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LIST OF ABBREVIATIONS AND TERMS

Abbreviations

ABP — arterial blood pressure

ARI — autoregulatory index

CA — cerebral autoregulation

CBF — cerebral blood flow

CBFV — cerebral blood flow velocity

Cox — cerebral oximetry index

CPB — cardiac bypass

CPP — cerebral perfusion pressure

Ex — pump vibration envelope based envelop reactivity index
Ex2 — rectangular modulation envelope based envelop reactivity index
FFT — fast Fourier transformation

FV — flow velocity

IBV — intracranial blood volume

ICP — intracranial pressure

ICU — intensive care unit

LCAI — longest cerebral autoregulation impairment
LLCA — lower limit of cerebral autoregulation
MABP — mean arterial blood pressure

MUSIC — multiple signal classification

Mx — mean flow index

nICP — non-invasive intracranial pressure

NIRS — near infrared spectroscopy

OptCPP — optimal cerebral perfusion pressure
POCD - postoperative cognitive decline

PRx — pressure reactivity index

TBI — traumatic brain injury

TCD - transcranial Doppler

TFx — transient function index

TOF — time of flight

ULCA — upper limit of cerebral autoregulation
vMCA - blood flow velocity in middle cerebral artery
VRX — volumetric reactivity index

Terms

Delirium — acute confusion state, a medical condition characterized by a sudden and
severe disturbance in mental abilities.

Postoperative  cognitive dysfunction (POCD) - a decline in cognitive
function (especially in memory and executive functions).
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INTRODUCTION

Relevance of the research

One of the modern world health issues is coronary artery disease. Each year
worldwide, due to this problem, around 7 million people’s lives are lost, and 129
million people cannot continue the life that they were adjusted to [1]. In order to
prevent such consequence, cardiac-pulmonary bypass (CPB) surgery is used to restore
previous vascular blood flow by adding shunt for carotid arteries. According to 2020-
year data, in European Union, such type of surgery was performed 139,000 times, and
in Lithuania, there were performed 39.6 surgeries per 100,000 people [2]. Due to such
demand, the number of CPB surgeries will increase in the future.

The complications of CPB surgery are that around 50% of patients develop
neurocognitive dysfunctions, such as postoperative delirium, postoperative cognitive
dysfunction (POCD), and stroke [3]. POCD is a state with impaired cognition,
awareness, attention, and perception compared to the preoperative state. Besides
neurocognitive dysfunctions, the complications can be acute kidney injury and arterial
fibrillation [4]. Using heart and lung machine surgery is safe because blood flow is
controlled by machine operator. However, there is no scientific evidence that surgery
without heart and lung machine cause less cases of postoperative cognitive
complications [5].

The cause of brain damage is that instead of natural blood flow, artificial blood
flow produced by heart and lung machine does not always allow to maintain adequate
arterial blood pressure (ABP). Cerebral autoregulation is brain function that ensures
appropriate nutrition of brain cells with nutrients and oxygen demands. This function
is implemented by maintaining constant cerebral blood flow within wide ABP range.
This function is disturbed if ABP is outside of these limits of cerebral autoregulation.
The CBF is controlled by vasodilation or vasoconstriction. Due to the autoregulatory
mechanism, the constant CBF of 50 ml/100 g/min is maintained in changing the CPP
conditions [6].

In medical literature, the process called “static” autoregulation means the
stabilization of cerebral blood flow within some physiological limits of cerebral
perfusion pressure (CPP). Stabilization, according to system control theory, means
negative feedback and active dynamic autoregulatory process. “Static” autoregulation
is impossible. A more correct term in slow autoregulatory process situation is
“quasistatic”. Intact quasistatic cerebral autoregulation can be identified in different
ways. One of the simplest ways is to identify the phase shift between slow ICP(t)
waves and ABP(t) waves.

Theoretically, if phase difference between these waves is close to 180°, it shows
that CA is active and intact, because in the case of ABP(t) increment, the arterial blood
vessels (including arterioles) constrict to decrease cerebral blood volume and make
CBF stable. In an opposite case, the decrement of ABP(t) causes dilatation of
arterioles, increment of cerebral blood volume, and as a consequence, the stabilization
of CBF. If ABP(t) and ICP(t) slow waves are synphase, it is considered as impaired
CA[7].
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In a previous clinical study, the artificial slow waves with fixed period were
generated during CBP surgery for continuous noninvasive monitoring of CA status
using ultrasonic Vittamed time of flight device. The results have shown that longer
than 5-minute cerebral blood flow autoregulation impairment event is associated with
POCD [8]. Independent study was performed in Denmark during cardiac bypass
surgery by using higher mean arterial blood pressure (above 70-80 mmHg) and
comparing patient group where lower (40-50 mmHg) mean ABP was used. The
comparison of two groups showed no association with POCD (p = 0.12) [9]. This is
the evidence that personal cerebral autoregulation impairment events are more
important factors than mean ABP thresholds for ABP management during the surgery.

In order to determine optimal ABP or optimal CPP values in clinical practice of
severe TBI patients intensive care, it takes usually minutes or hours to average the
needed amount of monitoring data in order to achieve the needed uncertainty of CA
impairment identification. However, author’s new study on TBI patients provided
evidence that it is possible to determine optimal ABP/CPP value in 24 minutes on
studied population when intermittent slow physiological ABP and ICP waves exist
[10]. However, “static” CA estimation has a flaw: due to the noise, it requires
averaging, which causes a delay in decision making.

A faster method to evaluate cerebral autoregulation status is to measure a
transient function of CA system. Generally, CA is a non-linear system. In order to
measure CA transient response, a linearization of CA system is needed. Thus, for that
purpose, a small (AABP step < 10 mmHg, which is much less than mean ABP) ABP(t)
challenge in the input of CA system is needed. Such step function challenge can be
implemented by thigh-cuff release, cerebral artery compression in the neck, or squat-
stand maneuver. In medical literature, a transient function of CA system identification
is called “dynamic” cerebral autoregulation status evaluation [11, 12]. In an ABP step
challenge, the normal physiological CA transient function duration (settling time)
time is around 7-12 seconds or even more. If cerebral autoregulation is impaired,
transient function follows step shape ABP(t) pattern [13].

In the current global market of medical devices and technologies, there is no
equipment, which would allow to determine optimal ABP (or optimal CPP) faster than
in 5-20 minutes. The idea was to modulate a blood flow of heart and lung machine
by rectangular pulses (period of the pulses one minute or less) in order to continuously
monitor CA transient functions. Such mode of heart and lung machine is novel and
has never been clinically tested. Current heart and lung machines have constant flow
working mode and pulsatile flow mode in order to imitate physiological heart
pulsation. Pulsatile blood flow mode cannot be used for CA status monitoring because
pulses are too short compared with intact CA settling time [28]. The prospective
clinical study has been performed in order to clinically validate proposed novel heart
and lung machine operation mode and evaluate an added value of CA transient
function continuous real-time monitoring in the development of methodology and
technology for human brain protection against functional brain damage during cardiac
bypass surgery.
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Scientific-technological problem and research hypothesis

The scientific-technological problems:

1. In which way and by which means is it possible to protect a human brain from
ischemic and hyperemic events by monitoring cerebral autoregulation non-invasively
in the real time?

2. Is it possible to identify cerebral blood flow autoregulation within sub-minute
delay and how to restore intact cerebral autoregulation before irreversible damage and
death of neurons?

The research hypotheses: it is possible to identify intact or impaired cerebral
autoregulation status with sub-minute time resolution by monitoring of transient
responses of cerebral autoregulation system to rectangular shape blood flow
sequences generated by a heart and lung machine; it is possible to protect an individual
patient’s brain from functional injuries during cardiac bypass surgery by identification
of CA impairment start moment using sub-minute time resolution of CA transient
function monitoring and using feedback from CA status monitor to a surgery and
anesthesiology teams in order to stop CA impairment and restore intact CA in minutes
before irreversible neurons damage.

Aim and tasks of the research

The aim of the research is following the concept of precise and personalized
medicine, to propose technology for non-invasive identification of the start moments
of ischemic or hyperemic events inside individual patient’s brain in order to restore a
patient-specific optimal brain perfusion within time interval, which is shorter than the
critical time of irreversible neuron damage.

The following tasks are formulated to achieve the aim of the research:

1. To analyze and review the existing literature on cerebral blood flow
autoregulation and its estimation methods.

2. To propose safe electronic technology for patient in order to continuously
modulate arterial blood flow, which would allow to identify cerebral blood flow
autoregulation status with needed temporal resolution.

3. To identify factors allowing timely detection of CA impairment episodes
according to the proposed arterial blood flow modulation technology.

4. To explore associations of proposed CA-related factors (CA-indexes) and other
influential factors with the outcome of cardiac surgery patients.

Scientific novelty

For the first time, there was proposed and tested a rectangular wave sequence
generating method, which was implemented in heart and lung machine during cardiac
bypass surgery. The generated sequence is monitored by transcranial Doppler
technology (Viasonix Dolphin 4D, Raanna, Israel) in the middle cerebral artery to
detect response to the ABP challenge. If cerebral flow velocity in the MCA is
returning to mean velocity value, it is considered as the intact CA status. If cerebral
blood flow velocity in the MCA is following ABP challenge, in this case, it is
considered impaired CA status. It was shown for the first time that the proposed square
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wave generation method allows to achieve necessary time delay for detecting CA
impairment events. Such delay is a critical time associated with POCD during cardiac
surgery and, therefore, could be used for the implementation in real time
neuroprotection.

There were proposed new CA status indexes: pump vibration modulated
envelope index (Ex), rectangular wave modulated envelope index (Ex2), and
noradrenaline induced wave index (Mx2). These indexes have been explored for the
first time.

Research methods and tools

Cardiac pulmonary bypass patients were monitored with Viasonix 4D
transcranial Doppler monitoring technology in the Hospital of Lithuanian University
of Health Science, Kaunas Clinics. The protocol of the prospective study was
approved by the Kaunas Regional Bioethics Committee (Permission No: BE-2-64,
2021-06-08). The patients’ written consent was obtained in accordance with the
Declaration of Helsinki (BMJ 1991; 302:1194). The performed clinical study of
proposed methodology and technology was registered in ClinicalTrials.gov Identifier:
NCT04943458.

Neuromonitoring data collection software ICM+ (Cambridge, UK) was used to
collect the data.

The electronic device that can modulate square wave sequence was developed
in the Health Telematics Science Institute, Kaunas University of Technology.

MATLAB 2016 software was used to process clinical monitoring data and make
statistical analysis of the data.

Dissemination of findings

The findings were published in two Q1 journals, in one Q2 journal and were
presented in 6 international conferences (2 award winning) and EU and the USA
patent applications.

Structure of the dissertation

Dissertation consists of an introduction, eight chapters, conclusion, a list of
references, a list of scientific publications, a list of conferences, and a list of patents.

In chapter one of the dissertation, the mechanism of cerebral autoregulation is
described by dividing into static and dynamic cerebral autoregulation.

In chapter two, the different neuroprotection monitoring technologies, optimal
CPP guided therapy, and a previously conducted clinical study are described.

In chapter three, arterial blood flow wave induction using heart and lung
machine is explained.

In chapter four, the materials of study, signal processing and challenges of
rectangular waves, transient function estimation, described moving correlations
coefficient-based indexes are described.

In chapter five, the results of the study are provided.

The thesis is composed of 117 pages, 56 figures, 5 tables, and 77 references.
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The rectangular blood flow modulation technology was developed, which is
capable of generation of physiological arterial blood pressure waves that are
necessary for CA status continuous monitoring.

The proposed rectangular manipulating blood flow modulation technology allows
to estimate CA status as well as to detect CA impairment events with 1-2 min
delay.

The duration of impaired cerebral autoregulation events estimated according to
the methodology based on the proposed rectangular manipulating blood flow
modulation is associated with POCD during cardiac surgery with
cardiopulmonary bypass.

Notably, it has been observed for the first time that the interaction between blood
flow and vascular resistance impacts the sequence of square waves and high-
frequency pump-induced blood flow, which modulates slower cerebral blood flow
oscillations.



1. THE CONCEPT OF CEREBRAL AUTOREGULATION

1.1. Introduction

The Monro—Kelly doctrine [14] postulates that volume in skull is constant and
consists of blood, brain, and cerebrospinal fluid volumes. The changes of one
component’s volume results in changes of other component volumes to remain
constant cerebral volume [14]. In 1959, Niel Lassen illustrated the relationship
between cerebral blood flow (CBF) and cerebral perfusion pressure (CPP) [15].
Cerebral perfusion pressure is the difference between the mean arterial pressure
(ABP) and mean intracranial pressure (ICP) (1):

CPP = ABP - ICP. (1)

The Lassen’s cerebral autoregulation curve (Fig. 1.1) has a range where CBF is
constant in some patient specific interval of CPP [6]. CA autoregulation is a
complicated process of cerebral arterial blood vessel (including arterioles) diameter
control [16]. The singularity points of CA curve (Fig. 1.1) are called lower limit and
upper limit of cerebral autoregulation. CBF stays almost constant between the
singularity points. CA is intact between these points. In case of impaired CA, the
ability of cerebral arterial blood vessel diameter control is lost. CA is lost when CPP
is below LLCA or above ULCA. In TBI cases, CA impairments have been observed,
which are expressed by linear dependence (no plateau interval) of CBF versus CPP.
In individual patients, plateau can be narrowed, moved up or down, or moved to the
left or right comparing with the theoretical Lassen’s curve [77].

o0 0 Q;/
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.".’ . @ O ec ceccee

Fig. 1.1. Theoretical (green lines) and experimental (red line) Lassen’s curves: green circles
show theoretical reactions of hydrodynamic resistances of cerebral blood vessels to changes
of CPP, red circles show averaged reactions of hydrodynamic resistances of cerebral blood
vessels to changes of CPP taken from prospective clinical study of 77 TBI patients (adapted
from [17]), where PbtO2 — brain tissue oxygen tension, which is directly related to CBF,
LLCA — lower limit of CA, ULCA — upper limit of CA
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A lot of controversy exists in the medical literature [77] regarding the
identification of LLCA and ULCA. LLCA is more clearly expressed in the
experimental Lassen curve (Fig. 1.1). ULCA even theoretically is less clearly
expressed (Fig. 1.1). The conducted clinical studies of CPB patients confirm that the
speculation proposed in the paper [77] on quadriphasic experimental Lassen’s curve
has no clinical evidences.

Cerebral autoregulation is a complex process where cerebral blood flow is
controlled by metabolic (CO2, glucose), myogenic (baroreflex), endothelium, and
neurogenic changes [18]. During cardiac surgery, these processes are disturbed by the
general anesthesia, which consists of three main components: sleep medication,
painkillers, and muscle relaxants. Muscle relaxants decrease muscle tension, impacts
autonomic and cardiovascular responses (increasing blood pressure and heart rate)
[19]. During cardiac surgery with heart and lung machine, due to the absence of
cardiac pulse waves, baroreflex is lost, and it is impossible to respond to the sudden
changes of ABP in response by increasing or decreasing the heart rate. Additionally,
the pulmonary ventilation does not provide adequate reaction to CO2 changes by
changing the frequency of respiration. All these factors during general anesthesia
changes the CA responses to ABP changes. ICP starts to increase at higher dose of
inhaled anesthetics, and in this way, it changes the shape of Lassen’s curve. The
plateau zone of Lassen’s curve starts to narrow and getting steeper with higher dose
of anesthetics [20]. Due to such problem, it is important to find the plateau zone where
CA isintact and maintain during the surgery, prevent damage ischemic and hyperemic
strokes and provide adequate nutrient and oxygen amount to the brain. The complex
CA system is shown in Fig. 1.2.

Blood Pressure m
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‘l‘ Cardiopulmonary " #
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. 1N L]

Respiratory mechanism l

Central chemoreflex ‘

Systemic blood pressure

and circulation
White - Autonomic regulation (direct)
Black - Systemic circulation (indirect)

Gray - Cerebral vascular regulation

Blood Pressure

Fig. 1.2. Complex system of cerebral autoregulation (adapted from [18])
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1.2.Slow waves of static CA

Slow ICP waves (as well called B waves) were introduced by Nils Lundberg in
1959. These waves are sinus shaped and have 0.5 to 2 cycles per minute. The origin
of such waves is rhythmic changes of arterial CO2 concentration due to the
respiration, which cause oscillations in blood volume [21]. ICP slow waves can be
absent, symmetrical shape, asymmetrical shape, and with plateau phase (Fig. 1.3)
[22]. If ascending phase is longer, it creates asymmetrical wave shape, which is
common at higher ICP [23]. The plateau waves can be described with sudden ICP
elevations from normal or moderate ICP. They occur for brain injury, tumor, and acute
hydrocephalus patients [24]. There is evidence that lower ICP slow wave magnitude
associates with poor outcome with traumatic brain injury (TBI) patients [25].

If slow waves are absent, it is possible to generate it artificially by using
pharmacological interventions, changing positive lower body pressure or changing
concentration of CO2 [26]. The manipulations are safe and change both ABP and
CBF, which can allow to evaluate the status of CA.

30

a) T 25 C)

20

ICP [mmHg]
ICP [mmHg]

0
0 1 2 3 4 5 0 1 2 3 4 5 6 7
Time [min] Time [min]

d) 35

b)

ICP [mmHg]
ICP [mmHg]

Time [min] Time [min]

Fig. 1.3. Different form slow ICP waves: a) absence of slow waves, b) symmetrical slow
waves, ¢) asymmetrical slow waves, d) asymmetrical shape with plateau phase (adapted from

[22])

1.3. Concept of dynamic cerebral autoregulation

In medical literature, the term of dynamic cerebral autoregulation is an
autoregulatory mechanism with a feedback loop. The CBFV is influenced by the
changes of ABP. The CBFV reacts to the ABP changes by changing ICP and in such
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a way changing CPP to maintain constant blood flow [27]. The time constant of such
processes is around 57 seconds; thus, it is required to generate a challenge of duration
longer or equal to 7 seconds. In case of such a system test, there is given an ABP
challenge by creating step function (thigh cuff, carotid artery compression, squat—
stand maneuver). In case of intact CA, the feedback control loop can restore the
previous blood flow, and in case of impaired CA, the mechanism cannot restore, and
CBFV follows ABP changes (Fig. 1.4). The created challenge as well provides better
signal to the noise ratio [28].

ABP CPP
He () CBFV

vascular bed

»
!

blood flow
volume

Fig. 1.4. Structure mechanism of dynamic cerebral blood flow autoregulation (adapted from

[27])
1.3.1. Thigh cuff method

In order to determine dynamic CA functionality, thigh cuff method can be used,
which increases ABP by 20 mmHg and then suddenly releases. After such impact,
there was seen 10 different response reaction in MCA velocity. These different
reactions differ by brain’s ability to restore previous blood flow. Such reaction
introduced by Frank P. Tiecks and autoregulatory index (ARI) shows if ARI <5, then
CA is impaired (poor to non-ability to restore previous blood flow) and if ARI > 5,
CA is intact (good ability to restore previous blood flow) (Fig. 1.5) [29]. The ARI
responses are made with theoretical mathematical model, and the real response is
compared with least square method to the nearest theoretical ARI responses. Recent
studies have shown that dynamic autoregulation CA response decreases with age in
men, but not for women [13]. Additionally, the decreased ARI value of patients after
7 days of cardiac surgery had postoperative delirium [30]. The settling time of CA
response is around 5-7 seconds, and because of this reason, the duration of step
function should be longer than 7 seconds. However, such method can be unsafe if a
patient has peripheral artery disease, and due to the sudden cuff release, the stenosis
can migrate to the brain and cause ischemia.
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Fig. 1.5. ARI index, 10 different vMCA responses to ABP step function: a) positive front
(adapted from [31]), b) different vMCA reactions to negative front (adapted from [29])

1.3.2. Carotid artery compression

The alternative dynamic CA evaluation test is carotid artery compression.
Pressing the carotid artery in the neck, the blood flow is blocked to the brain, and the
restoration of cerebral blood flow is observed with transcranial Doppler sonography
(Fig. 1.6) [32]. However, such method requires that a patient does not have carotid
artery stenosis because stenosis can migrate to the brain and cause ischemia, and it is
required that a professional doctor could press carotid arteries.
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Fig. 1.6. The carotid artery compression test (adapted from [32])

1.3.3. Valsalva maneuver

Valsalva maneuver is commonly used for testing baroreflex by forcefully
exhaling against a closed glottis. It elevates the intrathoracic pressure and affects
venous blood flow, myocardial contractility, and vasomotor tone [33]. This test is
simple and cheap and widely used. Valsalva maneuver has IV phases: | — sudden
increase intrathoracic pressure, lla — sudden ABP drop, Ilb — ABP restoration by
sympathetic system, 111 — ABP drop due to the rapid intrathoracic pressure drop, 1V —
overshoot of ABP [34]. It is possible to evaluate CA status by measuring the TCD
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reactions of CBFV. The study used ganglionic blockade, which affects neural activity
and shows no CBFV restoration after ABP fall during phase Il (Fig. 1.7) [35].
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Fig. 1.7. Example of Valsalva maneuver: on the left side — Valsalva maneuver of the control
group, the change in the heart rhythm and CBFV restoration are clearly shown; on a right
side, low changes of heart rhythm are shown due to ganglionic blockade and no restoration
of CBFV during Valsalva maneuver (adapted from [35])

1.3.4. Spontaneous pulsations evaluation

Professor Roney B. Panerai introduced a method for calculating transfer
function from spontaneous pulse wave fluctuations. The ABP pulse waves are
considered as system’s input, and cerebral blood flow velocity is considered as
system’s output. The transfer function (2) is calculated with Fast Fourier
transformation (FFT), and it is decomposed to gain (3), coherence, and phase (4)
analysis [36]. The shift in frequency domain of phase and gain shows the CA
condition. The transfer function is analyzed in very low frequency (0.003-0.04 Hz)
of non-periodical components, low frequency (0.04-0.15 Hz) of Mayer waves, which
is around 0.1 Hz together with slow waves and high frequency (>0.15 Hz) of
respiratory waves [37]. Such method has an advantage: it does not require additional
ABP manipulation and is safe for all patients.

H(f) = 22D, )

Gpp(f)

where H(f) — transfer function, Gpv(f) — Fourier transformation of flow
velocity(t) signal, Gpp — Fourrier transformation of ABP(t) signal.
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IH(OI = VH-(f)? + Hi()?; 3)

where |H(f)| — transfer functions gain, H.(f) — real transfer functions part, Hi(f)
— imaginary transfer functions part.
_ —1 (Hi(f).
o(f) = tan™ (75); 4)
where @(f) — transfer functions phase, H:(f) — real transfer functions part, Hi(f)
— imaginary transfer functions part
However, these parameters have a low reproducibility in 75 healthy volunteers’
study. This could be caused due to the physiological variability or non-stationarity
[38]. The physiological variability or non-stationarity can be caused due to the room
temperature or food, drinks, or medication taken before the tests. Moreover, the
different signal processing methods, such as spectral smoothing, low or high pass
filtering, detrending give different results, and there is no standard for TFA analysis,
just recommendations [39]. The transfer function calculations are shown in Fig. 1.8.
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Fig. 1.8.

1.3.5. Squat-stand maneuver

The doing of squat—stand maneuver changes the ABP, CBFV, and CO02 due to
the changes in different body positions. When doing such a maneuver, there is
generated a similar to rectangular shape oscillations due to the fast transition between
standing and squatting. The oscillations can be controlled by changing standing or
squatting duration (Fig. 1.9) [40]. Such a test is very unpractical because not every
patient can do squat due to the physiological condition, and it cannot be performed
during anesthesia.

27



BP (mmHg)
(e}
o

160

Q)
E 120
2 80
[+4]
O 40

0
3 4w
E
E 2
o
o)
o o

Time (30 s)
Fig. 1.9. Squat-stand maneuver with squatting for 5 s and standing for 5 s (adapted from
[40])

Conclusions

1. Cerebral blood flow autoregulation is responsible for maintaining constant
cerebral blood flow. It is a complex system which is controlled by myogenic,
metabolic, endothelin, and neurogenic mechanisms. Due to the anesthetics or
brain damage, these mechanisms are impaired, and the cerebral blood flow cannot
be maintained constant in the physiological range.

2. Static cerebral autoregulation monitoring consists of slow arterial and blood flow
waves. Such methodology has disadvantages because there is no clear cerebral
autoregulation impairment beginning event, and there is a few minutes delay in
the cases when slow waves amplitude is low or absent. Therefore, the artificial
generation of physiological slow waves could be a solution allowing to increase
the reliability of CA assessment.

3. Dynamic cerebral autoregulation consists of ABP manipulation that changes
CBF. If CBF has the ability to restore previous blood flow, it is considered as
intact, if it loses such ability, it is considered as impaired. It has an advantage to
determine the beginning of CA impairment; however, this test cannot be applied
on all patients who have arterial stenosis in neck or peripheral artery disease,
which can cause brain ischemia. The comparison of CA evaluation methods is
shown in Table 1.1.
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Table 1.1. Comparison of different CA evaluation methods

Method Safe for all | Can be | CA Evaluation
patients performed | time
during
surgery
Slow wave generation (pharmacological | Yes Yes Slow
interventions, changing positive lower body
pressure or changing concentration of CO2)
Thigh cuff No Yes Fast
Carotid artery compression No Yes Fast
Valsalva maneuver Yes No Moderate
Spontaneous waves Yes No Moderate
Squat-stand maneuver No No Moderate
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2. NEUROPROTECTION BY MONITORING CEREBRAL BLOOD FLOW
AUTOREGULATION

2.1. Introduction

The monitoring of CA consists of arterial blood pressure and cerebral blood
flow in real time. Arterial blood pressure usually is taken from a carotid artery of arm
invasively or blood pressure monitoring with finger cuff non-invasively. Cerebral
blood flow can be estimated invasively by measuring intracranial pressure (ICP), or it
can be taken non-invasively (blood flow velocity, volumetric changes, brain tissue
oxygenation, etc.). The selection of cerebral blood parameter is dependent on
monitoring time, cost, and patient’s ability to accept the technology (e.g., cannot be
inserted invasive sensor, temporal window cannot be found, etc.).

The evaluation of CA is usually taken by the correlation coefficient between
slow waves of arterial blood pressure and slow waves of cerebral blood flow slow
waves. Currently, there exist various CA indexes, which have different ranges of
sensitivity to distinguish impaired or intact CA. Optimal CPP or ABP therapy could
be applied by choosing a zone where CA is intact. However, optimal CPP therapy is
controversial due to the lack of evidence and too long a delay for the treatment due to
the data accumulation.

2.2. CA evaluation methods
2.2.1. Invasive CA evaluation by using pressure reactivity index (PRXx)

In intensive care unit (ICU), there are widely used invasive intracranial pressure
monitoring sensors. The reason of such usage is simplicity and reliability by inserting
micro pressure transducer into ventricles through a burr hole in the skull [41]. Normal
ICP value ranges from 5 to 15 mmHg for healthy adults. Increased ICP of over 15
mmHg is considered as impairment of CA, because it lowers CPP and can cause brain
ischemia [42]. However, invasive micro pressure transducer or external ventricular
drainage can cause infection, damage the brain in an inserted area, and require an
experienced surgeon for transducer insertion.

The pressure reactivity index (PRx) was introduced by Professor Marek
Czoznyka in 1995. This index is calculated as moving Pearson correlation coefficient
window between the ABP and ICP slow waves (5) over 5-10-time window or more.
Prx varies from -1 to 1. Positive index (PRx > 0) shows impaired CA, because ABP
and ICP slow waves are in synphase. Negative index (PRx < 0) shows intact CA
because ABP and ICP waves are in opposite phase. This index is a golden standard
for evaluating CA [43].

PRx = r{ABPsw(t), ICPsw(t)}; 5)

where PRx — pressure reactivity index, ABPsw(t) — arterial blood pressure slow
waves, mmHg, ICPsw — intracranial pressure slow waves, mmHg.
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However, such methodology requires the presence of physiological slow waves;
otherwise, the noisy signals or low slow wave amplitude will result in correlation
coefficient close to zero. Due to such reason, in practice, PRx threshold 0.2-0.4 is
used to classify CA status into intact and impaired. The uncertainty area is PRx > 0
and Prx < 0.2. The studies have shown that averaged PRx > 0.57 is associated with
unfavorable outcome, and PRx > 0.65 is associated with the mortality of TBI patients
[44]. The PRx monitoring is shown in Fig. 2.1.

Pressure waveform of Ve '\;\
intracranial pressure ,//

Cervical carotid pulse waveform
Fig. 2.1. Example of PRx monitoring with external ventricular drainage and invasive ABP
sensor (adapted from [45])

2.2.2. Non-invasive CA evaluation methods

It is not possible to measure ICP invasively for non-traumatic brain injury
patients because of required burr hole for a pressure sensor. However, it is necessary
to estimate CPP for individual patients. There are 2 alternatives to measure ICP value
non-invasively: using a model by Arminas Ragauskas [46, 48, 48] that is based on
ocular and external pressure measuring with ultrasound and a model by Bernard
Schmidt [49] that is based on ABP and vCMA pulse wave relationship.

2.2.2.1. Non-invasive ICP assessment by Arminas Ragauskas model

The possibility to measure absolute ICP was introduced by Professor Arminas
Ragauskas [46, 48, 48]. The operator must manually determine the proper depths of
the intracranial (IOA) and extracranial spaces in order to produce a trustworthy non-
invasive ICP measurement using the approach that is currently being presented. Using
a multi-depth TCD, the portions of the ocular artery (EOA) were identified [46]. An
external pressure cuff is used to apply pressure to the tissues around the eye. Due to
the incompressibility of the eye and its surrounding tissues, the progressively imposed
external pressure is transferred to the EOA [47]. Clinical investigations have
demonstrated the usefulness of non-invasive ICP measurement method in terms of
accuracy, precision, diagnostic sensitivity, and specificity [48]. However, such
method does not allow continuous measurement and takes just a snapshot in certain
amount of time (Fig. 2.2).
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Fig. 2.2. Schematic representation of non-invasive intracranial pressure (ICP) monitoring
equipment (adapted from [47]): (a) relevant orbit and brain anatomy in contact with the ICP
measurement device, (b) block diagram of the system control unit: ICA — internal carotid
artery, IOA — intracranial part of the ophthalmic artery, EOA — extracranial part of the
ophthalmic artery, TCD — transcranial Doppler, Pe — external pressure applied to the ocular
globe

2.2.2.2. Non-invasive ICP assessment by Bernard Schmidt model

Non-invasive ICP monitoring evaluation using a mathematical model was
introduced by Bernard Schmidt. This model evaluates nICP (6) from ABP and flow
velocity (FV) pulse waveforms. In traumatic brain injury patients, the CA status was
regularly estimated by correlation coefficients between FV and nCPP (nMx) and
between ABP and nICP (nPRx) in 10 second window [49]. These indexes are used to
calculate nICP value by fitting coefficients to the CA status. After calibration of 39
TBI patients, the absolute systematic error between nICP and ICP was around 5-7
mmHg [50].

nPRx = r{ABPsw(t), nICPsw(t)}; (6)
where, NnPRX —non-invasive pressure reactivity index, ABPsw(t) — arterial blood
pressure slow waves, nICPsw — non-invasive ICP slow waves.
2.2.2.3. Mean flow autoregulation index (Mx)

Transcranial Doppler sonography (TCD) is a widely used measurement
technology in neurocritical care to measure the blood flow velocity in middle cerebral
artery (MCA). The 2 MHz transducers are placed on the temporal window of human
skull, and the ultrasound wave reflects from red blood cells in 50-60 mm depth where
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MCA is located [51]. This method is based on Doppler law where the velocity reflects
from red blood cells with a changed frequency (7). However, the uncertainty of angle
6 does not show the true velocity in blood vessel. If the angle between transducer and
a vessel approaches 90 degrees, the signal will be lost. It is recommended to keep the
angle 8 < 60° [52]. Moreover, bone structure (density) and thickness of temporal bone
affects the ultrasound propagation. By decreasing the density of bone, more air
pockets occur, and due to the ultrasound reflection and scattering, more energy is lost
[53]. The tendency of osteoporosis affects women sooner and faster comparing to men
[54], which could be harder for elderly female patients to find ultrasonic temporal
window. However, this system has an advantage, because it is not sensitive to the
movement and allows to measure velocity in both hemispheres.

cs ]
Vp = 2fcos(6) Af; )

where, V, — velocity of brain flow, ¢s — ultrasonic velocity in medium, f —
frequency, 8 — angle.

In 1996, Professor Marek Czoznyka introduced mean flow index (Mx). This
method is widely used in neuroprotection because it is a non-invasive way for
estimating CA. It uses moving Pearson correlation coefficient between the flow
velocity (Fv) from transcranial Doppler and the arterial blood pressure (ABP)
calculated over 5-10 min moving time window (8). It varies from -1 and 1. The
considered CA impairment varies in studies and yet is unknown. The classificatory
varies from 0.00 to 0.44, and the threshold of 0.30 would be considered that healthy
have impaired CA [55]. The comparative study of Mx and PRx indexes showed a
correlation coefficient between the indexes — R = 0.58 [56].

Mx = r{ABPsw, FVsw}; (8)

where Mx — mean flow index, ABPsw(t) — arterial blood pressure slow waves,
mmHg, FVsw — flow velocity slow waves, cm/s.

Fig. 2.3. Example of Mx monitoring with ultrasonic transcranial Doppler transducer and
invasive ABP sensor (adapted from [57])

33



2.2.2.4. Cerebral oximetry index (COx)

Near-infrared spectroscopy (NIRS) is a non-invasive optical technique, which
measures brain tissue oxygenation and hemodynamics in real time. This technology
uses near-infrared light that ranges from 600 to 1,000 nm. NIRS technology gains its
popularity because of cheapness and simplicity to use [58]. This technology is used
to evaluate cerebral oximetry index (Cox), which is moving Person correlation
coefficient between the regional oxygen saturation (rSO2) slow waves and ABP slow
waves (9). The COx threshold above 0.3 is considered impaired and below, is
considered intact. Additionally, higher COx is associated with higher stroke rates,
acute kidney injury, and mortality [59]. However, the Cox index is controversial
because the correlation coefficient between COx and PRx is R = 0.16 and between
Mx and Cox, R = 0.15 [60].

Cox = corr{ABPsw, rSO2sw}; 9

where Cox — cerebral oximetry index, ABPsw — arterial blood pressure slow
waves, rSO2sw — regional oxygen saturation slow waves.

2.2.2.5. Volumetric reactivity index (VRX)

Volumetric changes in cerebral blood flow were introduced by Professor
Arminas Ragauskas in 1994 [61]. This technology is made from 2 ultrasonic
transducers placed to each other perpendicularly on a temporal window. The changes
in time of flight (TOF) is proportional to the changes to intracranial blood volume
(IBV), brain tissue, and cerebrospinal fluid. The decreasing TOF is associated with
increasing blood volume, and increasing TOF is associated with increasing

cerebrospinal spinal fluid (10) [62].
1

IBV(t) ~ s (10)

where IBV(t) intracranial blood volume , TOF(t) — time of flight

Volumetric reactivity index (VRX) is moving Pearson correlation coefficient
between the arterial blood pressure slow waves and intracranial blood volume slow
waves (11). Time window for the data accumulation is 2-5 minutes. The coefficient
varies from -1 to 1. If VRx < 0, CA is considered intact, and if VRx > 0, CA is
considered impaired. The correlation between VRx and PRx is r = 0.843 [63]. The
monitoring of CA is shown in Fig. 2.4.

VRx = r{ABPsw(t), TOFsw(t)}; (11)

where VRx — volumetric reactivity index, ABPsw — arterial blood pressure slow
waves, TOFsw — time of flight slow waves.
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Fig. 2.4. Example of monitoring volumetric reactivity index with Vittamed device and non-
invasive Finnapress device

2.2.2.6. The concept of optimal cerebral perfusion pressure

The concept is based on the U shape curve approximation of CPP and pressure
reactivity index, such as PRx, Mx, Cox, etc. The minimum value shows where CA is
optimal. The area below threshold shows intact CA and above threshold, shows
impaired CA. The left side of U shape curve shows too low CPP (hypoperfusion), and
the right side of U shape shows too high CPP (hyperperfusion) [64]. By knowing
optimal CPP, the clinician can reduce or increase ABP or ICP value. The time to
identify optimal CPP in clinical practice requires 4—6-hour monitoring window [65].
This time window is chosen due to the noise, artefacts, low CPP physiological
changes, and absence of slow waves.

Instead of PRx value for non-traumatic brain injury patients, other reactivity
index are used, such as Mx, Cox, VRX, and it measured optimal ABP. However, this
therapy is controversial between clinicians due to the lack of evidence [66]; 4 hour
window is too long delay to treat a patient because his/her physiological condition
changes during such time. New proposed algorithm with machine learning can
identify optCPP threshold in 24 minutes [10]. Moreover, our previously conducted
study found that patients who experienced TBI and were treated with optCPP therapy
had better outcomes if they were younger than 45 years old [67].

However, there is an uncertain area, because noise to noise gives PRx value 0,
and then, the index has to be raised up to 0.2 where the uncertainty zone is. If optCPP
threshold is moved up, the boundaries of LLCA and ULCA are widened where CA is
intact. Due to this reason, optCPP therapy could be harmful for a patient (Fig. 2.5).
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Fig. 2.5. Optimal ABP value identification according to optCPP concept: red — impaired CA,
yellow — uncertain CA, green — intact CA

2.2.2.7. Previous clinical study findings

Lithuanian University of Health Sciences' hospital, Kaunas Klinikos, hosted a
prospective observational study. Kaunas Regional Ethics Committee of LUHS
approved the study (protocol No BE-2- 49, 2014-10-08). The patients’ written
consents were obtained in accordance with the Declaration of Helsinki (BMJ 1991,
302:1194). Without having any neurological conditions before surgery, patients were
included for coronary artery bypass grafting (CABG). In addition to routine
monitoring, a "Vittamed" non-invasive monitor was used to monitor CA. The
approach is based on tracking variations in intracranial blood volume (IBV), which
affect ICP. The volumetric reactivity index VRx(t), which is closely related to the
invasive PRX, is monitored by using a non-invasive technique (t). Intensive care units
for neurosurgery frequently use invasive PRx(t) monitoring. Due to the requirement
of implanting a pressure sensor into the heart during cardiac surgery, such monitoring
is not practical. Recent studies have shown that the lower and upper limits of
cerebrovascular autoregulation (LLCA and ULCA) are patient-specific and individual
values of LLCA and ULCA can differ from the CPP values of 50 mmHg and 150
mmHg, established in historical Lassen's curve (Fig. 2.6) [68, 8].
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The previous study has shown that most sensitive factor using receiver operating
characteristic curve (ROC) is LCAI with sensitivity 76%, specificity 82%, area under
curve (AUC) 0.81; dose of LCAI sensitivity 76%, specificity 76%, AUC 0.76; total
duration of all CA impairment events sensitivity 90%, specificity 50%, AUC 0.74;
dose of all CA impairment events sensitivity 90%, specificity 61%, AUC 0.74 (Fig.

2.7) [8].
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Fig. 2.7. ROC curves of different classifiers: duration of the LCAI event (blue solid line):
sensitivity 76%, specificity 82%, AUC 0.81; dose of LCAI events (brown dashed line):
sensitivity 76%, specificity 76%, AUC 0.76; total duration of all CA impairment events

(green dashed line): sensitivity 90%, specificity 50%, AUC 0.74; dose of all CA impairment

events (violet dotted line): sensitivity 90%, specificity 61%, AUC 0.74 (adapted from [8])
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Conclusions

1. There are existing invasive and non-invasive CA estimation methods.
Invasive require an intervention and experienced surgeon. Non-invasive methods
require skills to find an ultrasonic signal except for NIRS technology. The golden
standard is considered to be invasive PRx. The non-invasive technology has a good
correlation with PRx, except with NIRS technology, which it is still widely used in
studies due to the cheapness and simplicity. The comparison is shown in Table 2.1. In
addition, all these correlation coefficient calculation-based methods require the
presence of physiological slow waves to provide reliable CA assessment.

Table 2.1. Comparison of different CA monitoring technologies

CA Invasive | Accuracy | Cost of technology Skill for transducer
parameter placement

PRX Yes High Moderate Expert

nPrx No Low Moderate Moderate

Mx No Moderate | Moderate Moderate

Cox No Low Low Low

VRX No High Moderate Moderate

2. Optimal CPP therapy is controversial due to the lack of evidence and too long
delay for a treatment. The studies have shown that is possible to determine optCPP in
24 minutes instead of in clinical practice used 4-hour window using machine learning
algorithms. Moreover, it has been found that traumatic brain injury (TBI) patients that

are younger than 45 years old have better outcomes with optCPP therapy
compared to the elderly patients. Additionally, there is uncertainty zone where to keep
CA impairment threshold.

3. Previous clinical study has shown that during cardiac surgery, the optimal
MABP range is narrowed to 45-75 mmHg. The LCAI is the factor who associates
best with the outcome in the ROC curve, and the 5-minute duration of LCAI associates
with POCD. There is an issue how to determine optimal CPP value faster than 5
minutes and maintain adequate pressure.
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2. HEART AND LUNG MACHINE OPERATIONAL MODES

3.1. Introduction

In 1953, there was first performed a successful cardiac surgery using a heart and
lung machine by Dr. Gibbon for an 18-year-old woman [69]. During cardiac bypass
surgery, it is necessary to stop a heart for surgeons in order to operate. While the heart
cannot produce blood flow, a heart and lung machine is used to produce oxygenated
blood for a human body artificially. Currently, there exist 25 vendors of such type of
machine in the global market, and it is forecasting to grow by $195.04 mn during
2022-2027 [70Q]. In this study, Stocker S5 heart and lung machine was used, which
has pulsatile mode (Fig. 4.1). Such a machine produces 3-3.5 Hz frequency vibrations
for constant blood flow mode. During surgery, there is a possibility to use 4 operating
modes: constant flow mode, pulsatile mode, which imitates heart pulsation, and
professor Arminas Ragauskas introduced sinus flow mode [8] and a new rectangular
flow mode. Such manipulations can be achieved by changing the arterial blood flow
with a heart and lung machine.

Fig. 3.1. Stockert S5 heart and lung machine (adapted from [71])

3.2.Constant flow mode

The blood flow rate [I/min] is set by a perfusionist who evaluates patient’s
weight, height, and age. Constant flow mode is produced by a pump of 3-3.5 Hz
sinusoidal fluctuations. Such fluctuations are not used to evaluate cerebral
autoregulation because cerebral autoregulation processes are longer than 5 seconds
(Fig. 3.2) Due to such reason, it is required to generate changes by using
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pharmacological interventions or external factors, such as thigh cuff test or carotid
artery compression, to make slow or dynamic ABP changes for CA estimation.
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Fig. 3.2. Example of constant flow mode generated by 3-3.5 Hz sinusoidal fluctuations

generated by a heart and lung machine: a) ABP(t) pump vibrations, b) vYMCA(t) pump

vibrations
3.3. Pulsatile mode

Pulsatile mode of heart and lung machine imitates heart pulsation. There is an
existing debate that pulsatile mode is better compared to constant flow because it is
more physiological for a human body. There is no clear benefit of pulsatile flow
causing less cases of POCD [72]; otherwise, a study contradicts that it causes less
cases of POCD [73]. The pulsatile mode has the same problem as a constant flow,
because it requires an external factor to estimate CA status (Fig. 3.3).
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Fig. 3.3. Example of pulsatile flow mode of a heart and lung machine: a) ABP(t) pulsatile
flow mode, b) VCMA(t) pulsatile flow mode
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3.4.Sinus flow mode

Sinus flow mode was used in a previous clinical study. The sinus flow mode
was introduced by Health Telemtics Science Institute, Kaunas Univeristy of
Technology, and applied in the previous clinical study [8]. The constant flow mode
was controlled by the gradually increasing and decreasing flow rate. Due to such
changes, a physiological sinusoidal slow wave with a period of 60 s was imitated. The
cerebral blood cerebral blood flow reaction was monitored with Vittamed intracranial
blood volume monitor (Fig. 3.4).
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Fig. 3.4. Sinus flow mode generated by a heart and lung machine: a) ABP(t) sinus flow
mode, b) cerebral volumetric changes (t) to ABP(t) changes

3.5. Rectangular sequence flow mode

The rectangular flow mode was introduced by Health Telemtics Science
Institute, Kaunas University of Technology, and has pending patent applications (US
application No. 17/683,943 and EU patent application EP22160563). In order to make
a rectangular mode, it is programmed by sudden change of blood flow by +10% of
perfusionist setted value. The rising and falling time of the front is 1 second. After
setted time finishes, the arterial blood flow changes again by +£10% to the previous
value in such way generating rectangular sequence (Fig. 3.5 and Fig. 3.6).
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Fig. 3.6. The rectangular wave sequence generated with heart and lung machine by changing
blood flow: A) ABP rectangular waves, b) no transient vMCA response to the ABP changes,
which corresponds to the impaired CA

It is easily mountable on Stockert S5 heart and lung machine without integration
to the device. Device has 2 buttons to set the main blood flow and requires setting
+10% from the main blood. After selecting values, the device changes blood flow

+10% from baseline by the programmable time (Fig. 3.7).
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Fig. 3.7. Patent pending device which modulates square waves on a heart and lung machine

Conclusions

The existing heart and lung machine modes are constant flow, pulsatile mode,
sinus and rectangular flow. The constant flow and pulsatile can be integrated to the
heart and lung machine. The Health Science Telematics Institute introduced flows are
mountable on Stockert S5 heart and lung machine.

The constant and pulsatile mode requires external factors for the CA evaluation.
The sinus flow allows to generate slow wave by itself, and it is possible to evaluate
CA status in 1-2 minutes of monitoring time. The rectangular flow as well allows to
estimate CA status by itself, and it could be done in 15 s of monitoring time (Table

3.1).

Table 3.1. Comparison of flow modes
Flow mode | Integrated to | Requires external factor | CA estimation time

machine for CA evaluation

Constant Yes Yes External factor dependent
Pulsatile Not all Yes External factor dependent
Sinus No No 1-2 min
Rectangular | No No ~15s
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4. METHODS AND MATERIALS

4.1.Data collection

The Lithuanian University of Health Sciences hospital, Kaunas Klinikos, hosted
the prospective observational study. The protocol of the prospective study was
approved by the Kaunas Regional Bioethics Committee (Registration No. BE — 2 —
64). The patients’ written consents were obtained in accordance with the Declaration
of Helsinki (BMJ 1991; 302:1194).

The TCD data was conducted with Viasonix Dolphin 4D ultrasonic device with
2 MHz transducers. Invasive ABP data was collected with invasive ABP sensor
SP844. The data was transmitted with Draeger “Infinity Delta XL monitor. Analog
data were digitized with data acquisition module DT9803. ABP, vMCA data were
collected with ICM+ software at 50 Hz sampling frequency. The data was processed
retrospectively with Matlab R2016 software (Fig. 4.1).
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Fig. 4.1. A structural diagram of transcranial Doppler blood flow velocity in middle cerebral
artery (vMCA (t)) monitoring and invasive ABP(t) monitoring during CPB

4.2.Cognitive tests

Standardized MMSE~2 cognitive tests and Adenbruck cognitive tests were used
for POCD evaluation. The tests consist of orientation, attention, memory, verbal
fluency, comprehension, sentence writing, reading, and drawing. If a score was
below 88, it was considered as cognitive impairment. The tests are taken before and
after the surgery. If a patient cannot pass the test before the surgery, then the patient
is not involved in the study. Moreover, if a patient decides to stop the study, the test
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is not taken. However, the test results are subjective and depend on the patient's
condition (mood, daytime, fatigue). Such uncertainty distorts the validation of test.

4.3.Patients’ demographics

The study was conducted with 108 CPB patients. Thirty-two patients were
rejected due to the bad quality signal; 4 patients had not found window for transcranial
Doppler signal (all females), and 16 patients refused to continue the study. 29 patients
had POCD; 4 patients had delirium; 43 patients remain without cognitive
deterioration. The mean age of patients involved in the study is 66.68+8.2965, the
mean years of education 13.14+3.36, and it consists of 15 females and 61 males.

There was found a tendency that elderly patients have a bigger probability of
experiencing POCD; however, due to a small population, it was not statistically
significant (Mann—Whitney U test, p = 0.175). The statistically significant threshold
separating groups was found 73 years (x> = 6.00, p = 0.014). The years of education
was a statistically significant (Mann—-Whitney U test, p = 0.029) factor with patient’s
outcome. The statistically significant threshold separating groups was found to be 14
years of education (> = 5.51, p = 0.019). Moreover, 84.38% of patients who
experienced POCD were male; however, gender was not a statistically significant
factor (Fisher exact test, p = 0.77). These factors show that the study has bias, and the
longest cerebral autoregulation impairment event cannot be the main associating
cause of POCD, because patients that are younger than 73 years old and have more
than 14 years education can solve cognitive tests easier and in such way influence the
outcome.

Table 4.1. Demographic patient data

Characteristics No deterioration (40 patients) POCD (32 patients) p value
Mean age (years) 65.85+7.47 68.21+9.27 0.175
Men/women (%) 25.5/77.5 84.38/15.62 0.557
Education (years) 13.8+3.00 12.40+3.78 0.029

4.4.Signal morphology

In order to determine filter bands frequency of the filter, it is required to have
knowledge about the signal’s morphology. Using multiple signal classification
(MUSIC) algorithm, it was determined that the cardiac bypass surgery consists of
these components: pump motor vibrations (~3 Hz), pulse waves (~1 Hz), respiratory
waves (~0.2 Hz), rectangular wave modulation (~1/60 s) is aliased with big and
noradrenaline waves (1/120-1/180s) in the spectrum analysis (Fig. 4.2).
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Fig. 4.2. Cardiac-pulmonary bypass surgery and its spectrum: a) ABP(t) signal over time, at
the moment 150-210 min, heart and lung machine is used, b) cardiac bypass surgery
spectrum used by MUSIC algorithm

All spectrum components of signal can carry information about the CA status.
Noradrenaline waves (the injection of which is typically used during cardiac surgery
with CPB to avoid hypoperfusion) are super slow waves, and the saturation of blood
flow velocity can determine the ULCA and LLCA. The rectangular modulation can
show transient function response. Pump modulated waves can show vascular
resistivity. However, it is unknown what processes have most influence on the
patient’s outcome (Fig. 4.3).
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Fig. 4.3. Signal decomposition: a) raw ABP(t) signal, b) noradrenaline induced waves, c)
rectangular wave modulation, d) 3 Hz pump motor frequency

4.5. Rectangular wave filtering

Generated ABP rectangular waves have physiological crosstalk between the
heart pulsations and 3 Hz pump vibrations. In rare occasions, the ABP artefact appears
due to the bad connections. Due to good signal quality, it would be sufficient to use
third order lowpass Butterworth filter 0.5 Hz. When using 1 Hz lowpass filter, some
vibrations could be seen (Fig. 4.4).
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filter

The vMCA signal is more affected by the external higher frequency
electromagnetic noise, which comes from the environment and electromagnetic
surgical knife, and additional noise comes from analog to digital data conversion. The
physiological crosstalk as well occurs on the vMCA signal. During cardiac surgery, a
patient’s body temperature varies due to the cooling and warming processes, which
can affect the ultrasound velocity. By filtering data with 3d order, cutoff frequency of
1 Hz Butterworth filter, additional noise is still seen. By filtering with cutoff frequency
of 0.5 Hz, the electromagnetic and physiological crosstalk is eliminated; however,
unknown lower frequency components occur, which distorts transient function
reactions. By filtering with cutoff frequency 0.2 Hz, the additional low frequency
noise is still present. Only by filtering data with 0.1 Hz cutoff frequency, the transient
reactions are clear. Such cutoff frequency is selected for both ABP(t) and vMCA(t)
filtering (Fig. 4.5).
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4.6. Challenges of rectangular wave modulation

The previous study was made by generating slow sinus waves of 1 minute
duration using heart and lung machine. However, when rapid changes were
introduced, new challenges occurred. The pilot study showed that noradrenaline and
heart pulsations are aliasing between rectangular waves and heart and lung machines
generate abnormal pulses.

4.6.1. Aliasing between noradrenaline and rectangular wave modulation

In certain cases during surgery, noradrenaline is required to inject quite often,
and noradrenaline waves start to alias between rectangular waves. The noradrenaline
wave period can be around 1-2 minutes, and the transient time when adrenaline settles
is around 30 seconds. During settling time, a sharp peak is made, which is not proper
for transient function analysis. After settling time, the rectangular wave can be
generated; however, there is only 1 pulse left in a noradrenaline wave. The solution
for such a problem is to shorten the duration of pulse from 30 s to 15 s or less (Fig.
4.6).
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Fig. 4.6. Aliasing between noradrenaline induced waves and rectangular waves

4.6.2. Aliasing between heart pulsation and rectangular wave modulation

During CPB surgery, there are episodes where temporal heart pulsation begins.
Because autoregulatory processes are longer than 5 seconds and heart pulsation is not
regular, such rectangular waves can be included. When using proper filtering, it is
possible to remove the pulsation and see transient reactions (Fig. 4.7).
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Fig. 4.7. Aliasing between heart pulsations and rectangular waves: a) pulsation aliasing
during ABP pulse (red line) and filtered ABP signal (black line), b) the vMCA reaction due
to pulsations is distorted; however, it is visible in positive and negative fronts (blue line);
black color shows filtered vMCA signal
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4.7. Transient function index (TFx)

Transient responses occur at the beginning of 15 seconds of rising or falling
front. At the beginning of first 5 or 6 seconds, the CA starts to restore previous CBF
and later follows transient processes. The correlation coefficient between ABP and
VMCA is a method to evaluate CA status. If CA is intact, the correlation coefficient
should be lower than impaired (Fig. 4.8 and Fig. 4.9).
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Fig. 4.8. Transient function response (blue color) to negative front ABP challenge (red
color): a) lost CA correlation coefficient between challenge and response is R = 0.89, b)
intact CA correlation coefficient between challenge and response is R = 0.16
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Fig. 4.9. Transient function response (blue color) to positive front ABP challenge (red color):
a) lost CA correlation coefficient between challenge and response is R = 0.91, b) intact CA
correlation coefficient between challenge and response is R = 0.64
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In order to determine the threshold between impaired and intact CA, 500
different reactions from 13 patients were estimated. Currently, it is hard to determine
how CA is functioning properly with different TFx results. Moreover, artifacts and
noise distort the reactions shape, which is hard to interpret. After subjective evaluation
of each TFx sample, intact CA mean was estimated to be 0.63, and impaired CA mean
0.89. The gray zones between 0.63 and 0.89 are uncertainty area. The selected

threshold was 0.7, which determines the impaired or intact CA (Fig. 4.10).
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The detector detects rising fronts and evaluates CA status. It starts to estimate
the beginning of 15 s of rising front and 15 s beginning from the falling front. In such
way, it estimates CA status continuously in close to real-time (Fig. 4.11).
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4.8. Mean flow index (Mx)

ABP and vMCA signals were filtered with 0.1 Hz cutoff frequency lowpass
Butterworth filter for mean flow index (Mx) analysis. The Pearson’s correlation was
calculated in 30 s window due to the length of the pulse. The threshold of CA intact
IS Mx < 0.4, and for impaired CA, it is Mx > 0.4 [74]. The main issue with this method
is that it shows most of the time impaired CA (Fig. 4.12). However, the studies have
shown that vasopressors have no affect or impairment for CA [75]. The delay of Mx
signal calculation consists of 10 seconds of lowpass filter delay and 30 s of calculation
of moving correlation coefficient window, and in total, it gives 40 s of delay.
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Fig. 4.12. Example of Mx calculation: a) ABP(t) signal, b) vMCA(t) signal, c) Mx(t) data

4.9. Pump induced wave analysis (Ex)

It has been noticed that by decomposing signal, the heart and lung machine
modulates slow waves during time. Fast 3 Hz motor pulsation appears due to the
vascular resistance and ABP manipulation. This could be described as Ohm’s law (12)
[76]. The injected noradrenaline contracts blood vessels, and in such way, it increases
ABP pump amplitude. The noradrenaline wave from its peak starts to lose its effect,
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and after 1-5 minutes, it returns to the previous ABP pump value. During this time,
the blood vessels start to dilate:

AP
Q== (12)
where Q — fluid flow, AP — pressure gradient, R — vascular resistance.

The signal is filtered with 0.5 Hz third order Butterworth filter. The envelope of
amplitude was extracted and filtered with a 3" order lowpass Butterworth filter with
0.3 Hz cutoff frequency for envelope reactivity index (Ex) calculation. The algorithm
is shown in Fig. 4.13.

RAW ABP data RAW vMCA data
! v
0,5 Hz highpass 0,5 Hz highpass
filter filter
v v
Extraction of Extraction of
signal envelope signal envelope
v v
0,033 Hz 0,033 Hz
lowpass filter lowpass filter
Ex=r{ABP,vMCA}

Fig. 4.13. Algorithm of Ex calculation

The coefficient has yet unknown properties, because it has never been studied
before. It is calculated between slow ABP and Fv modulated envelope waves (13):

Ex = r{eABPsw, eFVsw}; (13)

where Ex — envelope of pump reactivity index, eABPsw(t) — envelope of

arterial blood pressure pump waves, mmHg, eFVsw — envelope of flow velocity pump
slow wave, cm/s.

In order to identify diagnostic Ex threshold, ¥2 test was used within 0-1
threshold values of LCAI and patients’ outcome. The most sensitive value was
identified Ex = 0.68 (y2 = 7.18, p = 0.008). The classification index is considered:
higher than Ex > 0.68 shows impaired CA, and lower than Ex < 0.68 shows intact CA.

The pump produces 10 mmHg peak to peak ABP waves and 20 cm/s peak to
peak VMCA waves 3 Hz vibrations. The envelope of vMCA waves are symmetrical
and around 30-50 s of period, which can be validated as slow waves. Moreover, due
to noradrenaline, it has quickly ascending front and slow descending front of ABP
waves. The amplitude of envelope of ABP waves is 1-2 mmHg, and vMCA is 1-2
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cm/s. Such waves have a much smaller amplitude compared to big ABP and vMCA
changes by calculating Mx index (Fig. 4.14). The delay of Ex consists of 0.5 seconds
of highpass filter delay, the envelope extraction delay (unknown in real time), 30 s of
lowpass filter delay, and 30 s of moving correlation coefficient delay, which is in total

60.5 s delay.
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Fig. 4.14. Pump envelope decomposition: a) ABP(t) pump modulated envelope, b) VMCA(t)
pump modulated envelope, ¢) comparison between ABP(t) and vMCA (t) pump modulated
envelopes, d) Ex(t) data

4.10. Rectangular wave envelope reactivity index (Ex2)

It has been noticed that by decomposing signal, rectangular wave amplitude
varies during noradrenaline injection. This happens due to the noradrenaline change
of vascular resistance and change of blood flow in the patient’s body. This happens
due to Ohm’s law. The amplitude of rectangular waves rises with injected
noradrenaline, and currently blood flow is raised up as well. This can cause front
amplitude increment up to 20 mmHg. The amplitude of ABP varies over time with
each noradrenaline injection (Fig. 4.15).
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Fig. 4.15. Rectangular wave amplitude changes during noradrenaline injected wave: a)
rectangular wave sequence during noradrenaline wave, b) detrended rectangular wave
sequence

The dependency of rectangular wave amplitude is non-linear. The pulse of
amplitude starts to increase with higher mean ABP. This can be the cause why
noradrenaline wave is not linear. Moreover, it could be dependent on the person’s
weight, volume of fluids. The correlation between pulse amplitude and mean ABP is
weak (R = 0.22). The mean of pulse amplitudes is 10 mmHg+4.2 mmHg (Fig. 4.16).
This shows that the amplitude is not stable and requires stabilization, in case when
CA system is presented as a linear system, because a mean amplitude of 10 mmHg is
less than the amplitude of physiological ABP(t) pulse waves.

Pulse amplitude, mmHg

40 5:0 E:D TIO BID 9‘0 MI)D 11IO 12‘0 1;3[)
MABP, mmHg
Fig. 4.16. Pulse amplitude dependency from mean ABP; correlation coefficient R = 0.22 (p =

0.063) shows no significant associations between pulse amplitude and mean ABP; the orange
color shows linear approximation
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Continuous rectangular ABP(t) pulse sequence extraction from other
physiological waves is required for demodulation. The signal is filtered with 0.1 Hz
third order Butterworth filter. The following step is to eliminate slow noradrenaline
waves, and from filtered signal, the mean value of 60 s window is subtracted. The
variating pulse amplitude allows to modulate a wave, which can be demodulated.
After envelope extraction, the moving average filter of 1/30 s is used to filter out the
carrier frequency of rectangular waves. The algorithm is shown in Fig. 4.17.

RAW ABP data RAW vMCA
v v
0,1 Hz lowpass filter 0,1 Hz lowpass filter
A4 X \ 4
Filtered data — mean Filtered data — mean value
value of 60 s moving of 60 s moving average
average filter's window filter's window
- v
Extraction of signal Extraction of signal
envelope envelope
h 4 h 4
30 s moving average filter 30 s moving average filter
I !
Ex2=r{ABP,vMCA}

Fig. 4.17. The algorithm of Ex2 calculation

The coefficient has yet unknown properties as Ex2, because it has never been
studied before. It is calculated between ABP and FV rectangular modulated envelope
waves (14). This index is based on slow waves and Doppler, and the closest index is
as well Mx. In order to identify diagnostic Ex2 threshold, 2 test was used within 0—
1 threshold values of LCAI and patients’ outcome. The most sensitive value was
identified Ex2 = 0.6 (x2 = 4.29, p = 0.038). The identified value will be used for the
analysis, considering Ex2 < 0.6 as intact CA and Ex2 > 0.6 as impaired. This method
is more sensitive compared to Mx and has less fluctuations compared to pump induced
Ex index. The delay of Ex2 consists of 10 seconds of lowpass filter delay, 60 s of
detrending, the Hilbert transformation delay (unknown in real time), 30 s of lowpass
filter delay, and 30 s of moving correlation coefficient delay, which is 130 s delay in
total.
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Ex2 = r{eABPsw, eFVsw}; (14)

where Ex2 — envelope reactivity index, eABPsw(t) — envelope of arterial blood
pressure rectangular waves, mmHg, eFVsw — envelope of flow velocity rectangular
wave, cm/s.

The amplitude of rectangular modulated envelope varies around 8 mmHg of
ABP and 10 cm/s of vMCA. The period of such waves is non-stationary and varies
around 200 s, because it is noradrenaline dependent. Such waves have sharp peaks
cause due to the noradrenaline injection and plateau phase, plateau phase with a ripple
or slow descending front (Fig. 4.18).
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Fig. 4.18. Rectangular wave envelope decomposition: a) ABP rectangular wave modulated
envelope, b) vMCA wave modulated envelope, ¢) comparison between ABP and vVMCA
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411. Noradrenaline induced wave index Mx2

During CPB surgery, noradrenaline waves are used to elevate ABP. After
filtering signal with third order Butterworth filter of 6.7 mHz cut-off frequency, the
noradrenaline waves were decomposed by filtering out pump vibrations and
rectangular components. The duration of noradrenaline induced waves is typically 2—
5 minutes. It is controlled by heart and lung machine operator who decides to inject a
dose of noradrenaline. It was noticed that after reaching certain ABP value, the FV
starts to saturate, and instead of sharp wave, the wave becomes dull, which could be
associated with upper limit of CA. It was noticed that when ABP reaches a certain
value, the FV starts to increase. This could be associated with lower limit of CA (Fig.
4.19). However, all surgeries are different, and some require frequent noradrenaline
injections, while others require just a few, and in such case, the ABP is in a small
variability range. Mx2 is calculated from noradrenaline slow waves of ABP and FV
signals with a moving 30 s Pearson correlation window (15). The delay of Mx2
consists of lowpass filter delay and 150 s of moving correlation coefficient delay,
which in total is 180 s delay.

Mx2 = r{ABPnsw, FVnsw}; (15)

where Mx2 — noradrenaline induced wave index, ABPnsw (t) — arterial blood
pressure noradrenaline induced waves, FVnsw — flow velocity of noradrenaline
induced wave.
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Fig. 4.19. Noradrenaline induced waves; a) red color is ABP signal, blue color is vYMCA,;
when ABP exceeds 110 mmHg, vMCA wave is sharp, in other cases, it is rounded, b) Mx2
calculation according to induced noradrenaline waves
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4.12. Comparison of new derived envelope-based signals

The envelope amplitude modulated rectangular waves and pump waves are
different as well as cerebral blood flow response to the generated changes. The
rectangular wave amplitude is less noisy and has more dynamic changes due to the
transient responses. However, the pump induced waves are more affected by
noradrenaline injections than rectangular wave modulation. It is yet unknown what
information both indexes carry, because both signals come from the same source of
heart and lung machine, but they show different vascular and cerebrovascular
changes. This raises new scientific question about the understanding of cerebral
autoregulation during cardiac bypass surgery.

After comparing filtered ABP, pump amplitude modulated envelope, and
rectangular modulated envelope waves, it was noticed that they differ in shape. The
pump modulated ABP waves are similar to noradrenaline modulated waves. The
rectangular modulated waves have sharper peak and slow descending front. Due to
low dynamics, noradrenaline wave analysis was not included for comparison (Fig.
4.20).
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Fig. 4.20. Comparison of 3 ABP signals during cardiac bypass surgery with pump-on: a)
filtered ABP signal, b) pump induced ABP envelope waves, ¢) rectangular modulated
envelope waves

The rectangular modulated ABP waves have most spectra components
compared to ABP and pump modulated waves. It is because of the sharp peak created
by noradrenaline waves. The ABP pump modulated waves have similar spectra
components compared to ABP; however, ABP modulated waves have more energy at
0.016 Hz where is the rectangular modulation (Fig. 4.21).
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Fig. 4.21. Comparison of three different ABP slow wave spectrum components using FFT

transformation

After comparing filtered vVMCA, pump amplitude modulated envelope, and
rectangular modulated envelope waves, it has been noticed that they differ in shape.
The pump modulated vMCA waves show less affect to the injected noradrenaline and
show symmetrical slow waves. The rectangular modulated waves have sharper peak

and plateau phase (Fig. 4.22).
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Fig. 4.22. Comparison of 3 vMCA signals during cardiac bypass surgery with pump-on: a)
filtered ABP signal, b) pump induced ABP envelope waves, ¢) rectangular modulated

envelope waves

61



The vMCA spectral components are similar to ABP. Rectangular modulated
ABP waves have the most spectra components compared to VMCA and pump
modulated waves. It is because sharp peaks are created by the noradrenaline waves.
The ABP pump modulated waves have similar spectra components compared to
VvMCA; however, yYMCA modulated waves have the most energy at 0.016 Hz where
is the rectangular modulation and 0.005 Hz where are the noradrenaline waves. The
lowest magnitude has pump modulated waves due to small pump vibrations (Fig.

4.23).
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Fig. 4.23. Comparison of three different ABP slow wave spectrum components using FFT
transformation

Conclusions

1. The cerebral blood flow velocity signal measured in MCA requires 0.1 Hz
lowpass filtering due to the presence of additional noise caused by the artifacts
and ultrasound signal attenuation in skull bone structure.

The generated rectangular ABP waves overlap with noradrenaline induced waves
and heart pulsations and therefore, sometimes have shape distortion.

The new indexes for CA assessment were proposed and compared to the classical
TCD-based cerebral autoregulation index Mx: transient function index TFx, pump
vibration envelope modulated index Ex, rectangular wave modulated envelope
reactivity index Ex2, and noradrenaline wave induced reactivity index Mx2.

The envelope signals that derived from rectangular waves and pump vibration
waves have distinguishing properties. The envelope signals that derived from
rectangular waves have higher spectrum components due to the sharp peaks and
plateau phase. The envelope signals that derived from the pump vibration waves
have more symmetrical oscillations.
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5. RESULTS

5.1. TFX

The patients in both groups experienced CA impairment episodes. The
association of the longest cerebral autoregulation impairment event between no
deterioration and POCD patients has been found (p = 0.047). The median LCAI value
for no deterioration group is 14.75 minutes, and for POCD group, it is 20.98 min. (Fig.
5.1).
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Fig. 5.1. Association between the duration of single longest cerebral autoregulation
impairment (LCAI) event and POCD for two groups of patients using CA status
identification index TF; there is no statistically significant difference (p = 0.047) between
two groups

The LCAI event happened in MABP range from 55 mmHg to 85 mmHg. Due
to very long LCAI episode because of averaging, there are no clear cases of
hypoperfusion or hypoperfusion causing POCD. The longest CA impairment varies
up to 60 minutes (Fig. 5.2).
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Fig. 5.2. The distribution of mean ABP during LCAI event with CA identification index
TFx; green color shows cases of no deterioration, and red color shows cases of POCD

5.2. Mx

Patients in both groups experienced CA impairment episodes. The association
of the longest cerebral autoregulation impairment event between no deterioration and
POCD patients has not been found (p = 0.084). The median LCAI value for no
deterioration group is 8.67 minutes, and for POCD group, it is 9.20 min. Such result
can be caused due to the low sensitivity of Mx signal, because lower frequency
components of noradrenaline waves are covering CA status information (Fig. 5.3).
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Fig. 5.3. Association between duration of single longest cerebral autoregulation impairment
event and POCD for two groups of patients using CA status identification index Mx; no
statistically significant difference (Mann-Whitney U test, p = 0.84) between the two groups
has been found

The LCAI event happened in MABP range from 50 mmHg to 100 mmHg. There
are no clear cases of hypoperfusion or hypoperfusion causing POCD, and the longest
CA impairment varies up to 45 minutes (Fig. 5.4).
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Fig. 5.4. The distribution of mean ABP during LCAI event with CA identification index Mx;
green color shows cases of no deterioration, and red color shows cases of POCD

5.3. Ex

The patients in both groups experienced CA impairment episodes. The
association of the longest cerebral autoregulation impairment event between no
deterioration and POCD patients has not been found (p = 0.10). The median LCAI
value for no deterioration group is 2.28 minutes, and for POCD group, it is 4.32 min.
The threshold separating 2 groups was found 160 s (Fig. 5.5).
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Fig. 5.5. Association between duration of single longest cerebral autoregulation impairment
event and POCD for two groups of patients using CA status identification index Ex; no
statistically significant difference (p = 0.10) has been found between two groups; blue line
shows the threshold separating 2 groups LCAI = 160, (5= 5.20, p = 0.022)

The LCAI event happened in ABP range from 45 mmHg to 95 mmHg. There is
1 case of POCD, which appeared below 50 mmHg of ABP that could be caused due
to the hypoperfusion, and 2 cases of POCD around 90 mmHg of ABP, which could
be caused due to the hyperperfusion. Other cases were in physiological limits and
were caused due to too long CA impairment (Fig. 5.6).
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Fig. 5.6. The distribution of mean ABP during LCAI event with CA identification index EX;
green color shows cases of no deterioration, and red color shows cases of POCD

5.4. Ex2

The patients in both groups experienced CA impairment episodes. The
association of the longest cerebral autoregulation impairment event between no
deterioration and POCD patients was found (p = 0.015). The median LCAI value for
no deterioration group is 3.75 minutes, and for POCD group, it is 4.33 min. Cerebral
autoregulation impairment that is longer than 220 s is associated with POCD. This
result is as well close to the previous study, and LCAI based on Ex index shows that
LCAI that is longer than 220 s (y* = 11.54, p = 0.001) is associated to POCD (Fig.
5.7).
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Fig. 5.7. Association between the duration of single longest cerebral autoregulation
impairment event and POCD for two groups of patients using CA status identification index
Ex2; there is a statistically significant difference (p = 0.015) between two groups; blue line
shows the threshold separating 2 groups LCAI = 220's, (x® = 11.54, p = 0.001)

The LCAI event happened in MABP range of 45-120 mmHg. There are no clear
cases of POCD due to the hypoperfusion or hyperperfusion. However, it could be seen
that the longest CA impairment event that is longer than 4 minutes is associated with
POCD independently from the MABP during CA impairment event (Fig. 5.8).
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Fig. 5.8. The distribution of mean ABP during LCAI event with CA identification
index Ex2; green color shows cases of no deterioration, and red color shows cases of
POCD

5.5. Mx2

The patients in both groups experienced CA impairment episodes. The
association of the longest cerebral autoregulation impairment event between no
deterioration and POCD patients has not been found (p = 0.015). The median LCAI
value for no deterioration group is 8.74 minutes, and for POCD group, it is 6.64 min
(Fig, 5.9).
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Fig. 5.9. Association between duration of single longest cerebral autoregulation impairment
event and POCD for two groups of patients using CA status identification index Mx;
statistically not significant difference (Mann—-Whitney U test, p = 0.12) between two groups

The LCAI event happened in ABP range from 55 mmHg to 85 mmHg. There
are no clear cases of PCOD due to the hypoperfusion or hyperperfusion. It could be
concluded that CA identification Mx2 index using noradrenaline waves is not
sensitive enough for this study due to too low variability (Fig. 5.10).
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Fig. 5.10. The distribution of mean ABP during LCAI event with CA identification index
Mx2; green color shows cases of no deterioration, and red color shows cases of POCD

Conclusions

Different CA status estimation indexes showed different results of single longest
CA impairment event duration. Correlation based method Mx shows mostly impaired
CA during cardiac bypass surgery, which did not show statistically significant
differences between POCD and non-POCD patients’ groups. New derived indexes,
such as TFx based on CA system transient responses, Ex based on envelope
calculation from high frequency pump vibrations, or Ex2 based on envelope
calculation from generated rectangular waves, are more sensitive for the analysis of
cerebral autoregulation and used as biomarkers related with the clinical outcome of
cardiac surgery patients.

The longest CA status delay has Mx2 index of 180 s, which is too long for CA
due to filtering rectangular wave modulation. The shortest delay of 15 seconds has
TFx index, and suboptimal delay of 60-130 s has Ex and Ex2 indexes.
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Table 6.1. Comparison of durations of the longest CA impairment episodes

Parameter Mx Ex Ex2 Mx2 TFx

Mean LCAI, | 682 183 251 581 1,000
S

LCAI Not found 160 220 Not found Not found
threshold
separating
POCD and
non-POCD
groups, s

Mean sum | 4,531 2,402 3,475 4,259 3,275
time of CA
impairment

Delay, s 40 60.5 130 180 10

Discussion

During cardiac bypass surgery, an innovative electronic device was used to
estimate the CA status for the first time. Moreover, pump and rectangular envelope
induced wave analysis was analyzed for the first-time. The uncertainty of results is
affected by the psychiatric test validation, lack of ability to generate stable and
rectangular shape wave sequence, and lost resolution of too long pulse duration. Close
to real-time transient function response and correlation-based indexes show both
impaired and intact CA. However, it is unknown how much CA monitoring method
of longest cerebral autoregulation impairment is contributing to the patient’s outcome,
because association is not equal to causation and due to biased, caused by patient’s
age and years of education.

Further research should be continued by applying more factors, such as
magnetic resonance imagining for scanning strokes after surgery, brain oxygenation
monitoring, chemical biomarkers of blood. Moreover, it could be applied to different
psychological tests for the estimation of POCD.

Limitations

1. In certain cases, the heart and lung machine generates irregularly shaped
rectangular pulses. These anomalies disrupt the vMCA(t) pulsation shape. This
issue could potentially be resolved by stabilizing the pulse amplitude and reducing
its duration.

2. The length of the 30-second pulse is excessive, resulting in a loss of temporal
resolution and introducing aliasing between noradrenaline-induced waves.
Shortening the pulse to a range of 10 to 15 seconds could alleviate these problems
because CA restoration time is around 7-10 seconds.

3. The amplitude of the rectangular wave fluctuates due to the noradrenaline
injections. In order to get precise transient function analysis, a stable amplitude of
ABP(t) rectangular pulses is needed. The amplitude value of such pulses has to
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be much lesser than the mean ABP value in order to reduce non-linear CA system
to linear system.

Transcranial Doppler signal, due to some patients’ bone structure, cannot be
reliably recorded. The presence of noise in the low MCA blood flow velocity
signals makes the interpreting of CA status challenging.

Post-surgery, CA monitoring was not conducted in the intensive care unit,
potentially impacting patient outcomes. Consideration could be given to
monitoring CA both before and after the surgery.

Patient outcomes were influenced by factors, such as age and years of education,
stenosis of cerebral vessels, etc. introducing bias. Utilizing unbiased tests could
minimize this bias.

Time period of pre and post patient’s general anesthesia before the start of
multimodal monitoring is excluded from this study and from absolute majority of
already published CPB prospective studies. It has been found only in one paper
from 2004, which is related to the ABP(t) analysis before beginning of CPB
patient monitoring. According to the experiences, a lot of fast mean ABP changes
within the interval from 180 mmHg to 20 mmHg. Such changes can cause cerebral
hyperemia or hypoemia. The associations of such ABP(t) dynamics before the
beginning of multimodal CPB monitoring with POCD and delirium will be the
next step in the analysis of prospectively collected data base of 195 CPB patients
in Kaunas and Vilnius.



GENERAL CONCLUSIONS

1. The literature review showed that there are no existing technologies allowing to
detect CA impairment within needed time interval below one minute and implement
neuroprotection before critical damage of brain cognitive functions’ due to
hypoperfusion or hyperperfusion events during CPB.

2. A close to real-time CA impairment identification technology has been proposed
and clinically validated to identify the beginning of CA impairment. The developed
technology generates a rectangular blood flow of heart and lung machine with needed
modulation period. The proposed method of generation of rectangular blood flow and,
as a consequence, rectangular pulses of arterial blood pressure allow to assess CA
status with 30 sec or better temporal resolution by continuous monitoring of transient
CA system responses to rectangular arterial blood pressure falling and rising fronts.
3. A new derived CA status identification indexes were proposed: pump vibration
modulated wave index (EX), rectangular wave modulated index (Ex2), noradrenaline
induced waves Mx2, and transient function index (TFx). The reliable threshold
separating intact and impaired CA status was identified for newly proposed TFx
index, which is based on the real-time analysis of CBFV transient responses to rising
and falling fronts of rectangular ABP pulses. Critical TFx value above 0.7 was found
as a threshold associated with impaired CA status; therefore, it can be used as an
indicator for detecting beginning moments of CA impairment events.

4. The identified factors that influence patient outcomes after cardiac surgery with
POCD were age (p = 0.175) and years of education (p = 0.029). However, the duration
of the longest cerebral autoregulation impairment event, as determined by the
proposed CA indexes Ex2 and TFx, was found statistically significantly associated
with POCD (p = 0.015 for Ex2 and by p = 0.047 for TFx). This underscores the
conclusion that the duration of the single longest cerebral autoregulation impairment
event holds the strongest association with patients’ clinical outcomes.

Confirmation of the hypotheses

It is possible to identify in close to real-time CA status by generating rectangular
sequence waves. It has been observed that newly derived CA indexes based on transfer
function analysis (TFx) and envelope calculation form ABP and CBFV signals (Ex2)
after rectangular sequence waves generation could be used as a biomarker associated
with the outcome of cardiac surgery patients.
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6. SANTRAUKA

Darbo svarba

Viena i§ didziausiy pasaulio sveikatos problemy yra Sirdies arterijy ligos.
Kiekvienais metais pasaulyje dél Sios problemos yra prarandama mazdaug 7 milijonai
zmoniy ir 129 milijonai Zmoniy negali tgsti savo jprasto gyvenimo [1]. Norint iSvengti
tokiy padariniy yra naudojama Sirdies ir plau¢iy Suntavimo (SPS) operacija, Kuri
atlickama ] koronarines arterijas prijungiant Suntg, siekiant atkurti ankstesng
kraujotakos kraujagysliy buikle. 2020 m. duomenimis, Europos Sajungoje buvo atlikta
139 000 tokiy operacijy, o Lietuvoje §io tipo operacijos atlickamos 39,6 Simtui
tikstanéiy gyventojy [2]. Dél tokio tendencijos SPS operacijy skaiéius ateityje augs.

Po SPS operacijos apie 50 % pacienty patiria neurokognityvines disfunkcijas,
tokias kaip pooperacinis delyras, pooperaciné kognityviné disfunkcija (angl. Post
opperative cognotive deterioration, POCD) ar insultas [3]. POCD yra biklé, kai yra
pazeidziamas pazinimas, sgmoné, démesys ir suvokimas, lyginant su bikle prie$
operacija. Be neurokognityviniy disfunkcijy, kaip komplikacijos gali jvykti timinis
inksty pazeidimas ar priesirdziy virp¢jimas [4]. Chirurgija naudojant Sirdies ir plauciy
masing yra saugesné, nes kraujo tekéjimg valdo masinos operatorius, taciau néra
moksliniy jrodymy, kad operacija be Sirdies ir plau¢iy masSinos sukelia maziau
pooperaciniy kognityviniy komplikacijy atvejy [5].

Galima smegeny pazeidimo prieZastis yra ta, kad vietoj nattralios kraujotakos
dirbtiné kraujo apytaka (DKA), valdoma Sirdies ir plauciy masina, ne visada leidzia
palaikyti adekvaty arterinj kraujosptdj (AKS). Smegeny kraujotakos autoreguliacija
yra smegeny funkcija, uztikrinanti pastovig smegeny lasteliy mityba maistinémis
medziagomis ir deguonimi. Si funkcija leidzia palaikyti nuolatinj pastovy smegeny
kraujo tekéjimg dideliame arterinio kraujo spaudimo (AKS) diapazone. Si funkcija
sutrikdoma, jei AKS yra uz autoreguliacijos zonos riby. SKAR yra kontroliuojama
vazokonstrikcija ir vazodilatacija. Dél autoreguliacinio mechanizmo yra palaikomas
pastovus smegeny kraujo tekéjimas 50ml/100g/min besikei¢ianiam smegeny
perfuzijos slégiui.

Medicininéje literatiiroje statine smegeny kraujotakos autoreguliacija yra
vadinamas procesas, kuris stabilizuoja smegeny kraujo tekéjimas tam tikrose
fiziologinése smegeny perfuzijos slégio ribose [6]. Pagal sistemy kontrolés teorija,
stabilizacija reiSkia neigiamg griztamajj rySj per aktyvy dinaminj procesa, dél to
statiné smegeny kraujotakos autoreguliacija yra nejmanoma. Labiau tinkamas
terminas létiems autoreguliaciniams procesams apibiidinti yra kvazistatiné. Veikianti
kvazistatiné autoreguliacija gali biiti jvertinta jvairiais biidais. Vienas i§ papras¢iausiy
budy jvertinti smegeny kraujotakos biikle yra faziy matavimas tarp léty IKS(t) ir
AKS(t) bangy.

TeoriSkai, jei fazés skirtumas tarp Siy bangy artimas 180°, tai rodo, kad
autoreguliacija yra sveika ir aktyvi, nes AKS(t) padid¢jimas sukelia arteriniy
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kraujagysliy (jskaitant arterioles) susitraukima, kad sumazinty smegeny kraujo tarj ir
padaryty smegeny kraujo tekéjima stabily. PrieSingu atveju AKS(t) sumazéjimas
sukelia arterioliy iSplétima, kad padidinty smegeny kraujo ttrj ir stabilizuoty smegeny
kraujo tekéjima. Jei AKS(t) ir IKS(t) 1étosios bangos yra sinfaziSkos, tai laikoma
sutrikusia SKAR [7].

Miisy ankstesniame klinikiniame tyrime dirbtinés Iétosios bangos su fiksuotu
periodu buvo generuojamos naudojant Sirdies ir plau¢iy masing kardiochirurginés
operacijos metu. Smegeny kraujotaka buvo stebima neinvaziniu ultragarsinio
sklidimo laiko ,,Vittamed* prietaisu jvertinant SKAR biikle. Rezultatai parodé, kad
ilgiausias smegeny kraujotakos sutrikimas, kurio trukmé daugiau nei 5 minutés,
asocijuojasi su POCD [8]. Nepriklausomy Klinikiniy tyrimy Danijoje metu atliekant
SPS operacijas esant auk$tam vidutiniam AKS (70-80 mmHg) ir Zemam vidutiniam
AKS (40-50 mmHg), nenustatyta jokios reik§mingos sgsajos tarp nesutrikusios ir
POCD grupiy (p =0,12) [9]. Tai gali buti jrodymas, kad individualus smegeny kraujo
tekéjimo autoreguliacijos paZeidimo jvykis yra svarbesnis faktorius, palyginti su
vidutiniu AKS chirurgijos metu.

Nustatyti optimalias AKS ar SPS vertes pacientams, patyrusiems sunkia
galvos traumg intensyvios terapijos metu, klinikinéje praktikoje reikia minudiy ar
valandy vidurkinti stebésenos duomenis norint nustatyti reikiamg SKAR sutrikimo
AKS/SPS verte per 24 minutes sunkig galvos traumg patyrusiems pacientams, kai
egzistuoja fiziologinés létos bangos [10]. Taciau statiné SKAR jvertinimo problema
ta, kad reikalaujamas vidurkinimas uzdelsia gydymo sprendimo priémima.

Greitas SKAR jvertinimo metodas yra pereinamyjy SKAR sistemos funkcijy
matavimas. SKAR yra netiesiné sistema. Norint jvertinti SKAR bukle pagal
pereinamuosius procesus, reikia sistemg padaryti tiesing. Tam reikia (AAKS Zingsnis
SKAR sistemos jéjimas. Tokj AKS zingsnj galima sukelti naudojant tokj metoda, kaip
Slauny manzetés atleidimas, kaklo arteriniy kraujagysliy suspaudimas arba prittipimo
pratimas. Medicinos literatiiroje tai yra vadinama dinamine smegeny kraujotakos
autoreguliacija [11],[12]. Naudojant AKS zingsnio poveikj, normalus pereinamosios
reakcijos laikas trunka apie 7-12 sekundziy ir, esant smegeny autoreguliacijos
pazeidimui, smegeny kraujotaka seka AKS(t) sekg [13].

Dabartinéje pasaulinéje rinkoje $iuo metu néra jrangos, kuri leisty nustatyti
optimalig AKS (arba SPS) verte greiciau nei per 5-20 minuciy. Misy idéja yra buvo
sugeneruoti sta¢iakampio formos kraujo srauto bangas naudojant Sirdies ir plauciy
masing (vienos minutés arba mazesnio periodo) nenutrikstamai pereinamyjy SKAR
funkcijy stebésenai. Toks Sirdies ir plau¢iy masinos modelis yra naujas ir nieckada
kliniskai netestuotas. Esantys Sirdies ir plauCiy maSinos rezimai yra pastovaus
tekéjimo ir pulsinis, kuriS imituoja Sirdies ritma. Vis délto pulsinio rezimo negalima
naudoti SKAR busenai stebéti, nes pulsai yra trumpesni nei veikianc¢ios SKAR
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nusistovéjimo laikas [28]. Masy perspektyvusis klinikinis tyrimas buvo atliktas
kliniskai validuoti miisy pasidlytam S$irdies ir plaué¢iy masinos rezimui, siekiant
jvertinti pridéting vertg stebint realaus laiko SKAR pereinamasias funkcijas ir vystyti
technologija ir metodologija smegeny apsaugai nuo pazeidimo kardiochirurginés
operacijos metu.

Mokslinés-technologinés problemos ir tyrimo hipotezé

Mokslinés-technologinés problemos:

1. kokiais budais ir kokiomis priemonémis galima neinvaziniu biidu stebéti
smegeny kraujotakos autoreguliacija realiu laiku apsaugant Zmogaus
smegenis nuo iSeminiy ir hipereminiy insulty?

2. ar jmanoma nustatyti smegeny kraujotakos autoreguliacija ir atkurti
nepazeista smegeny kraujotakos autoreguliacija prie§ jvykstant smegeny
neurony mirciai?

Tyrimo hipotezés: diagnozuoti sutrikusia smegeny kraujotakos autoreguliacijos
biiseng jmanoma naudojant smegeny kraujotakos autoreguliacinius pereinamuosius
atsakus ] DKA masSinos suformuotus staciakampio formos kraujo srauto signalus.
Imanoma apsaugoti individualaus paciento smegenis nuo funkciniy pazeidimy per
Sirdies Suntavimo operacijg, jvertinant SKAR biisenos sutrikimo pradzig su
subminutine laiko skyra ir naudojant griztamajj rysj su anesteziologijos ir chirurgijos
komanda siekiant atkurti veikianc¢iag SKAR prie§ negriztamus neurony pazeidimus.

Tyrimo tikslas ir uzdaviniai

Atsizvelgiant | precizinés ir individualizuotos medicinos koncepcija, $io
tyrimo tikslas yra pasitlyti neinvazing technologija, leidziancig identifikuoti
kraujotakos iSeminiy arba hipereminiy smegeny kraujotakos sutrikimy epizodus ir
atkurti optimalia smegeny perfuzija individualiam pacientui pries jvykstant
negriztamiems neurony pazeidimams.

Sie uzdaviniai yra suformuluoti siekiant pasiekti tyrimo tiksla:

1. I8analizuoti ir perzitiréti esamg literatiirg apie smegeny kraujotakos autoreguliacija
ir jos jvertinimo metodus.

2. Pasitilyti elektroning technologija, galin¢ig pastoviai moduliuoti kraujo srauta, kuris
galéty jvertinti smegeny kraujotakos autoreguliacijos biikle su reikiama laikine skyra.

3. Identifikuoti laikinius faktorius, leidzian¢ius nustatyti SKAR sutrikimo epizodus
naudojant pasiiilyta arterinio kraujo srauto moduliacijos technologija.
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4. Isanalizuoti asociacijas su paciento klinikine baigtimi naudojant pasitlytus SKAR
buisenos jvertinimo faktorius (indeksus) bei Kitus darancius jtaka faktorius.

Mokslinis naujumas

Pirma kartg buvo pasitlytas ir iSbandytas stac¢iakampio formos bangos kraujo
srauto generavimo metodas, kuris buvo jdiegtas j Sirdies ir plauc¢iy masing
kardiochirurgijos metu. Sugeneruota seka yra stebima transkranijinio Doplerio
ultragarsinés technologijos prietaisu (,,Viasonix Dolphin 4D, Raana, Izraelis) stebint
vidurinés smegeny arterijos greiiy reakcijas j arterinio kraujo slégio (AKS)
sugeneruota pokytj. Jei smegeny kraujo srauto greitis viduringje smegeny arterijoje
sugrjzta j vidutinj greiCio verte, tai laikoma nepaZeista smegeny kraujotakos
autoreguliacijos (SKAR) biisena. Jei smegeny kraujo srauto greitis vidurinéje
smegeny arterijoje seka ABP poveikj, tai laikoma pazeista SKAR biisena. Pirma kartg
buvo parodyta, kad pasiilytas staciakampio formos generavimo metodas leidzia
jvertinti SKAR sutrikimo epizodus su norimu vélavimu. Sis vélavimas yra maZesnis
nei kritinis laikas, siejamas su POCD kardiochirurginés operacijos metu, ir gali bti
idiegtas realaus laiko neuroprotekcijai.

Buvo pasiiilyti nauji SKAR biiklés jvertinimo indeksai: pompos vibracijy
gaubtinés indeksas (EX), sta¢iakampiy bangy moduliuotos gaubtinés indeksas (Ex2) ir
noradrenalino sukelty bangy indeksas (Mx2). Sie indeksai yra nagrinéjami pirma
karta.

Tyrimo metodai ir jrankiai

Sirdies ir plau¢iy masiny pacientai buvo stebimi naudojant ,,Viasonix 4D
transkranialinés Doplerio stebésenos technologija Lietuvos sveikatos moksly
universiteto Kauno klinikose. Perspektyviojo tyrimo protokolas buvo patvirtintas
Kauno regioninio bioetikos komiteto (Leidimas Nr .: BE-2-64, 2021-06-08). Pacienty
raSytinis sutikimas buvo gautas vadovaujantis Helsinkio deklaracija (BMJ 1991;
302:1194). Pasitlytosios metodikos ir technologijos atlikto klinikinio tyrimo
registracijos numeris ClinicalTrials.gov Identifikatorius: NCT04943458.

Neuromonitoringo programiné jranga ICM+ (Kembridzas, DidZioji Britanija)
buvo naudojama duomenims rinkti.

Prietaisas, skirtas arterinio kraujospiidzio staciakampio bangos sekali
generuoti, buvo sukurtas, Kauno technologijos universitete, Sveikatos telematikos
mokslo institute.

Duomenims apdoroti ir statistinei duomeny analizei naudota ,,MATLAB
2016 programiné jranga.
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Rezultaty sklaida

Pasiekti rezultatai buvo publikuoti dviejuose Q1 Zurnaluose, viename Q2
zurnale, pristatyti 6 tarptautinése konferencijose (i$ jy 2 pelné apdovanojimus) ir
pateiktos ES ir JAV patentinés paraiskos.

Disertacijos struktiira

Si disertacija susideda i§ jvado, penkiy skyriy, i§vados, literatiiros Saltiniy
saraso, moksliniy publikacijy sgraSo, konferencijy saraso ir patenty saraso.

Pirmajame skyriuje disertacijoje apraSomas smegeny kraujotakos
autoreguliacijos mechanizmas, skiriant jj i stating ir dinamine smegeny kraujotakos
autoreguliacijg.

Antrajame skyriuje apraSomos jvairios neuroprotekcijos ir smegeny
kraujotakos autoreguliacijos stebésenos technologijos, optimalios smegeny perfuzijos

Trec¢iajame skyriuje apraSomas arterinio kraujo srauto bangy generavimas
naudojant Sirdies ir plau¢iy masing.

Ketvirtame skyriuje pateikiama tyrimo medZiaga, aprasomas signaly
apdorojimas ir i$Stkiai bei smegeny kraujotakos autoreguliacijos jvertinimo
metodika.

Penktame skyriuje yra apraSomi gauti tyrimo rezultatai.

Disertacija sudaryta i§ 117 puslapiy, 56 paveiksly, 5 lenteliy ir 77 literatiiros
Saltiniy.

Moksliniy tyrimy finansavimas

Projektas finansuojamas Europos regioninio plétros fondo. Sutarties Nr.
01.2.2-CPVA-K-703-03-0025 ,,Inovatyvi neinvaziné neuroprotekcijos technologija
Sirdies chirurgijai, neurochirurgijai ir oftalmologijai.

Ginti pristatomi teiginiai

1. Buvo sukurtas sta¢iakampio formos bangos kraujo srauto moduliavimo elektroninis
prietaisas, kuris geba generuoti fiziologines staCiakampio formos arterinio kraujo
spaudimo bangas SKAR biisenai jvertinti.

2. Pasiiilytas sta¢iakampio bangos manipuliacijos kraujo srauto moduliavimo metodas
leidzia jvertinti SKAR biiseng ir nustatyti SKAR pazeidimo jvykius su 1-2 minuciy
vélavimu.
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3. Ilgiausias SKAR sutrikimo epizodas yra susijes POCD pagal naujai pasitlytg
sta¢iakampio kraujo srauto moduliacijos metodologija Sirdies Suntavimo operacijos
metu.

4. Pirma karta pastebéta sgsaja tarp kraujo tékmeés ir kraujagysliy pasiprieSinimo
poveikio staciakampio formos kraujo srauto bangy sekai bei auksto daznio pompos
vibracijy, kurios moduliuoja létyjy bangy osciliacijas.
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6.1. SMEGENU KRAUJOTAKOS AUTOREGULIACIJOS KONCEPSIJA

Monro-Kelly doktrina teigia, kad galvos kaukolés taris yra pastovus ir yra
sudarytas i$ kraujo, smegeny ir likvoro. Vienos komponentés tiirio pokyciai sukelia
kity komponenciy ttirio poky¢ius, kad biity palaikomas pastovus taris [14]. 1959 m.
Nielas Lassenas iliustravo rysj tarp smegeny kraujo tekmés (SKT) ir smegeny
perfuzijos spaudimo (SPS) [15]. Smegeny perfuzijos spaudimas yra skirtumas tarp
vidutinio arterinio spaudimo (AKS) ir vidutinio intrakranijinio spaudimo (IKS) (1):

SPS = AKS — IKS (6.1)

Laseno kreivé (6.1.1 pav) turi diapazona, kur smegeny kraujo tekéjimas yra
pastovus, ir tai priklauso nuo individualaus paciento smegeny perfuzijos [6]. Ypatingi
taSkai LLCA — rodo apating SKAR ribg ir ULCA rodo virSuting SKAR ribg. Tarp iy
tasky smegeny kraujo tekéjimas islieka beveik pastovus dél galimybés valdyti
arteriniy kraujagysliy diametrg. Galvos smegeny trauma patyrusiems pacientams,
sutrikus SKAR, galima pastebéti tiesine priklausomybe (néra plokStumos) smegeny
kraujo tekéjimui kintant SPS. Taip pat individualiam pacientui plok§tumos zona gali
biiti susiauréjusi, pasikélusi ar nusileidusi, taip pat paslinkusi j kaire arba deSine puse,
palyginti su teorine Laseno kreive [77].

. ‘ ‘ '.'..oooooo

N

PbtO,(mmHg)

100 ULCA 150
CPP(mmHg)

% 5  LLCA
..... ' @ O 20 ccocee

6.1.1 pav. Teoriné (Zalia linija) ir eksperimentiné (raudona linija) Laseno kreivé. Zali
skirtuliai rodo teorines reakcijas j hidrodinaminius varzos pokyc¢ius smegeny kraujagyslése
kintant SPS. Raudoni skrituliai rodo reakcijas j kintan¢ias hidrodinamines varzas kintant SPS
ankstesnio perspektyviojo tyrimo su 77 sunkia galvos trauma patyrusiais pacientais metu
(pritaikyta i3 [17]). Cia PbtO2 — smegeny audinio deguonies jtempis, kuris yra tiesiogiai
susijes su smegeny kraujo tekéjimu, LLCA — apatiné SKAR riba, ULCA — virSutiné SKAR
riba
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6.2. SIRDIES IR PLAUCIU MASINOS REZIMAI

1953 m. pirma karta sékmingai buvo atlikta Sirdies operacija naudojant Sirdies ir
plau¢iy masina, ja atliko dr. Gibonas astuoniolikos mety moteriai [69]. Per Sirdies
Suntavimo operacija bitina sustabdyti Sirdj, kad chirurgai galéty atlikti operacijg. Kol
Sirdis negali aprupinti kraujo tékmés, yra naudojama Sirdies ir plau¢iy masina dirbtinai
gaminti deguonies prisotinta krauja zmogaus organizmui. Siuo metu pasaulyje yra 25
tokio tipo aparato gamintojai, ir prognozuojama, kad rinka iki 20222027 m. isaugs
195,04 mIn. JAV doleriy [70]. Siame tyrime buvo naudojama ,,Stocker S5 Sirdies ir
plauciy masina, turinti pulsacinj rezimg (6.2.1 pav.). Toks aparatas generuoja 3—
3,5 Hz daZnio vibracijas nuolatinés kraujo tékmés rezimui palaikyti. Operacijos metu
yra galimybé naudoti 4 darbo rezimus: nuolatinés tékmés rezimg, pulsacinj rezima,
kuris imituoja Sirdies pulsacija, ir prof. Armino Ragausko anks¢iau apraSytg sinusinés
tekmés rezimg [8] bei nauja staciakampio tékmés rezimg. Tokias manipuliacijas
galima pasiekti keiCiant artering kraujo tékme Sirdies ir plauciy aparatu.

6.2.1 pav. Stocker S5 Sirdies ir plau¢iy masina (pritaikyta i§ [71])

Staciakampio tékmés rezimas sukurtas Kauno technologijos univeristete,
Sveikatos telematikos mokslo institute. Norint sukurti sta¢iakampio rezima, jis yra
suprogramuojamas staigiu kraujo tékmés poky¢iu £10 % nuo perfuzionisto nustatyto
srauto. Kylancio ir krintan¢io fronto trukmé yra 1 sekundé. Pasibaigus nustatytam
laikui, arterin¢ kraujo tekme vel kei¢iama +10 % iki ankstesnés reikSmés, tokiu biidu
generuojant statiakampe seka (6.2.2 pav. ir 6.2.3 pav.).
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6.2.2 pav. Sta¢iakampio formos seka, sugeneruota naudojant Sirdies ir plauc¢iy masing: a)
AKS staciakampio formos bangos, b) pereinamyjy vMCA bangy atsakai j AKS poky¢ius,
kurie yra siejami su veikian¢ia SKAR
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6.2.3 pav. Staciakampio formos seka, sugeneruota naudojant Sirdies ir plauc¢iy masina: a)
AKS staciakampio formos bangos, b) pereinamyjy vMCA bangy atsakai j AKS pokyc¢ius,
kurie yra siejami su sutrikusia SKAR.

Sis jrenginys turi JAV (patentinés paraiskos numeris 17/683,943) ir ES
(patentinés paraiskos numeris EP22160563) patentines paraiskas. Prietaisas lengvai
pritvirtinamas prie Stockert S5 Sirdies ir plauciy aparato be integracijos j patj
jrenginj. [renginyje yra 2 mygtukai, skirti pagrindinei kraujo tékmei nustatyti bei
nustatyti +10 % nuo pagrindinés kraujo tékmes. Pasirinktomis reikSmémis nustatytoje
programoje jrenginys kei¢ia kraujo tékme j 10 % pokytj nuo pradinés reik§més (6.2.4
pav.).
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6.2.4 pav. Patentuojamas prietaisas moduliuoti statiakampes bangas Stocker S5 Sirdies ir
plauciy masinai, keiciant kraujo srauta
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6.3. SMEGENU KRAUJOTAKOS AUTOREGULIACIJOS IVERTINIMAS
6.3.1. Pereinamuyjy funkcijy indeksas (TFx)

Norint greitai nustatyti smegeny kraujotakos autoreguliacijos bukle yra
vertinamos pirmos 15 sekundziy fronto pradzios. Pirmy 5 arba 6 sekundziy pradzioje
SKAR pradeda atkurti ankstesnj kraujo tékmés lygj, o véliau vyksta pereinamieji
procesai. Koreliacinis koeficientas tarp AKS ir vMCA yra metodas nustatyti SKAR
bukle. Jei SKAR yra veikianti, koreliacinis koeficientas turéty biiti mazesnis nei
pazeistos (6.3.1 pav. ir 6.3.2 pav.).
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6.3.1 pav. Pereinamosios funkcijos atsakas (mélyna spalva) j krentantj AKS frontg (raudona
spalva): a) sutrikusios SKAR koreliacija tarp pokycio ir atsako yra R = 0,89, b) veikiancios
SKAR koreliacija tarp pokycio ir atsako yra R =0,16
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6.3.2 pav. Pereinamosios funkcijos (mélyna spalva) atsakas j kylantj AKS fronta (raudona
spalva): a) sutrikusios SKAR koreliacija tarp pokycio ir atsako yra R = 0,91, b) veikiancios
SKAR koreliacija tarp pokycio ir atsako yra R = 0,64
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Norint nustatyti ribg tarp pazeistos ir nepazeistos SKAR, buvo jvertintos 13
pacienty 500 skirtingy reakcijy . Siuo metu yra sunku nustatyti, kaip smegeny
kraujotakos autoreguliacija tinkamai veikia su skirtingais TFx rezultatais. Be to,
artefaktai ir triuk§mas iSkreipia reakcijy forma, kurig sunku interpretuoti. Subjektyviai
jvertinus kiekvieng TFx pavyzdj, nustatyta, kad nepazeistos SKAR vidurkis yra 0,63,
o pazeistos — 0,89. Tarp 0,63 ir 0,89 yra neapibrézties zona. Siame tyrime bus
pasirinkta riba 0,7, kuri nustato, ar SKAR yra pazeista, ar nepazeista.
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6.3.3 pav. TFx jvertinimas realiu laiku: a) AKS(t) signalas, b) vCMA(t) signalas, ¢) TFx
jvertinimas. Juoda spalva rodo ilgiausig SKAR sutrikimo epizoda

6.3.2. Vidutinés tékmés indeksas (Mx)

Vidutinés tékmés indekso (Mx) analizei AKS ir vMCA signalai buvo filtruojami
su zemo daznio 0,1 Hz pjivio daznio Batervorto filtru. Pearsono koreliacijos
koeficientas buvo skai¢iuojama 30 sekundziy lange dél impulso trukmés. Nepazeistos
SKAR slenkstis yra Mx < 0,4, o paZeistos SKAR slenkstis yra Mx > 0,4 [74].
Pagrindiné Sio metodo problema yra tai, kad jis dazniausiai rodo sutrikusig SKAR
(6.3.4 pav.). Esantys tyrimai parodé, kad vazopresoriai nesukelia SKAR pazeidimo
[75]. Mx signalo skai¢iavimo vélavimas susideda i§ 10 sekundziy zemo daznio filtro
vélavimo ir 30 sekundziy slenkancio koreliacijos koeficiento lango skai¢iavimo ir
sudaro bendra 40 sekundziy vélavima.
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6.3.4 pav. Mx koeficiento skai¢iavimas. a) AKS(t) signalas, b) vVMCA(t) signalas, ¢) Mx(t)
duomenys

6.3.3. Sirdies ir plau¢iy masinos vibracijy gaubtinés generuojamy létyjy bangy
indeksas (Ex)

Signalo skaidymo metu pastebéta, kad Sirdies ir plau¢iy masinos 3Hz
vibracijos moduliuoja létasias bangas dél kraujagysliy pasiprieSinimo AKS
manipuliacijy metu. Tai galima apibudinti kaip Omo désnj [21]. Suleistas
noradrenalinas sutraukia kraujagysles ir taip padidina AKS pompos amplitudg.
Noradrenalinas pradeda prarasti savo poveikj ir po 1-5 minuciy jis grjZta j ankstesng
AKS verte. Per §j laika kraujagyslés pradeda pléstis ir taip mazina savo amplitude.
Signalui filtruoti buvo naudojamas trecios eilés auksto daznio Batervorto filtras su 0,5
Hz pjtvio dazniu. Po to buvo taikoma signalo gaubtinés demoduliacija ir, naudojant
treCios eilés zemo daznio Batervorto filtra su 0,03 Hz pjivio dazniu, buvo
apskaiciuotas tarp AKS ir vMCA vibracijy gaubtiniy reaktyvumo indeksas (EX).
Algoritmas pateiktas 6.3.5 pav.
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6.3.5 pav. Ex indekso jvertinimo algoritmas

Sis koeficientas turi dar nezinomas savybes, nes anks¢iau jis niekada nebuvo
nagrinétas. Jis yra apskaiCiuojamas tarp léty AKS ir vMCA moduliuoty gaubtinés
bangy. Norint nustatyti diagnosting EX riba, buvo naudojamas y? testas riby reikSméms
tarp 0 ir 1. Jautriausia reikSmé buvo nustatyta kaip Ex = 0,68 (y* = 7,18, p = 0,008).
Nustatyta reikSmé bus naudojama analizei, laikant Ex < 0,68 kaip nepaZeista SKAR
ir Ex > 0,68 kaip pazeistg SKAR. Dél léty bangy ir kraujo tékmeés greicio artimiausias
indeksas yra Mx.

Siurblys sukuria 3 Hz ir 10 mmHg AKS amplitudés bangas ir 20 cm/s vMCA
bangy amplitudes. vVMCA bangy gaubtiné yra simetriska ir turi apie 30—50 sekundziy
trukmés perioda, jg galima laikyti létgja banga. Taip pat dél noradrenalino AKS
bangos frontas sparciai kyla ir leidziasi létai. AKS bangy gaubtinés amplitudé yra 1—
2 mmHg, o VMCA yra 1-2 cm/s. Tokios bangos turi daug mazesn¢ amplitude,
palyginti su dideliais AKS ir vMCA poky¢iais, skai¢iuojant Mx indeksa (6.3.6 pav.).
Ex vélavimas sudaro 0,5 sekundés auksto daznio filtro vélavima, signalo gaubtinés
demoduliacijos vélavima (nezinoma realiuoju laiku), 30 sekundziy Zemo daznio filtro
vélavimg ir 30 sekundZiy slenkancio koreliacijos koeficiento vélavima, kur i§ viso
sudaro 60,5 sekundziy vélavima.
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6.3.6 pav. DKA masinos moduliuoty bangy dekompozicija: a) pompos AKS(t) moduliuota
gaubtiné, b) vVMCA(t) pompos moduliuota gaubting, c) palyginimas tarp ABP(t) ir vMCA(t)
pompos moduliuoty gaubtiniy, d) Ex(t) duomenys

3.4 6.3.4. Sta¢iakampiy bangy gaubtinés indeksas (Ex2)

Signalo dekompozicijos metu pastebéta, kad staciakampio signalo amplitudé
kinta suleidus noradrenalino. Tai jvyksta dél noradrenalino poveikio kraujagysliy
pasipriesinimui ir kraujo srauto pokyciams paciento kiine. Tai galima prilyginti Omo
désniui. Staciakampiy bangy amplitudé didéja suleidus didesnj noradrenalino kiekj.
Po 30 sekundziy noradrenalinas pradeda prarasti savo poveikj, dél to kraujagyslés
pleciasi, o Sirdies plauc¢iy maSina mazina srautg. Tai gali lemti krintancio fronto
sumaz¢jimg iki daugiau nei 20 mmHg. Tokiu ciklu stac¢iakampio AKS amplitude
keiciasi kiekvieng karta suleidus noradrenalino (6.3.7 pav.).
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6.3.7 pav. Staciakampio formos bangos amplitudes poky¢iai suleidziant noradrenalino: a)
staciakampiy bangy seka suleidus noradrenalino, b) staciakampiy seka pasalinus Zemo
daznio komponente

Staciakampio kraujo srauto bangos amplitudé kinta netiesiSkai. Didéjant
vidutiniam AKS, amplitudés impulsas pradeda didéti. Tai gali buti priezastis, kad
noradrenalino banga néra tiesiné. Taip pat tai gali priklausyti nuo Zzmogaus svorio ir
skysciy tiirio. Impulsy amplitudziy vidurkis yra 10 mmHg + 4,2 mmHg. Koreliacija
tarp impulsy amplitudés ir vidutinio ABP yra silpna (R = 0,22). Tai rodo, kad
amplitude néra stabili ir reikalauja stabilizavimo, nes SKAR yra apibtidinama kaip
tiesiné sistema, o vidutiné 10 mmHg amplitudé yra mazesné nei fiziologinés AKS(t)
pulsinés bangos.

Sis koeficientas turi dar nezinomas savybes, panasiai kaip Ex, nes jis niekada
anksc¢iau nebuvo tirtas. Jis skai¢iuojamas tarp AKS ir vMCA staciakampio gaubtiniy
moduliuoty bangy. Sis indeksas taip pat pagrjstas létosiomis bangomis ir Doplerio
signalu, tad artimiausias indeksas yra Mx. Klasifikacija grindziama Mx, laikoma, kad
jei Ex2 > 0,6, tai rodo sutrikusia SKAR, o jei Ex < 0,6, tai rodo veikian¢ia SKAR. Sis
metodas yra jautresnis nei Mx ir turi maziau svyravimy, palyginti su siurblio sukeltu
Ex indeksu. Ex2 vélavimas susideda i$ 10 sekundziy zemo daznio filtro vélavimo, 60
sekundziy zemy daznio komponenciy pasalinimo, signalo gaubtinés demoduliacijos
vélavimo (neZinomo realiuoju metu), 30 sekundziy Zemo daznio filtro vélavimo ir 30
sekundziy slenkanc¢io koreliacijos koeficiento vélavimo. I§ viso tai sudaro 130
sekundziy vélavima (6.3.9 pav.).
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6.3.9 pav. Ex2 skaiciavimo algoritmas

Staciakampio gaubtinés amplitudé¢ kinta apie 8§ mmHg AKS ir 10 cm/s

vMCA. Tokiy bangy periodo yra nestacionarus ir svyruoja apie 200 sekundziy, nes jis
priklauso nuo noradrenalino. Tokios bangos turi astrias vir§iines dél noradrenalino
injekcijos ir 1étai besileidziancio neigiamo fronto (6.3.10 pav.).
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6.3.10 pav. Stadiakampio formos bangos gaubtinés: a) AKS(t) sta¢iakampio formos bangos
moduliuota gaubting, b) vMCA(t) staiakampio formos bangos moduliuota gaubting, c)
palyginimas tarp AKS(t) ir vMCA(t) sta¢iakampiy gaubtiniy, d) Ex2(t) reaktyvumo indeksas

6.3.5. Noradrenalino sukelty létyjy bangy indeksas (Mx2)

Per Sirdies Suntavimo operacijas AKS pakelti yra naudojamas noradrenalinas.
Filtruojant signalg trecios eilés Buttervorto filtru, kurio pjavio daznis yra 6,7 mHz,
buvo iSskirta noradrenalino banga, isfiltruojant pompos vibracijas ir statiakampio
formos komponentus. Noradrenalino sukeliamy bangy trukmé paprastai btina 2-5
minutés. Ja valdo Sirdies ir plauc¢iy masinos operatorius, kuris nusprendzia suleisti
noradrenalino dozg. Pastebéta, kad, pasiekus tam tikrg AKS reikSme, vMCA pradeda
uzsiriboti ir vietoj astraus impulso bangos ji tampa buka, kas gali biiti siejama su
SKAR virsutine riba. Taip pat pastebéta, kad kai AKS pasiekia tam tikrg reikSme, FV
pradeda didéti. Tai gali baiti siejama su SKAR apatine riba (6.3.11 pav.). Ta¢iau visos
operacijos yra skirtingos, kai kurios reikalauja dazny noradrenalino suleidimo, kitos
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reikalauja vos keliy, o tokiais atvejais AKS turi maza variabiluma. Mx2 vélinimas
sudaro zemo daznio filtro 150 sekundziy vélavima ir slenkancio koreliacijos
koeficiento vélavima, i viso bendrg 180 sekundziy vélavima.
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6.3.11 pav. Noradrenalino sukeltos bangos: a) raudona spalva yra AKS(t), mélyna vMCA(t).
Kai AKS virsija 110 mmHg, vMCA banga tampa astri. Kitais atvejais vMCA banga yra
suapvalinta, b) Mx2 skai¢iavimas i$ létyjy noradrenalino bangy
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6.4.REZULTATAI
6.4.1 TFX

Pacientai abiejose grupése patyré SKAR sutrikimus. Ilgiausio SKAR
sutrikimo epizodo trukmés asociacija tarp nepatyrusiy kognityvinio sutrikimo ir
POCD grupés yra statistiskai reikSminga (p = 0,047). Medianiné ilgiausio SKAR
sutrikimo trukmé nepatyrusiy kognityviniy sutrikimy grupéje yra 14,75 minutés,
POCD grupés medianiné verté yra 20,98 minutés (6.4.1 pav.).

TFx, p=0.047
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6.4.1. Asociacija tarp ilgiausio SKAR sutrikimo epizodo trukmés tarp POCD ir neturin¢iy
kognityvinio sutrikimo grupiy, naudojant SKAR biisenos indeksa TFX. StatistiSkai
reikSmingas skirtumas yra rastas (p = 0,047) tarp dviejy grupiy

Ilgiausias SKAR sutrikimo epizodas jvyko ties 55-85 vidutiniu AKS.. Néra
aiskiy hipoperfuzijos ar hiperperfuzijos atvejy, siejamy su POCD, nes ilgiausias
SKAR sutrikimo epizodas varijuoja iki 60 minuciy ir dél to labai susividurkina
reikSme (6.4.2 pav.).
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6.4.2 pav. Pasiskirstymas tarp vidutinio AKS ilgiausio SKAR sutrikimo epizode naudojant
SKAR biisenos identifikavimo indeksa TFx. Zalia spalva rodo atvejus, kai nebuvo
kognityvinio sutrikimo, raudona spalva rodo atvejus jvykus POCD

6.4.2 Mx

Pacientai abiejose grupése patyré SKAR sutrikimus. Ilgiausio SKAR
sutrikimo epizodo trukmés asociacija tarp nepatyrusiy kognityvinio sutrikimo ir
POCD grupés yra statistiSkai nereikSminga (p = 0,84). Medianiné ilgiausio SKAR
sutrikimo trukmé nepatyrusiy kognityviniy sutrikimy grupéje yra 8,67 minutés,
POCD grupés medianiné verté yra 9,20 minutés 6.4.3 pav.). Grupés gali persidengti
del Zzemo daznio noradrenalino komponentés, kuri suteikia mazg jautrumg MXx.
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6.4.3 pav. Asociacija tarp ilgiausio SKAR sutrikimo epizodo trukmés tarp POCD ir
neturin¢iy kognityvinio sutrikimo grupiy, naudojant SKAR biisenos indeksa Mx. StatistiSkai
reik§mingo skirtumo nerasta (p = 0,84) tarp dviejy grupiy

Tlgiausias SKAR sutrikimo epizodas jvyko ties 50-95 vidutinio AKS riba.
Néra aiskiy hipoperfuzijos ar hiperperfuzijos atvejy, siejamy su POCD, nes ilgiausias
SKAR sutrikimo epizodas varijuoja iki 60 minuciy, dél ko labai susividurkina reikSmé
(6.4.4 pav.).
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6.4.4 pav. Pasiskirstymas tarp vidutinio AKS ilgiausio SKAR sutrikimo epizode naudojant
SKAR biisenos identifikavimo indeksa TFx. Zalia spalva rodo atvejus, kai nebuvo
kognityvinio sutrikimo, raudona spalva rodo atvejus jvykus POCD

6.4.3 Ex

Pacientai abiejose grupése patyré SKAR sutrikimus. Ilgiausio SKAR
sutrikimo epizodo trukmés asociacija tarp nepatyrusiy kognityvinio sutrikimo ir
POCD grupés yra statistiskai nereik§minga (p = 0,10). Medianiné ilgiausio SKAR
sutrikimo trukmé nepatyrusiy kognityviniy sutrikimy grupéje yra 2,28 minutés,
POCD grupés medianiné verté yra 2,90 minutés. Sie rezultatai siejasi su ankstesniu
tyrimu (6.4.5 pav.). Slenkstis, skiriantis abi grupes, yra 160 sekundziy (y*= 5,20, p =
0,022).
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6.4.5 pav. Asociacija tarp ilgiausio SKAR sutrikimo epizodo trukmés tarp POCD ir
neturinéiy kognityvinio sutrikimo grupiy, naudojant SKAR biisenos indeksa EX. Statistiskai
reik§mingo skirtumo nerasta (p = 0,10) tarp dviejy grupiy. Mélyna linija yra slenkstis,
skiriantis 2 grupes, jis yra lygus 160 s (y*= 8,50, p = 0,004).

Tlgiausias SKAR sutrikimo epizodas jvyko ties 45-100 vidutinio AKS riba.
Yra vienas atvejis, kai POCD galimai jvyko dél hipoperfuzijos ties vidutiniu AKS 45
mmHg, ir 2 atvejai, kai POCD galimai jvyko ties 90 mmHg AKS dél hiperperfuzijos.
Kiti POCD atvejai gali biiti siejami su per ilgu SKAR sutrikimu (6.4.6 pav.).
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6.4.6 pav. Pasiskirstymas tarp vidutinio AKS ilgiausio SKAR sutrikimo epizode naudojant
SKAR biisenos identifikavimo indeksa Ex. Zalia spalva rodo atvejus, kai nebuvo
kognityvinio sutrikimo, raudona spalva rodo atvejus jvykus POCD

6.4.4 Ex2

Pacientai abiejose grupése patyré SKAR sutrikimus. Ilgiausio SKAR
sutrikimo epizodo trukmés asociacija tarp nepatyrusiy kognityvinio sutrikimo ir
POCD grupés yra statistikai reikSminga (p = 0,015). Medianiné ilgiausio SKAR
sutrikimo trukmé nepatyrusiy kognityviniy sutrikimy grupéje yra 3,75 minutés,
POCD grup¢je medianiné verté yra 4,33 minutés, kas yra statistiSkai reikSminga,
taciau Sie rezultatai siejasi su ankstesniu tyrimu (6.4.7 pav.). Slenkstis, skiriantis abi
grupes, yra 220 s (= 11,54, p = 0,001).
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6.4.7 pav. Asociacija tarp ilgiausio SKAR sutrikimo epizodo trukmés tarp POCD ir
neturin¢iy kognityvinio sutrikimo grupiy, naudojant SKAR biisenos identifikavimo indeksa
Ex2. Statistiskai reik§mingas skirtumas yra rastas (p = 0,015) tarp dviejy grupiy. Mélyna
linija yra slenkstis, skiriantis 2 grupes, jis yra lygus 220 s (= 11,54, p = 0,001)

Tlgiausias SKAR sutrikimo epizodas jvyko ties 45-90 vidutinio AKS riba.
Néra hipoperfuzijos ar hiperperfuzijos atvejy, siejamy su POCD. Vis délto ilgesnis
nei 4 minutés SKAR sutrikimo laikas yra siejamas su POCD, nepaisant vidutinio
arterinio kraujosptidzio SKAR sutrikimo metu (6.4.8 pav.).
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6.4.8 pav. Pasiskirstymas tarp vidutinio AKS ilgiausio SKAR sutrikimo epizode naudojant
SKAR biisenos identifikavimo indeksa Ex2. Zalia spalva rodo atvejus, kai nebuvo
kognityvinio sutrikimo, raudona spalva rodo atvejus jvykus POCD

6.4.5 Mx2

Pacientai abiejose grupése patyré SKAR sutrikimus. Ilgiausio SKAR
sutrikimo epizodo trukmés asociacija tarp nepatyrusiy kognityvinio sutrikimo ir
POCD grupés yra statistiSkai reik§minga (p = 0,12). Medianiné ilgiausio SKAR
sutrikimo trukmé nepatyrusiy kognityviniy sutrikimy grupéje yra 8,74 minutés,
POCD grupéje medianiné verté yra 6,64 minutés (6.4.9 pav.).
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6.4.9 pav. Asociacija tarp ilgiausio SKAR sutrikimo epizodo trukmés tarp POCD ir
neturin¢iy kognityvinio sutrikimo grupiy, naudojant SKAR biisenos identifikavimo indeksa
Mx2. Statistiskai reikSmingas skirtumas yra rastas (p = 0,12) tarp dviejy grupiy

Tlgiausias SKAR sutrikimo epizodas jvyko ties 55-85 vidutinio AKS riba.
Néra hipoperfuzijos ar hiperperfuzijos atvejy, siejamy su POCD. Sis indeksas yra
panasus | Mx indeksa, nes ilgiausias SKAR sutrikimas varijuoja iki 35 minuéiy. Tai
gali biiti dél mazo variabilumo, kurj pasalina zemo daznio filtras (6.4.8 pav.).
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6.4.10 pav. Pasiskirstymas tarp vidutinio AKS ilgiausio SKAR sutrikimo epizode naudojant

SKAR biisenos identifikavimo indeksa Mx2. Zalia spalva rodo atvejus, kai nebuvo
kognityvinio sutrikimo, raudona spalva rodo atvejus jvykus POCD
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BENDROSIOS ISVADOS

1. Literatiiros apzvalga parodé, kad S§iuo metu néra technologijy, leidzian¢iy nustatyti
SKAR pazeidimus per reikiamg laikg maziau nei minuté ir apsaugoti smegenis nuo
kognityviniy  sutrikimy dél hipoperfuzijos ar hiperperfuzijos epizody
kardiochirurgijos metu.

2. Artima realaus laiko technologija buvo pasiilyta ir kliniskai validuota SKAR
sutrikimo pradziai nustatyti. Sukurta technologija generuoja sta¢iakampio formos
kraujo srauto bangas naudojant §irdies ir plauciy masing su norimu periodu. Pasiiilyta
technologija, kuri generuoja arterinio kraujo srauto staciakampio formos bangas,
leidzia jvertinti SKAR sistemos biikle stebint pereinamuosius procesus j arterinio
kraujosptidzio kylancius ir krintancius frontus su 30 s ar geresne laikine skyra.

3. Buvo pasiiilyti naujai iSvesti SKAR biisenos indentifikavimo indeksai: pompos
vibracijy gaubtinés indeksas EX, staCiakampiy bangy gaubtinés indeksas Ex2 ir
noradrenalino sukelty bangy indeksas Mx2 bei pereinamyjy funkcijy indeksas TFX,
kuris yra paremtas realaus laiko analize j smegeny kraujotakos grei¢io atsaka j kylantj
ar krintantj arterinio kraujosptidzio suformuotg sta¢iakampio fronta. Kritinis slenkstis,
esantis daugiau nei TFx reik§mé 0,7, buvo nustatytas esant sutrikusiai SKAR biklei
ir buvo naudojamas kaip indikatorius SKAR sutrikimo momento epizodams nustatyti.

4. Nustatyti faktoriai, darantys ijtaka paciento baig¢iai po kardiochirurginés
operacijos, yra amzius (p = 0,175) ir iSsilavinimo metai (p = 0,029). Vis délto
ilgiausias SKAR sutrikimo epizodo laikas, nustatytas su miisy pasiiilytais indeksais,
yra statistiS$kai reik§mingai siejamas su POCD (Ex2 p = 0,015 ir p = 0,047 TFx). Tai
patvirtina iSvada, jog ilgiausias SKAR sutrikimo epizodas turi stipriausig ryS$j su
paciento klinikine baigtimi.
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