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Abstract
Physiologic-based management of hemodynamic instability is proven to guide the logical selection of cardiovascular sup-
port and shorten the time to clinical recovery compared to an empiric approach that ignores the heterogeneity of the hemo-
dynamic instability related mechanisms. In this report, we classified neonatal hemodynamic instability, circulatory shock,
and degree of compensation into five physiologic categories, based on different phenotypes of blood pressure (BP), other
clinical parameters, echocardiography markers, and oxygen indices. This approach is focused on hemodynamic instability
in infants with normal cardiac anatomy.

Conclusion: The management of hemodynamic instability is challenging due to the complexity of the pathophysiology;
integrating different monitoring techniques is essential to understand the underlying pathophysiologic mechanisms and
formulate a physiologic-based medical recommendation and approach.

What is Known:
e Physiologic-based assessment of hemodynamics leads to targeted and pathophysiologic-based medical recommendations.

What is New:

o Hemodynamic instability in neonates can be categorized according to the underlying mechanism into five main categories, based on blood
pressure phenotypes, systemic vascular resistance, and myocardial performance.

o The new classification helps with the targeted management and logical selection of cardiovascular support.

Keywords Integrated hemodynamics - Neonatal hemodynamic instability - Circulatory shock

Abbreviations PP Pulse pressure
BP Blood pressure PVR Pulmonary vascular resistance
DBP Diastolic blood pressure MABP  Mean arterial blood pressure
DO, Oxygen delivery NIRS Near-infrared spectroscopy
FOE Fractional oxygen extraction POCUS Point of care ultrasound
PDA Patent ductus arteriosus StO, Tissue oxygen saturation
VO, Oxygen consumption
SBP Systolic blood pressure
Communicated by Daniele De Luca SpO, Arterial oxygen saturation
SVR Systemic vascular resistance

4 Yasser Elsayed
yelsayed @exchange.hsc.mb.ca

Muzafar Gani Abdul Wahab

. Stepwise compensatory mechanisms
amgani @npmmcmaster.ca

from stability to decompensation

Division of Neonatology, Department of Pediatrics

and Child Health, Rady Faculty of Health Sciences, During any temporary period of instability, the first and

University of Manitoba, Women’s Hospital, 820 Sherbrook foremost compensatory mechanism that tak | ithin

Street, Winnipeg, MB R2016, R3A0LS, Canada oremost compensatory mechanism that takes place with
a fraction of a second is autoregulation, and it happens with

Divisi f N tol D tment of Pediatri d Child . .
[VIs O O SICOnato 08Y, TICEmEnt of T eCALATHES and LAl fluctuations or changes of the parameters affecting oxygen

Health, McMaster University, Hamilton, Canada

Published online: 08 November 2021 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00431-021-04307-5&domain=pdf

European Journal of Pediatrics

delivery, for example, fluctuation of oxygen saturation, car-
bon dioxide, blood flow, or blood pressure [1-4]. Autoregu-
lation is typically a local release of nitric oxide by red blood
cells with subsequent local vasodilatation of blood vessels
at any specific area of reduced oxygen delivery or when oxy-
gen demand exceeds delivery [5]. If the oxygen delivery
is less than the demand at any time beyond the capacity
of autoregulation, then tissues extract more oxygen than
usual to maintain aerobic metabolism; this can be detected
in real-time on near-infrared spectroscopy (NIRS) as low
regional tissue oxygen saturation (StO,) and increased the
calculated fractional oxygen extraction (FOE), assessment
of blood pressure, and tissue oxygen trends; and histograms
are helpful for early detection of the decompensation [6—11].
Anaerobic metabolism is the last mechanism to compen-
sate if decreased oxygen delivery is lower than the maxi-
mum capacity of the tissue to extract the oxygen required to

If low DO, associated with lactic
acidosis and low FOE this could be
a sign of tissue damage

FOE with normal or low 02 delivery

Low FOE 70% 60% 50% 40%  30% 20% <15% .

-Normal delivery, consumption and extraction

maintain aerobic metabolism; Fig. 1 demonstrates the impact
of different mechanisms of shock on oxygen delivery (DO,),
oxygen consumption (VO,), and FOE [12]. We conducted
a systematic approach to explore the current literature and
the available knowledge regarding hemodynamic instability
through an appraisal of the most common practices in neo-
natal intensive care units. This systematic approach reflects
the gap in knowledge regarding the management of hemo-
dynamic instability; the result of this systematic approach is
provided as a supplemental Table 1. Most practitioners are
still considering an empiric start of one drug for cases with
hemodynamic instability, usually dopamine or dobutamine.
However, many randomized control trials for the last two
decades could not provide any supporting evidence for this
concept that one approach can fit everyone. These trials also
could not provide evidence of improving any of the short- or
long-term outcomes [13]. The physiologic approach is the
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Fig. 1 This multidimensional graph is simplifying the 3 main mecha-
nisms of hypoxia in neonates [1-3], and the decompensated stage
with anaerobic metabolism [4]. The 3 calculated oxygen indices are
oxygen delivery (DO,), oxygen consumption (VO,), and fractional
oxygen extraction (FOE): the lower X axis is representing the trend of
DO,, left side direction means decreasing DO, (lower X axis), the left
Y axis is representing the VO, and downward direction is decreasing
VO,, the right Y axis and upper X axis are representing the FOE as
percent. Mechanism 1: Low capacity of tissue to extract oxygen due
to prolonged hypoxemic ischemic injury, although DO, is adequate
but both VO, and FOE are low. Mechanism 2: Low oxygen delivery
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due to severe anemia, hypoxemia, or low cardiac output, represented
as low DO, and subsequently low VO, and high FOE to compensate
for low DO,. Mechanism 3: Although calculated DO, is normal or
high and cardiac output is normal or high, the FOE is high due to low
SVR which is not included in DO, equation, or regional vasoconstric-
tion and hypocapnia is one of the common causes of cerebral vaso-
contraction which can be detected on NIRS as high FOE. Mechanism
4: if situation 2 or 3 continued and the DO, is insufficient to maintain
aerobic metabolism, then anaerobic metabolism with lactic acidosis
takes place to maintain energy production, but at the same time FOE
decreases to low levels due to exhaustion of aerobic metabolism
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logical alternative to the empirical selection of cardiovascu-
lar support, which in many situations is unsuccessful due to
the complexity and heterogeneity of the underlying mecha-
nisms of the hemodynamic instability [14].

Important definitions and concepts
Oxygen delivery

The amount of oxygen delivered per minute at the tissue
level depends on maintained and steady blood flow, adequate
hemoglobin, its saturation with oxygen, pressure gradient
of oxygen between tissues and plasma, and the position of
the oxyhemoglobin dissociation curve, and the main gaol
of maintaining stable hemodynamics is to maintain tissue
oxygen delivery [15].

Hemodynamic instability

Non-specific fluctuation of one or more hemodynamic mark-
ers outside the normative ranges; this hemodynamic instabil-
ity may or may not affect end-organ blood flow and hence
the oxygen delivery [16].

Hypotension

Low BP should not be used synonymously with shock; BP
is one of the hemodynamic markers that may or may not
be associated with decreased blood flow and hence shock
[17]. Relying on mean blood pressure (MABP) adds more
limitation to hypotension as a surrogate marker of shock, as
MABP might be normal or high in vasoconstrictive physiol-

ogy [18].

Shock

It is a state of imbalance between oxygen delivery and oxygen
requirement by end organs. The body autoregulatory mecha-
nisms are working in sequence to compensate and maintain
aerobic metabolism [19, 20]. The first mechanism is hypoxic
vasodilatory autoregulation which is a localized mechanism
at tissues with higher demand than oxygen delivery, and it
is also different from organ to organ [7, 21]. The next com-
pensatory phase is characterized by neuroendocrine mecha-
nisms with increased tissue oxygen extraction, which can be
detected by decreased StO, by NIRS [22, 23]. If the increased
oxygen extraction cannot maintain aerobic metabolism, the
production of lactic acidosis will temporarily compensate for
energy failure, but prolonged tissue ischemic hypoxia results
in end-organ dysfunction and cellular damage [24].

Physiologic determinants of cardiovascular
performance

Preload

It refers to the volume of blood present in the ventricle at end-
diastole, and it reflects the blood from venous return added to
the residual blood in the ventricle at the end of systole. Preload
is dependent on three factors: the intravascular blood volume
(about 80% is present in the venous compartment), diastolic
compliance of the ventricle, and changes in pulmonary vascu-
lar resistance (PVR) which oppose venous return if increased
above the physiologic levels [25, 26]. Low preload results from
decreased vascular volume such as acute hemorrhage, excessive
fluid losses occurring with conditions such as open gastroschi-
sis, or third space losses in septic shock [27]. Increased PVR
may also decrease the left heart preload by reducing the amount
of blood returning to the left atrium from the lungs [28].

Afterload

It refers to the vascular resistance that the myocardium must
overcome to move blood to either pulmonary or systemic
circulation. In neonates, systemic afterload is affected by the
systemic vascular tone, and it increases in arterial hyperten-
sion or volume overload [28].

Systolic myocardial performance

It is the intrinsic ability of the myocardium to contract.
The poor myocardial performance or ineffective contrac-
tion against normal or even low SVR occurs in conditions
such as transient myocardial ischemia seen in infants with
hypoxic-ischemic encephalopathy (HIE), viral myocarditis,
cardiomyopathy, and secondary to arrhythmias [29].

Heart rate

It determines together with stroke volume and cardiac
output. As the heart rate increases, cardiac output is also
increasing. However, in the presence of significant tachycar-
dia, the filling time decreases and hence the stroke volume
is reduced [16].

Persistence of the physiologic fetal shunts

Particularly in preterm infants, fetal shunt considerably affects
cardiovascular performance by shifting systemic ventricular
output or venous return to the pulmonary circulation through
left to right ductus arteriosus or patent foramen ovale, causing
pulmonary over-circulation and lung edema [30].
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Normal vascular tone

It results from a balance between local vasoconstrictors such
as thromboxane and vasodilators such as tissue nitric oxide
regulated by nitric oxide synthetase (NOS). Low periph-
eral vascular resistance may result when this balance is dis-
turbed. Clinical examples of lost balance include systemic
inflammatory response syndrome (SIRS), neonatal sepsis,
and necrotizing enterocolitis, where circulating cytokines
with systemic-induced NOS lead to reduced SVR [28].

Physiology of blood pressure components

Diastolic blood pressure (DBP) is the baseline arterial pres-
sure initiated by systolic heart performance and elastic recoil
of the great arteries, then maintained by the vascular tone of
the arterioles under many neuronal and humoral vasopres-
sors, which are responsible for maintaining SVR. The SVR
and blood volume in the arterial compartment are respon-
sible for maintaining normal DBP [12]. Ejection of stroke
volume is the direct function of the myocardial systolic per-
formance which creates an increase of pressure from the
baseline diastolic to the peak systolic; this is the pulse pres-
sure. Systemic afterload directly affects myocardial systolic
performance, so increased afterload may impair the myo-
cardial systolic performance, particularly in preterm infants
during the postnatal transition [14]. The stroke volume is
also affected by two other essential components, such as
end-diastolic ventricular volume or preload and the heart
rate. The DBP and PP are relatively independent compared
to SBP and MABP, the systolic pressure (SBP), which is
the sum of both DBP and PP, and both define the MABP,
which is the area under the curve, and it can be calculated
in many different ways, e.g., 2/3 DBP+1/3 SBP [1, 31, 32].
We provided the normative blood pressure values in sup-
plemental Table 2.

Critical parameters for assessment of hemodynamics,
oxygen delivery, and consumption:

1. Left ventricular output (LVO), expressed as ml/kg/min:

The gold standard for assessing systemic blood flow is
by an invasive cardiac catheter which is not practical for
routine clinical assessment. Still, the cardiac output can
be measured by multiple non-invasive methods, like elec-
trical cardiometry, which has been validated as surrogate
markers for systemic blood flow [33]. Methods relying on
echocardiography, Doppler technique, and electrical car-
diometry have been validated in neonates with normative
values [33, 34]. The most used method in clinical practice
is measuring both left and right ventricular outputs by
echocardiography and Doppler as follows: The velocity-
time integral (VTI) of aortic flow is measured using pulse-
wave Doppler from an apical five-chamber view by placing
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the sampling gate at the level of the hinge point of the
aortic valve. Trans-aortic root diameter is measured at the
hinge points of the valve from the parasternal long-axis
view in the 2D image. LVO can be then calculated as (Ao
CSA x VTI X heart rate) / weight in kg, where Ao CSA
= cross-sectional area of the aortic valve, the normative
values of LVO have been validated in many references, and
right ventricular output (RVO) can be calculated similarly
[12]. This method is operator-dependent as it is affected
by the accuracy of echo measurement of valvular cross-
sectional area and Doppler assessment of VTI. Also, the
presence and direction of shunts may significantly impact
the calculated values. For this reason, it is important to
consider RVO as a surrogate marker of systemic blood
flow in the presence of hemodynamically significant PDA
[12, 14]. The normal LVO in stable preterm infants > 29
weeks at birth is a mean of 230 (with 10th and 90th per-
centiles of 174-321) ml/kg/min [12].

2. Systemic vascular resistance can be measured inva-
sively by either thermodilution or through an aortic catheter
by using diastolic flow time constant as a surrogate marker
[35, 36]. SVR index can also be measured by electrical car-
diometry, as published by Boet et al. [33]. It can also be
calculated by dividing the LVO by MABP-CVP; the results
should be considered an estimated value, not the absolute
SVR. The normal SVR in the stable preterm infant has been
published as a mean of 192 (with 10th and 90th percentile
of 149-246) mmHg/L/kg/min [12].

3. Monitoring of tissue oxygenation:

Providing sufficient oxygen to the tissues is the primary
goal of maintaining normal hemodynamics. Early predic-
tion of impaired oxygen delivery might prevent irreversible
shock before proceeding to significant hypoxia and ending
with anaerobic metabolism [12, 24]. This prediction requires
calculating the difference between oxygen delivery and oxy-
gen consumption. To accurately measure these parameters,
we need an invasive arterial catheter and pulmonary arterial
catheter to accurately measure both systemic oxygen satura-
tion and mixed venous saturation to calculate body tissue
oxygen extraction; however, this technique has been used
in adult intensive care units for a long time, but most prac-
titioners are currently shifting to the non-invasive assess-
ment of tissue oxygen extraction [11, 37]. Arterial oxygen
saturation (SpO,) can be monitored by a pulse oximeter and
tissue oxygen saturation StO, by NIRS, and fractional oxy-
gen extraction FOE calculated as the ratio between SpO,
and StO, [12].

Calculation of DO,:

DO, =LVO x oxygen content=LVO (ml/kg/
min) X 1.39 X Hb (g/ml) X SpO, (expressed as a fraction)

Right ventricle output should be used in cases of a hemo-
dynamically significant patent ductus arteriosus (HSPDA)
for a more accurate representation of systemic blood flow as
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LVO, in this case, is more representative of the pulmonary
over-circulation [38].

FOE calculated as = (SpO, — StO,) / SpO, (all expressed
as fractions)

VO, calculation:

Since FOE =VO, / DO,, then organ-specific VO, (ml of
oxygen kg/min) = systemic DO, X organ-specific FOE [12].

Elsayed et al. [12] published the centile values for end-
organ oxygen indices in stable non-ventilated preterm infants
with gestational age 30+ 3 weeks as follows:
1. The mean of the cerebral tissue oxygen saturation
(ScrO2) is 76% (with 10th and 90th percentile of 69-81%),
and cerebral FOE is 0.23 (with 10th and 90th percentile of
0.14-0.29).
2. The mean of the mesenteric oxygen saturation (SmsO2)
is 74% (with 10th and 90th percentile of 68-79%), and
mesenteric FOE is 0.22 (with 10th and 90th percentile of
0.19-0.27).
3. The mean of renal oxygen saturation (SrnO2) is 79% (with
10th and 90th percentile of 73-88%), and renal FOE is 0.2
(with 10th and 90th percentile of 0.13-0.24).
4. The mean of total body oxygen delivery is 32.5 ml/kg/min
(with 10th and 90th percentile of 22-42 ml/kg/min).

4. Other clinical parameters:

Other clinical parameters are essential but limited if inter-
preted in isolation from other hemodynamic components,
including urine output (UOP), metabolic acidosis, perfusion
index, heart rate variability, perfusion pressure (MAP-CVP),
and superior vena cava flow (SVCF) [39—-42]. Combination
of multiple parameters has been shown higher predictability
to end-organ hypoperfusion and subsequent hypoxia com-
pared to isolated parameters [5]. Figure 2 demonstrates the
expected abnormal trends of different hemodynamic param-
eters according to the underlying category of hemodynamic
instability.

Categorized evaluation and management
of hemodynamic instability

Category I, hemodynamic instability due
to vasodilatory physiology

Many diseases and factors may decrease SVR and cause
hemodynamic instability manifested as vasodilatory physiol-
ogy, which might progress or decompensate to shock. This is
the most common cause of shock in the neonatal age group.
It is commonly expected in neonatal septicemia or systemic
inflammatory response syndrome to circulating cytokines;
it is also the common mechanism of hemodynamic instabil-
ity in preterm infants beyond postnatal transition (late-onset

hemodynamic instability) [24]. Vasodilatory physiology
might be associated with hypoxemia secondary to hypox-
emic respiratory failure, pulmonary hypertension, or con-
genital heart diseases [6]. It is also reported in metabolic
acidosis. Vasodilatory physiology could be iatrogenic sec-
ondary to vasodilator medications, e.g., anesthesia, mil-
rinone, and opioids [43]. The DBP decreases below the
baseline average level or trending down over time as shown
on the monitor trends; or as represented on BP histograms,
pulse pressure (PP) usually stays normal, SBP and MABP
decrease secondary to decrease in DBP, and tachycardia is
commonly associated [24].

The systolic cardiac functions are normal or hyperdy-
namic, the calculated SVR is low, and oliguria or decrease
in urine output < 1 ml/kg/h for at least 12 h beyond the first
12 h after birth is also common. An increase in end-organ
oxygen extraction measured by NIRS is a sign of com-
promised autoregulation and low oxygen delivery, and if
increased extraction reached the maximum capacity, then
lactic acidosis is a late sign before progression to end-organ
dysfunction [24].

Management should be directed to treat the underlying
etiology, e.g., septic shock, and with an appropriate dose of
vasopressor to maintain both vascular resistance and oxygen
delivery, norepinephrine is commonly used as a vasopressor;
alternatively, epinephrine can be used at a starting dose of
0.1 pg/kg/min, vasopressin or its analogue terlipressin can
also be considered, and hydrocortisone may also increase
receptor sensitivity to circulating catecholamines, a sum-
mary of mechanism of action and the indication of different
cardiovascular drugs are demonstrated in Table 1 [44].

Category ll, hemodynamics instability due
to vasoconstrictive physiology

This category is characterized as a state of relatively high
afterload with failure of myocardial systolic performance
against SVR; it usually happens with a sudden increase of
SVR or with relatively immature myocardium [28]. The
most common causes in neonates are a premature infant
with failure of postnatal circulatory adaptation, hypoxic-
ischemic encephalopathy, post-PDA ligation cardiovascular
compromise, and post arteriovenous malformation (AVM)
embolization, and it can also be associated with pulmonary
hypertension [31, 32]. The DBP is normal to high or trend-
ing higher than the baseline; the PP is narrow or below the
baseline level, low SBP, and normal MABP. This category
is commonly misdiagnosed if the neonatal team relies solely
on MABP for monitoring hemodynamic instability [32]. The
cardiac systolic performance is usually impaired, and the
calculated SVR is high [24]. This condition could be com-
plicated with oliguria; lactic acidosis and NIRS assessment
are similar to category I [2].
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Management should be directed to treat the underlying
etiology together with an appropriate dose of inotrope with-
out systemic vasoconstrictive effect, but with potential vaso-
dilator effect, so the logical selection is dobutamine after a
bolus of volume expander. Lusitropic with inodilator effect
like milrinone or levosimendan (insufficient data for use in
neonatal population) might be considered to decrease both
SVR and hence afterload; refer to Table 1 for more details.

Category lll, cardiogenic shock

This category is characterized as a state of circulatory failure
due to impaired myocardial systolic performance as a pri-
mary mechanism with normal or low SVR. The most com-
mon causes in neonates are hypoxic-ischemic encephalopa-
thy, cardiac arrhythmias, and myocarditis [16, 29]. All BP
components are low, including narrow pulse pressure. The
cardiac systolic performance is impaired, and the calculated
SVR is normal or low [16]. This condition could be compli-
cated with oliguria; lactic acidosis and NIRS assessment are
similar to category I [1].

Management should be directed to treat the underly-
ing etiology and an appropriate dose of inotropic with a
vasopressor effect like epinephrine after a bolus of volume
expander. Refer to Table 1 for more details [45]. In refrac-
tory postnatal shock due to LV dysfunction, prostaglan-
din might be considered to promote a temporary shift of
blood flow from pulmonary to the systemic circulation; this
mechanism is similar to augmenting systemic blood flow in
coarctation of the aorta [16].

Category IV, left to right shunt physiology

It is a state of decreased blood flow in diastole due to blood
shunts through PDA from the aorta to the pulmonary artery,
mainly in preterm infants [46]. It is diagnosed primarily by
echocardiography and characterized later by low DBP, wide
pulse pressure, and low MABP. Besides PDA diameter, the
parameters reflecting left heart volume overload and pul-
monary over-circulation should be assessed, including the
ratio of left atrial diameter to aortic root diameter (LA/Ao0):
measured from the short-axis parasternal view at the level
of the aortic valve, using m-mode. The ratio of mitral inflow
E wave peak velocity to A wave peak velocity: interrogation
of transmitral valve flow using pulse-wave Doppler at the
tips of the mitral valve leaflets from an apical 4-chamber
view [47]. LVO, left ventricular end-diastolic dimension
(LVEDD): measured at the tips of the mitral valve leaflet
using m-mode from a parasternal long-axis view of the left
ventricle [48]. Biochemical markers can help together with
echocardiographic evaluation; one of them is a brain-type
natriuretic peptide (BNP) secreted by ventricular myocytes
in response to volume overload of the ventricles [47]. BNP

measurements are reported useful for evaluating PDA signif-
icance in preterm infants and its impact on pulmonary blood
flow [49]. Parameters of systemic hypoperfusion: should
include diastolic flow in descending aorta distal to PDA,
celiac or mesenteric, renal, and middle or anterior cerebral
arteries: Absent or retrograde (negative) diastolic flow is
considered as an indicator of significant PDA shunt, sugges-
tive of diastolic “steal” from the systemic circulation [50].
Assessment of regional systemic blood flow by NIRS can
also be used as a model of integrated evaluation with echo-
cardiography, and it has been validated in literature before
and after medical and surgical interventions [23]. Manage-
ment: when and who require either medical treatment or
invasive intervention is still an area of controversy [1].

CategoryV, volume depletion

Depletion of intravascular volume, or underfilling of the
heart due to excessive losses either outside the body, e.g.,
high urine output; or gastrointestinal losses, or third space
losses secondary to capillary leak syndrome, which could
be due to infection or systemic inflammatory process [51].
Venous return could be depleted in severe pulmonary
hypertension or with applying high mean airway pressure.
Restricted heart filling with low cardiac output could be
secondary to myocardial hypertrophy, either idiopathic or
with infant of diabetic mother [16]. The use of echocardi-
ography to evaluate volume status in a critically ill pediatric
patient is recommended, however, with the recognition that
preload assessment in neonates and infants can be limited in
the context of mechanical ventilation. Assessment of end-
diastolic volume in the 4-chamber view and parasternal by
m-mode is also useful in more accurate determination of
the need for fluid resuscitation. Pulse-wave Doppler of the
left ventricular outflow tract in the 5-chamber apical view
has been utilized to predict hemodynamic responsiveness
in critically ill patients. Variation in peak VTI of > 15% was
consistent with predicting volume responsiveness [26, 52].
Underfilling of the heart can be semi-quantitatively assessed
by measuring inferior vena-cava (IVC) variation of diameter
during the cardiorespiratory cycle. During this evaluation,
the eventual presence of pulmonary hypertension or high
abdominal and thoracic pressures should be considered. In
non-ventilated children with normal right atrium pressure,
IVC collapse during inspiration is > 50%. A dilated IVC with
collapsibility < 50% could be a sign of increased right atrial
pressure (above 10 mmHg) [26]. Management should be
directed to treat the underlying cause and fluid resuscitation
until the intravascular volume is restored, inotropic support
should be avoided in this category, but vasopressor may be
used if low BP is unresponsive to volume expanders, and
Fig. 2 demonstrates the changes in different hemodynamic
parameters in the five categories of hemodynamic instability
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Fig.2 The parameters that can be used to differentiate different cat-
egories of hemodynamic instability are DBP, diastolic blood pres-
sure; PP, pulse pressure; PI, perfusion index; SVR, systemic vascu-
lar resistance; CO, cardiac output; StO,, tissue oxygen saturation.
All parameters are expected to be physiologically fluctuating within

[16]. The recommended empiric volume should not exceed
20 ml/kg during the first week of life, as it may increase the
risk of IVH or lung injury, and up to 30 ml/kg after that, an
extra volume may be considered as guided by echocardiog-
raphy and with evidence of volume losses either third space
losses of outside the body [27]. There is no clear evidence
that supports colloid over crystalloids in neonates [53].

Management of hemodynamic instability
in specific disease conditions

Preterm infant

Postnatal cardiovascular adaptation is a complex transition
from parallel fetal circulation circuits to sequential postnatal
pulmonary and systemic circulation. Once the lung starts to
function for gas exchange and PVR decreases with an increase
in SVR, followed by gradual closure of fetal shunts in the term
infants [30]. But in preterm infants, these shunts frequently
remain open and complicate already compromised hemody-
namics and autoregulatory mechanisms [52]. Systemic vas-
cular resistance increases after removal of the low resistance
placental circulation, a change that is usually well-tolerated in
term and late preterm infants. In very premature infants, this
change in SVR can result in impaired cardiac output because
it increases the afterload of the myocardium. Systemic flow
can be further compromised if the ductus arteriosus remains

@ Springer

10th and 90th of the normative values, and fluctuation of parameters
beyond the normative values occurs in hemodynamic instability but
they are trending low or high according to the underlying mechanism
as in the illustrated figure

open, allowing shunting from left to right, shifting more blood
away from systemic flow to recirculate within the pulmonary
circulation [16]. Systemic compromise can be more complex
in the presence of poor autoregulation of cerebral blood flow
during the first 12-36 h after birth [30]. Autoregulation gradu-
ally improves over the first 3 days of life [54]. Early postnatal
hemodynamic instability might be commonly presented as
vasoconstrictive or less commonly as vasodilatory physiol-
ogy; detailed assessment of the hemodynamics parameters as
explained is essential for the logical selection of the cardiovas-
cular support, as significant hemodynamic instability might
result in intraventricular hemorrhage (IVH) [55]. Delayed
cord clamping has been proven to decrease the requirement
of postnatal cardiovascular support [56].

Septic shock

Hemodynamic instability and shock might follow systemic
infection in neonates; this is usually through the direct effect
of bacterial toxins or release of inflammatory mediators into
the circulation, affecting mainly vasoactivity, and it is gener-
ally vasodilatory, but it can be vasoconstrictive too [27, 40].
These inflammatory processes might also affect capillary
bed integrity, causing capillary leak and loss of vascular vol-
ume [27, 57]. The cellular dysfunction might occur directly
secondary to lipopolysaccharides and bacterial toxins with-
out shock [58]. The management then should be directed
according to the underlying pathophysiological mechanism.
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Hypoxic-ischemic encephalopathy

Perinatal hypoxic-ischemic injury results in myocardial
ischemia in about one-third of the cases, but the injury is
usually transient. This injury might result in impaired sys-
tolic performance, and therapeutic hypothermia may result
in systemic vasoconstriction, which increases afterload and
impact systemic blood flow [29]. The expected mechanism
then is vasoconstrictive physiology, so increased DBP and
hence normal MABP in this situation might mask the hemo-
dynamic instability, and PP is vital to assess in all cases
with HIE. Additionally, hypoxia—ischemia is associated
with other pathophysiologic mechanisms of hemodynamic
instability, including vasodilatory physiology, particular-
ity with significant acidosis, excessive use of sedation or
anticonvulsant drugs, pulmonary hypertension, and adre-
nal insufficiency [59]. Management should be considered
after careful assessment of the underlying pathophysiologic
mechanism, dobutamine is the logical choice in vasocon-
strictive physiology, and milrinone is better to be avoided
due to relatively long half-life and an expected impaired
renal clearance. Vasopressor is the logical choice in vaso-
dilatory physiology, either norepinephrine, vasopressin, or
terlipressin, and cautious use of volume expanders, only
if there is evidence of heart underfilling. Steroids can be

considered when there is evidence of suprarenal dysfunc-
tion or in resistant cases [29].

Pulmonary hypertension

Systemic blood flow might be compromised in pulmonary
hypertension secondary to several mechanisms, increased
PVR may limit left heart preload, dilated right ventricle may
compress the left ventricle, decreasing the end-diastolic fill-
ing volume, also right ventricular failure is associated with
low cardiac output, and associated hypoxia may decrease
SVR and cause vasodilatory shock [60]. Management should
be considered according to the underlying mechanism; mil-
rinone is a useful drug if pulmonary hypertension is associ-
ated with RV dysfunction; it is also an inodilator, so it should
be used cautiously in the presence of low SVR. If pulmonary
hypertension is associated with low SVR, then norepineph-
rine, vasopressin, or terlipressin may be used [61, 62].

Infant of diabetic mother

Infants of diabetic mothers have an increased risk of pulmo-
nary hypertension and hypertrophic cardiomyopathy; septal
hypertrophy may cause diastolic dysfunction and may nega-
tively impact LV filling [16]. Augmenting preload by giving
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adequate volume expanders is the main line of managing
associated hemodynamic instability; lowering heart rate by
B blockers might be considered in resistant cases. Inotropes
should not be used as they may further compromise dias-
tolic filling. Vasopressors may augment preload and improve
associated low systemic BP [63].

Post-PDA ligation

After ligation of a hemodynamically significant PDA, a rapid
change in both preload and afterload in neonates with high
volume shunt, PDA ligation is followed by rapid reduction
of left atrial filling pressure together with a compensatory
increase in systemic afterload and the resultant increase in
LV systolic wall stress leads to LV myocardial dysfunction
[14]. The clinical decompensation usually occurs in 6—-12 h
post-PDA ligation; this phenomenon is clinically presented
with narrow PP, normal to high DBP, increased FOE, and
lactic acidosis if not treated. Echocardiography assessment
is recommended post-PDA ligation; if low LVO is associ-
ated, considering volume expanders with dobutamine or
milrinone is recommended [64].

Challenges in hemodynamic management

Some case scenarios might have multiple underlying patho-
physiologic mechanisms, for instance, a preterm infant with
vasodilatory physiology and significant shunt at the same
time, or an infant with pulmonary hypertension and low
systemic blood flow due to left ventricular dysfunction;
in these challenging conditions, it is essential to prioritize
the lines of treatment, and it is better to be directed by an
expert in neonatal hemodynamics. Figure 3 is a compre-
hensive algorithm to guide management of neonatal hemo-
dynamics instability, and we included a quick approach to
the five categories and the weaning strategies of the car-
diovascular medications in this algorithm [1, 3]. Hemody-
namic instability might be related to worsening of other
organ performance, e.g., hypoxemic respiratory failure
secondary to parenchymal lung diseases with the resultant
impact of pulmonary hypertension and mechanical ven-
tilation on hemodynamics, and the other example is loss
of blood volume, and anemia secondary to intracranial or
abdominal bleeding, this complexity of multiorgan failure
is highlighting the importance of integrating other point of
care ultrasound (POCUS) applications (lung, cranial, and
abdominal ultrasound) to delineate any other undetectable
pathologies in other organs as recommended in the inter-
national consensus on POCUS [65].

@ Springer

The future directions

The researchers are currently working on understanding
autoregulation, earlier prediction of shock, and data acqui-
sition to develop innovative machine learning that can give
a predictive clinical score which can then be accessed by
the clinical team in real-time and respond accordingly. The
possibility of developing a clinical decision support sys-
tem to support the clinicians for critical decision-making
and a physiologic-based approach in management.

Conclusion

The management of hemodynamic instability is challeng-
ing due to the complexity of the pathophysiology; integrat-
ing different monitoring techniques is essential to under-
stand the underlying pathophysiologic mechanisms and
formulate a physiologic-based medical recommendation
and approach; more research is still needed to validate this
physiologic approach.
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