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Abstract: Brain injury resulting from adverse events during pregnancy and delivery is the leading
cause of neonatal morbidity and disability. Surviving neonates often suffer long-term motor, sen-
sory, and cognitive impairments. Birth asphyxia is among the most common causes of neonatal
encephalopathy. The integration of ultrasound, including Doppler ultrasound, and near-infrared
spectroscopy (NIRS) offers a promising approach to understanding the pathology and diagnosis of
encephalopathy in this special patient population. Ultrasound diagnosis can be very helpful for the
assessment of structural abnormalities associated with neonatal encephalopathy such as alterations
in brain structures (intraventricular hemorrhage, infarcts, hydrocephalus, white matter injury) and
evaluation of morphologic changes. Doppler sonography is the most valuable method as it provides
information about blood flow patterns and outcome prediction. NIRS provides valuable insight
into the functional aspects of brain activity by measuring tissue oxygenation and blood flow. The
combination of ultrasonography and NIRS may produce complementary information on structural
and functional aspects of the brain. This review summarizes the current state of research, discusses
advantages and limitations, and explores future directions to improve applicability and efficacy.

Keywords: hypoxic-ischemic encephalopathy; neonatal encephalopathy; brain ultrasound; NIRS;
cerebral perfusion; newborns

1. Introduction
1.1. Neonatal Encephalopathy

Neonatal encephalopathy (NE) is a clinical syndrome of neurological dysfunction in
newborns, characterized by various signs depending on their severity. In medical prac-
tice, the term “neonatal encephalopathy” is used to describe the neurological condition
of a newborn, regardless of its underlying cause [1]. The estimated frequency of NE is
2 to 9 cases per 1000 live births [2]. NE can result from acute or chronic hypoxic-ischemic in-
jury, developmental brain defects, vascular damage (including stroke), congenital metabolic
disorders, and other causes [3,4]. One of the most common causes of neonatal encephalopa-
thy in newborns is birth asphyxia. In this case, the clinical diagnosis of asphyxia is not an
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isolated central nervous system lesion, but a chain of interconnected events from adap-
tation to decompensation involving all organs and systems of the fetus and newborn [5].
Adaptation initiates with activation of the sympathetic-adrenal system by adrenal hor-
mones and cytokines, as well as an increase in circulating red blood cells, heart rate,
and possibly systolic pressure. Prolonged hypoxia promotes the involvement of an ener-
getically unfavorable pathway of carbohydrate metabolism—anaerobic glycolysis. The
cardiovascular response is to redirect blood flow so that vital organs such as the brain,
heart, adrenal glands, and diaphragm are prioritized and the oxygen supply to the skin,
lungs, gut, muscles, kidneys, and other tissues is reduced. Failure of these adaptive mech-
anisms can lead to destabilization, as the newborn compensatory abilities are limited.
This leads to exacerbated metabolic acidosis, which promotes the activation of plasma
proteases and proinflammatory factors, damages cell membranes, and triggers dyselec-
trolythemia. These effects exacerbate damage to critical systems such as the central nervous
system, cardiovascular system, kidneys, and adrenal glands, potentially leading to multiple
organ failure.

1.2. Hypoxic-Ischemic Encephalopathy as an Example of Neonatal Encephalopathy

The term “birth asphyxia”, which refers to impaired placental perfusion and gas
exchange leading to hypoxia, ischemia, and acidosis, has historically been used to de-
scribe hypoxic-ischemic encephalopathy (HIE) [6]. However, the use of the term HIE is
recommended when there are clear signs of antenatal hypoxia or intranatal asphyxia as
the primary cause of NE [7,8]. The role of the placenta in normal fetal brain development
is just beginning to be established and is the focus of a new field known as neuroplacen-
tology [9]. A number of studies show a connection between placental pathology and HIE
development [10–12]. According to published data from a cohort study at a single center
involving 90 babies, 5% to 20% of neonatal HIE cases are attributed to hypoxic-ischemic
injury in the antenatal period, while 56% are associated with hypoxic-ischemic events in
the intranatal period. However, it is important to note that these statistics may not reflect
the full challenge in determining the timing of hypoxic-ischemic brain injuries, given the
limited scope of the study [13]. In economically developed countries, the prevalence of
HIE in newborns is 1 per 1000 live births. In contrast, in economically underdeveloped
countries, this rate ranges from 5 to 40 cases per 1000 live births [14]. Moreover, up to 60%
of newborns who experience severe HIE die or develop profound disability [15]. Among
those who experience severe HIE, 27% of children die by the age of 3 years old [16], and
one-third of newborns with HIE, despite treatment, develop neurological symptoms of
varying severity [17]. HIE severity is clinically evaluated using the Sarnat grading system,
which is divided into grades I (mild), II (moderate), and III (severe) depending on HIE‘s
manifestation and duration [18].

In the absence of treatment, 53% to 66% of patients with moderate to severe HIE
die or develop severe neurological symptoms [19]. The implementation of therapeutic
hypothermia in neonates with moderate to severe hypoxic-ischemic encephalopathy has
been demonstrated to reduce the severity of neurological disorders. However, its efficacy
in reducing mortality in neonates, infants, and children is not consistently observed across
all cases. The level of staff training and experience also affects the effectiveness of the
therapy [20]. Among the causes associated with neonatal HIE, several obvious and less
obvious factors should be highlighted. First and foremost, attention should be paid to
the course of pregnancy and childbirth history. According to various authors, HIE is
more likely to develop in newborns whose mothers were not registered with the women’s
consultation or rarely visited a gynecologist during pregnancy, as well as those with a
history of diabetes and gestational hypertension. Additionally, the age of mothers of
newborns who later develop HIE is over 35, and this category of mothers has a complicated
obstetric history [21]. Furthermore, another significant cause of neonatal HIE is the presence
of maternal infectious diseases. According to the meta-analysis by Thayyil et al., in low-
income and middle-income countries the implementation of therapeutic hypothermia
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in newborns with HIE not only does not improve neurological outcomes in this patient
population but is associated with an increased risk of death and unfavorable outcomes, and
more severe HIE is associated with the course and realization of intrauterine infection [22].

2. Features of Neonatal Hemodynamics
2.1. Cerebral Blood Flow in Normal Conditions and Hypoxic-Ischemic Injury

There is a direct relationship between the degree of brain injury during hypoxia-
ischemia and the development of circulatory insufficiency. In general, neonatal hemody-
namics undergo tremendous changes after a physiologically normal pregnancy, at the time
of delivery, and in the first hours after birth. The first breath and an increase in the partial
pressure of oxygen in the blood vessels, clamping of the umbilical cord, and activation
of pulmonary blood flow with the exclusion of the placenta from blood flow result in
a decrease in pulmonary and peripheral vascular resistance. At birth, the direction of
blood flow through the arterial duct changes. Initially, it flows from right to left, then
becomes bidirectional, and eventually transitions to a left-to-right flow, which leads to
its closure within the first day of life. In the first 20 min after birth, heart rate decreases
and ventricular stroke volume increases in healthy newborns. Mean blood flow velocity
in the middle cerebral artery (MCA) decreases (from 34 ± 13 to 24 ± 7 cm/s) in inverse
proportion to blood flow through the patent ductus arteriosus (PDA). With the closure
of the PDA, left ventricular output increases along with an increase in systemic arterial
pressure [23–25]. These physiologic changes may be influenced by several adverse factors,
including premature detachment of a normally located placenta, preterm delivery, duration
of umbilical cord compression, preeclampsia, chorioamnionitis, birth asphyxia, congenital
pneumonia, and early neonatal sepsis [26].

The blood supply to brain cells is provided by a system of vessels controlled by a
complicated regulatory system to ensure stable perfusion. Cerebral blood flow is con-
trolled by numerous internal and external factors, such as intravascular and intracranial
pressure, hematocrit level, and blood gases, such as CO2 and oxygen. A study of the
characteristics of cerebral hemodynamics changes in uncomplicated births is necessary
for adequate assessment of perfusion changes due to pre-, peri-, and postpartum brain
injury [27]. One of the most important mechanisms of cerebral perfusion is autoregulation.
Cerebral autoregulation describes the brain’s ability to maintain constant blood flow de-
spite physiological fluctuations in arterial pressure, such as changes in position, tension,
or stress. Impaired cerebral pressure autoregulation leads to secondary brain damage in
children with HIE [28]. After asphyxia, therapeutic intervention may include adjustment of
hemodynamic parameters to improve autoregulatory function. Depending on the clinical
situation, either vasoactive drugs or intravascular volume support can be used [29]. Blood
pressure deviations below MAPOPT (mean arterial pressure optimized for autoregulation)
were associated with greater white matter and paracentral gyri damage in children with
HIE. Maintaining blood pressure within the MAPOPT is associated with less damage to
the white matter, putamen, globus pallidus, and brainstem [30].

Spectral coherence measurements between MAP (mean arterial pressure) and NIRS
HbD (cerebral oxyhemoglobin–deoxyhemoglobin measured by near-infrared spectroscopy),
which indicate impaired cerebral autoregulation, show differences in newborns diagnosed
with HIE. There are differences between those who either died or suffered moderate to
severe traumatic brain injury as identified by MRI and those who survived with mild
to moderate injury. In particular, the infants with unfavorable outcomes had elevated
pressure-passive index, suggesting a prolonged and more intense state of cerebral pressure
passivity following hypoxia-ischemia [31]. In an observational pilot study of neonates
treated with hypothermia for HIE, researchers found an association between the regulation
of blood pressure relative to optimal MAP and the extent of brain injury. Brain injury was
assessed using the Neonatal Research Network (NRN) global score and regional mean
diffusivity (MD) scalars. A longer duration of maintaining blood pressure within the
optimal MAP range correlated with reduced NRN brain injury scores and increased MD in
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the left and the right anterior centrum semiovale and pons. Conversely, deviations in blood
pressure below the optimal MAP were associated with reduced MD in the white matter of
the cerebellum [32].

Based on the results of a limited number of experimental studies of cerebral blood
flow in neonates and data from animal research, the following conclusions can be drawn.
According to Manole et al. [33], when cerebral blood flow was assessed by MRI, cerebral
blood flow was found to increase within 5 min after the primary episode of hypoxia-
ischemia and to decrease after 10 min. In the study by Wang et al. [34], it was found that
diastolic blood flow velocity increased significantly 3 h after the first episode of hypoxia-
ischemia, as expressed by a lower resistance index (RI), which may indicate a decrease in
the elasticity of cerebral blood vessels. Moreover, in a series of experiments investigating
cerebral blood flow by Rosenberg et al. [35,36], it was found that cerebral blood flow
increased 2 h after primary hypoxia-ischemia, but at the same time, the phase of reactive
hyperemia was followed by a phase of hypoperfusion. The increase in oxygen delivery
to brain cells is accompanied by a marked decrease in oxygen consumption, indicating
mitochondrial dysfunction. In another study, a decrease in cerebral blood flow was also
observed 20 min after reperfusion [37]. A study by Nakamura et al. found that an increase
in cerebral blood flow within 6 h of primary hypoxia-ischemia indicates more severe brain
cell damage [38]. However, according to the literature, hyperperfusion is not characteristic
of all areas of the brain but is determined locally. Leffler et al., who studied hyperperfusion
with radiolabeled microspheres, found that these phenomena occur in the cerebellum,
diencephalon, midbrain, and medulla oblongata [37].

In relation to neonatal studies, a group of researchers led by Wu et al. [39] found that
the increase in cardiac output during the rewarming phase after therapeutic hypothermia
was due to an increase in heart rate and also an increase in peak systolic velocity mea-
sured in the MCA. In a study by Shaikh et al. [40], it was found that cerebral blood flow
in neonates with hypoxic-ischemic encephalopathy increases by the 10th day of life and
remains elevated until the age of one month. Cerebral hyperperfusion defined in full-term
newborns with HIE correlates with adverse neurodevelopmental outcome [41]. Wintermark
et al. examined cerebral blood flow in neonates who had suffered birth asphyxia. According
to the authors, despite therapeutic hypothermia, hypoperfusion followed by hyperperfu-
sion was observed during hypothermia in brain regions later identified as damaged [42].
The question of whether the increase in cerebral blood flow after hypoxia-ischemia is an
adaptive physiological response of blood flow or a pathological response of cerebral vessels
in patients with encephalopathy, including before, during, and after hypothermia sessions,
currently remains unanswered [43].

2.2. Diagnosis and Treatment of NE

Understanding the pathophysiologic processes underlying primary vasoconstriction
and secondary vasodilation leading to hyperperfusion will contribute to the early iden-
tification of neonates at high risk of severe brain injury [44]. Early diagnosis of cerebral
hyperperfusion in neonates with HIE is necessary for the development of new treatment
strategies for this patient population. The use of NIRS in the intensive care unit to measure
cerebral perfusion can be started at any time. Cerebral perfusion depends on the blood
pressure gradient (perfusion pressure) and cerebral vascular tone. By influencing these
indicators, it is possible to change the indicators of cerebral perfusion. As a result of
the effects of asphyxia on the fetus, the critical threshold of blood pressure required to
maintain adequate cerebral perfusion may change. As cerebral perfusion decreases, central
blood flow decreases during the first day of life and gradually increases over the next
few days depending on the extent of the injury. These changes make the newborn brain
more susceptible to ischemia with subsequent hyperperfusion. Therefore, the ability to
monitor and optimize cerebral perfusion is critical to prevent ischemia and reperfusion
injury [45]. Current treatment strategies for infants born with perinatal asphyxia have sig-
nificantly improved survival rates and long-term adverse neurodevelopmental outcomes.
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However, full recovery of central nervous system function remains a challenge in some
cases. Adequate assessment of pregnancy and birth history, appropriate resuscitation in
the first minutes and hours of a newborn’s life, and adequate evaluation of criteria and
indications for early therapeutic intervention all contribute to increased survival of infants
born in the state of asphyxia. The only recommended and approved treatment for this type
of patient is therapeutic hypothermia. It is believed that a decrease in body temperature
reduces brain perfusion [46]. However, hypothermia alone cannot explain all aspects of
decreased cerebral blood flow. Data from a study led by Wintermark et al. [47] suggest that
encephalopathy itself also reduces cerebral blood flow. At the same time, determining how
changes in cerebral blood flow depend on the severity of HIE and the effect on cerebral
hemodynamics, including the relationship between brain perfusion and brain cell activity
as measured by electroencephalogram (EEG), remains to be determined [48].

Examination of cerebral blood flow patterns is an important aspect of the evaluation
of neonates in various critical states, especially those at risk for developing HIE. In order to
diagnose intrauterine circulatory disorders, assess the possible development of neonatal
encephalopathy, and evaluate the efficacy of the therapy administered, it is necessary to
establish clear criteria. These criteria are based on a complex set of markers and indicators
that correlate primarily with clinical outcomes [49] and include: assessment by Apgar score
in the first 5 min of life [50], the need for cardiopulmonary resuscitation or intubation in the
delivery room [51], a blood pH of 7.0 or less [52], pathologic neurologic symptoms [53], and
assessment of brain electrical activity by amplitude-integrated EEG [54]. However, these
markers for the risk of developing and forming neonatal encephalopathy are not definitive.
For example, the average pH of arterial blood in a healthy fetus is about 7.35, whereas the
average pH of umbilical artery blood at birth is about 7.25. According to the literature,
a pH below 7.15 is a critical threshold that determines the risk of neonatal encephalopa-
thy [55]. Adequate assessment of the neurological status of an asphyxiated neonate is also
complex and depends on the specialist’s expertise. In addition, the performance of complex
diagnostic procedures and interventions is limited by the severity of the condition and the
ability to transport the infant.

From a pathophysiological point of view, the main cause of a hypoxia and ischemia
episode is an interruption in the oxygen supply to the cells of the brain due to inadequate
blood supply. Therefore, the establishment and implementation of bedside diagnostic
methods to assess the severity and risk of developing encephalopathy are of paramount im-
portance. These methods include near-infrared spectroscopy (NIRS) and neurovisualization
techniques based on ultrasound diagnostics.

3. Non-Invasive Assessment of Brain Perfusion

The diagnosis of criteria for the formation of neonatal encephalopathy is a complex
of clinical, laboratory, and instrumental methods aimed at identifying and confirming the
presence of persistent metabolic changes in systems and organs, limited in time by the
presence of a strictly therapeutic window. Modern diagnostic methods and criteria for the
risk of encephalopathy formation, such as assessment by the Apgar scale, determination of
pH level, base deficit, assessment of neurological status, and evaluation of the electrical
activity of the brain, both in combination and individually, may be biased or prone to
errors at the pre-analytical and analytical stages and do not meet the requirements of
an ideal biological marker for the formation of neonatal encephalopathy. MRI is one of
the most accurate techniques for detecting abnormalities in HIE cases. To obtain high-
quality imaging, however, sedation is often required, and extensive experience of an MRI
specialist is needed for results interpretation. Also, MRI scanners are not as accessible
in ordinary perinatal centers as ultrasound and NIRS machines. Therefore, we have
focused our attention in this review on the latter two techniques. The search for the
main literature sources was carried out in MEDLINE via the PubMed, Web of Science,
and Scopus databases using the queries “neonatal encephalopathy”, “hypoxic-ischemic
encephalopathy” “ultrasound” and “near-infrared spectroscopy”.
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3.1. Ultrasound

Another noninvasive diagnostic method for assessing cerebral blood flow in newborns
is ultrasound. In neonatal clinical practice, natural anatomical windows such as the anterior
and posterior fontanelles, thin temporal bone, and mastoid process are used. Ultrasound is
the method of choice in neonatology because it is widely available, does not contain ionizing
radiation, and does not require sedation. Neurosonography has become an affordable
and reliable technique for detecting focal intracerebral lesions, including intraventricular
hemorrhage, infarcts, and hydrocephalus [56]. However, the detection of diffuse processes
that may result from perinatal asphyxia, such as white matter edema, is proving more
difficult and appears to be more dependent on physician expertise and experience.

In neonate HIE, brain white matter echogenicity is increased compared to hypoechoic
gray matter [57,58]. Several methods have been proposed for the diagnosis of neonatal
encephalopathy. Simaeys et al., for example, used a computerized approach to minimize
the subjective human factor in assessing the echogenicity of brain structures. The technique
proposes a comparison between the echogenicity of intracerebral lesions and the relatively
constant echogenicity of the choroid plexus [59]. Padilla et al. found that the calculation
of relative echogenicity (the ratio of average pixel brightness measured in brain and bone
regions at the same examination depth) can serve as a semiquantitative method for assessing
different anatomic regions of the newborn brain [60].

Other effects of ultrasound are used to describe the properties of blood flow in the
brain, such as the Doppler effect, in, in particular, spectral Doppler or pulsed wave ultra-
sonography. This means that the ultrasound probe emits short pulses of sound waves at a
specific frequency and then listens for the echoes that bounce back from the moving blood
cells. By analyzing the change in frequency of these echoes, the speed and direction of
blood flow can be calculated and displayed as a spectral waveform. The collected Doppler
signals are processed using Fourier analysis, a mathematical technique that decomposes
complex waveforms into their individual frequency components. This analysis allows
velocity information to be extracted from the Doppler spectrum. The resulting spectral
waveform provides valuable information about blood flow patterns. The shape of the
waveform reflects the characteristics of the flow, such as laminar, turbulent, or pulsatile.
The height of the waveform is proportional to the speed of blood flow, with higher peaks
indicating faster flow. Spectral broadening or narrowing can also provide information
about changes in the flow pattern, such as stenosis or occlusion [61]. The use of Doppler
ultrasound has become widespread in general clinical practice, including obstetrics and
neonatology. In a study by Ehehalt et al., total cerebral blood flow was assessed by deter-
mining the volume of intravascular blood flow, calculated from time-averaged velocities,
adjusted for the angle and cross-sectional area of the vessel in the extracranial internal
carotid and vertebral arteries [62]. Information about cerebral blood flow, obtained by
using this method, informs only about global intracerebral blood flow and cannot reflect
regional changes. Other commonly used ultrasound Doppler instruments include color and
power Doppler. While color Doppler is less sensitive to slow blood flow, power Doppler
has higher sensitivity to blood flow in microvessels [63]. This characteristic makes power
Doppler suitable for studying regional cerebral perfusion in neonates in cortical or deep
structures such as the basal ganglia [64].

Blood flow velocity is commonly used in practice to describe the perfusion of an organ.
The pulsatility index (PI), also known as the Gosling index, and the resistivity index (RI),
also known as the Pourcelot index, are two parameters commonly used to evaluate the
characteristics of blood flow in different vascular beds. These indices provide valuable
information about the resistance and pulsatility of blood flow, which can be useful in the
evaluation of various diseases and conditions affecting the vascular system. The pulsatility
index is a quantitative measurement that reflects the pulsatile nature of blood flow in a
given vessel. It is calculated by subtracting the peak systolic flow velocity from the end-
diastolic flow velocity and dividing the result by the mean flow velocity. The formula for
calculating the PI is as follows: PI = (Peak Systolic Velocity − End Diastolic Velocity)/Mean
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Velocity. PI values range from 0 to 1. Higher PI values indicate increased resistance and a
more pulsatile flow pattern, usually associated with conditions such as arterial stiffness,
vasoconstriction, or obstruction. Lower PI values indicate lower resistance and a less
pulsatile flow pattern, which is often seen with conditions such as vasodilation or distal
stenosis [65–67]. PI is commonly used to evaluate blood flow in various vascular beds,
including the cerebral, renal, and fetal circulations. In the cerebral circulation, fluctuations
in the PI value may indicate impaired autoregulation, altered perfusion pressure, or vascular
abnormalities commonly seen in conditions such as stroke, intracranial hemorrhage, or
cerebral vasospasm. The resistivity index is another parameter that provides information
about the resistance of blood flow in a vessel. It is calculated by subtracting the end diastolic
velocity from the peak systolic velocity and dividing the result by the peak systolic velocity.
The formula for calculating the RI is as follows: RI = (Peak Systolic Velocity − End Diastolic
Velocity)/Peak Systolic Velocity. Like the pulsatility index, the resistivity index ranges from
0 to 1. Higher RI values indicate increased resistance to blood flow, often seen in arterial
narrowing, stenosis, or obstruction. Lower RI values indicate lower resistance and more
efficient vascular perfusion [66,67]. PI and RI are related indicators of arterial blood flow
that characterize the change in the velocity characteristics of the blood flow of an organ
during a cardiac cycle [66]. On the basis of these indicators, it is possible to characterize
flow pulsation, but at the same time, it is impossible to estimate resistance [66,68,69].

In neonates, on the basis of the indicators PI and RI measured in the anterior or middle
cerebral artery, it is possible to make an objective functional assessment of hemodynamics
and cerebral perfusion, as well as to predict the severity of the course and outcomes
of HIE [70]. Studies have shown that RI changes in neonates who have experienced
asphyxia [71]. An RI below 0.55 (measured in the anterior cerebral artery) has been found
to correlate with unfavorable neurologic outcomes [72], especially when measured within
the first 24–72 h after the first episode of hypoxic ischemia [73]. The results of a study
by Gerner et al. also show that an RI value above 0.6 before the onset of therapeutic
hypothermia is highly likely to identify neonates who will later develop severe neurologic
problems at 20–32 months of age [74]. In addition, RI values above 0.6 after therapeutic
hypothermia may be directly associated with worse functional outcomes in gross motor
skills. This is consistent with a number of studies. An RI ≤ 0.55 has been associated
with severe disability among children born under asphyxia [70,74–84], including neonates
subjected to therapeutic hypothermia. According to Elstad et al., an RI ≤ 0.55 during
therapeutic hypothermia (i.e., 48–72 h of life) has a sensitivity of 58% and a specificity
of 83% for predicting outcome [76]. Skranes et al. suggested that a decrease in body
temperature could lead to cerebral vasoconstriction and, consequently, an increase in RI
values during a session of therapeutic hypothermia, whereas an RI ≤ 0.55 after rewarming
has a sensitivity of 43% and a specificity of 100% for long-term predictions [77]. However,
there are also reports in the literature suggesting that the RI obtained during a therapeutic
hypothermia session is not predictive of outcome in neonates with HIE [77]. In addition,
there is not much information on the relationship between the results of the RI and magnetic
resonance imaging of the brain [85]. Assessment of blood flow characteristics of organs and
systems during and after an episode of hypoxia and ischemia is one of the most important
tasks in diagnosing the severity of brain injury.

3.2. Near-Infrared Spectroscopy

NIRS is a non-invasive diagnostic method based on the optical absorption of infrared
light and its reflection from biological structures. Physically, NIRS is based on the inter-
action of near-infrared light with biological tissue. Near-infrared light with wavelengths
between 650 and 1350 nm falls within the optical window where tissues have relatively low
absorption and scattering properties allowing near-infrared light to penetrate biological
tissues, including the brain, to a certain depth [86]. Biologically, NIRS takes advantage
of the differential absorption of near-infrared light by oxygenated (oxyhemoglobin) and
deoxyhemoglobin forms of hemoglobin. Oxyhemoglobin and deoxyhemoglobin have
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different absorption spectra in the near-infrared region. By measuring the intensity of
transmitted or reflected light, NIRS can indirectly assess the relative concentrations of
oxyhemoglobin and deoxyhemoglobin, providing information about tissue oxygen levels
and blood supply.

By monitoring changes in hemoglobin concentration and oxygen levels in real time,
NIRS offers a non-invasive and continuous assessment of tissue blood supply, especially in
critical care [87]. This technique is proving particularly useful in assessing cerebral blood
flow in infants with conditions such as HIE. The apparatus’s sensors are attached to the
scalp in the case of assessment of cerebral blood flow. The light penetrates the tissue and
is scattered and absorbed before being detected by the sensor. Through advanced signal
processing algorithms, the NIRS system can derive information such as regional cerebral
oxygen saturation (rSO2), which provides an indication of the oxygen status and blood
supply to the tissue being measured. One of the advantages of NIRS is its simplicity and
portability, allowing it to be used directly at the patient’s bedside. Combining cerebral
oxygenation monitoring with blood pressure measurements is an effective noninvasive
method to continuously assess cerebral perfusion and oxygenation [88].

Continuous monitoring of cerebral perfusion is extremely important for patients with
HIE. This is because these techniques make it possible to quickly detect decompensa-
tion [88]. At the same time, the application of this method is limited by the penetration
depth of the light beam into the brain tissue (10–15 mm) [89]. Moreover, nowadays the data
on outcomes after applying this method are just beginning to appear in the literature [90].
A recent meta-analysis by El-Atawi and colleagues showed that several NIRS parameters,
such as regional cSpO2 and cerebral fractional tissue oxygen extraction, are significantly as-
sociated with adverse outcomes in the first 72 h after birth [91]. A prospective cohort study
by Tewari et al. found that with brain rSO2 levels of 55–85% monitored by NIRS, this cohort
had better neurodevelopmental outcomes at 12 months in infants with encephalopathy due
to HIE and non-HIE etiologies [92]. Pereira and colleagues showed that after hypothermia,
regional cerebral oxygen saturation values below 66.0% significantly predicted normal
neurodevelopment, while values above 82% are associated with severe disability [93]. Brain
perfusion studies using NIRS technology in term infants with severe HIE, who were not
therapeutically hypothermic, have shown changes in cerebral blood flow and cerebral
blood volume to predict poor outcome [72,94]. Among the trends in the development
of NIRS monitoring, one can note the development of the predictive ability of disease
outcome, the development of multimodular measurements [95] (for example, simultaneous
assessment of cerebral oximetry and respiratory rate) [96], and the improvement of results
analysis, including through the use of machine learning.

4. Conclusions

In this review, we examined the two most common non-invasive techniques used to
assess the condition of encephalopathy in neonates born under asphyxia. Each is used
both for diagnosis and for monitoring the patient’s condition, allowing one to evaluate the
effectiveness of the therapy (for example, therapeutic hypothermia), and has its own pre-
dictive ability. Despite the fact that Doppler sonography currently has the greatest ability
to predict the outcome, an array of NIRS data indicates the technique’s great prospects
in this area. The combination of both bedside technologies, multimodality of measure-
ments, the use of machine learning, and standardization of protocols will improve disease
outcomes. Therefore, further research is needed to investigate the indices and character-
istics of cerebral blood flow that are most appropriate for diagnosis and to understand
the dynamics of changes in these features during therapeutic intervention. The expected
results of such studies will allow a more accurate and rapid diagnosis of cerebral blood flow
autoregulation abnormalities in this specific patient population and allow prediction of
treatment outcomes.
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