no vasospasm.
Moreover, to select the ipsilateral side for each patient, we used information about the side of
vasospasm if it occurred. Even though we focused on data recorded before a vasospasm was
diagnosed, using information about the side of vasospasm may impede clinical
implementation of side-to-side PS.

5. Conclusions

In this study, we have proposed a novel asymmetry index, side-to-side PS, that is estimated
between slow waves of left and right CBFV and excludes ABP from calculations. The
presented method allowed to observe gradually increasing asymmetry of CBF in subsequent
days after aSAH in patients who later developed vasospasm and that they had higher side-to-
side PSywp than those who did not demonstrate vessel narrowing. The study shows that early
changes in side-to-side PSymp might be helpful to identify those patients who are at risk of
vasospasm. MMP applied to the PS estimation reflects the asymmetry of CBF better than the
conventional spectral analysis.
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